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ABSTRACT

Rapid industrialization and urbanization are causing harm to the environment and human
health owing to the emission of harmful gases. The fast detection of the emission of such
harmful gases and the emitted concentration has become an important task that has brought
high-performance gas sensors into huge demand. Most gas sensors work efficiently at higher
operating temperatures, which also require higher power consumption and degrade the sensor
quality after some time. However, the majority of the existing gas sensors suffer from poor
selectivity and low portability. Advances in low-powered gas sensors, wireless sensors, and
miniaturization of gas sensing technology have attracted the attention of the digital world.
Over the last decade, researchers have been working on many new materials and have
discovered several new materials for developing efficient gas sensors. Metal oxides have
been the most widely used materials for commercial gas sensing, but high-temperature
operation has been the major setback in their commercial applications. In addition, two-
dimensional (2D) materials have emerged as new and improved sensing materials owing to
their inherited chemical, physical, and electronic properties. 2D materials especially
transition metal dichalcogenides (TMDCs) based gas sensors are currently gaining
considerable attention because of their longer environmental stability and ambient
conditions; however, the low limit of detection and longer response and recovery times are
still issues. To overcome these issues, when a 2D material is coupled with another 2D
material such as a metal oxide or metal, the combined effects of these two materials appear.
This combined effect demonstrates the possibility of improving the sensing performance of
gas sensors by forming hybrid nanostructures. The present thesis involves the synthesis of
nanocomposites based on 2D materials with metal oxides and other dimensional materials,

and subsequent investigations have been performed on their utilization in gas detection.

For this purpose, a hydrothermal method was primarily used to synthesize large-area, few-
layered nanostructures and to synthesize the nanocomposites thermal vapor deposited was
also employed. These materials mainly belong to distinct families of 2D materials, namely
transition metal dichalcogenide (MoSz), and transition metal oxides (MoOs and SnOy).
Active carbon black (CB) was synthesized using chemical vapor deposition (CVD). MoS;

with different nanocomposites was synthesized, and the effect of SnO,, MoOs, and MoS,-
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based composites, on the sensing performance of the fabricated gas sensors was investigated

to achieve highly selective sensors at ambient conditions for NO, and NH3 gases.

To begin with, a mixed phase of 1T/2H-MoS; has been synthesized with varying
concentrations of Mo precursor in order of 1 M, 1.4 M, and 1.8 M using NH*" intercalation
by keeping the other experimental conditions the same. out of all the prepared nanostructures,
1.8M-1T/2H-MoS, showed the maximum 1T character, indicating a higher amount of
metallic character with a 1.5 eV bandgap. This enhancement in the 1T character and decrease
in the bandgap value were achieved by increasing the concentration of NH** ions in the
solution. The enhanced metallic character was also responsible for the enhanced optical
absorption, indicating a direct excitonic transition from the valence band to the conduction
band. Because 1T-MoS; is not environmentally stable, the synthesis of mixed 1T/2H-MoS;
with a higher 1T character without any external aid is a good result. The variation in the
morphology corresponding to the mixed phase also increased the surface-to-volume ratio and

available active sites, which could be suitable for gas sensing.

After studying the properties of the mixed phase of MoS;, the effect of SnO, nanoparticles
on the gas-sensing properties of MoS; nanosheets was studied. Then to further improve the
sensing performance, the active carbon black was also incorporated in SnO2/MoS; and the
output performance of the device was determined. To determine the optimum concentration
of the SnO., we have synthesized the different nanostructures with varying weight
percentages of SnO. (0.6 %, 0.8%, and 1%). Based on microstructural and electronic
properties, MoS,/SnO> with 0.8 % concentration was chosen as suitable for studying gas
sensing performance. Further, different devices based on bare MoS;, SnO./MoS;, and
CB/SnO2/MoS;, were fabricated and their gas-sensing properties for NO, around room
temperature were evaluated. The gas sensing response of MoS; for NO> gas was found to be
increased due to the incorporation of SnO». Further, the ternary heterostructure interface of
CB/Sn0O2/MoS; also showed an increased and effective adsorption of NO, gas molecules.
The ternary hetero-interface of the CB/SnO2/MoS; sensor showed a maximum sensing
response of around 46 % for 100 ppm of NO2 gas, which is higher than the binary
heterojunction of SnO/MoS; (43%) and bare MoS; (42 %). Along with better sensor
response, the response (26 s) and recovery times (73 s) are also faster than SnO2/MoS;

heterostructure and bare MoS,. This enhanced sensing performance of CB/SnO./MoS; is
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dedicated to the p-n heterojunctions and Schottky barriers generation at the interface, which

has been justified by the electrical measurements.

To further determine the efficiency of MoSy-based gas sensors with other oxides,
MoS2/MoO3 heterostructures were synthesized with different reducing agents using the
hydrothermal method and followed by thermal annealing in an Ar environment at 500 °C for
1h. The hydrothermal synthesis at 200 °C resulted in MoOxSy, which was confirmed by XRD
and then thermal annealing was performed at 300° and 500 °C. The better crystallinity and
identified phases were obtained at 500 °C and used further for gas sensing studies. In this
work, the gas sensing properties of different MoS2:MoOs-based gas sensors have been
studied and it turned out that MoS,:Mo03 based sensors showed dual detection for NO, and
NHz gases. Here, three different heterostructures were prepared using hydrazine hydrate
(HH-M0S2:M003), L-ascorbic acid (LA-Mo0S;:M00s), and without reducing agent
(M0S2:M00s). The M0S2:Mo00s-based sensor showed n-type sensing behavior dominated
by MoOs charge carriers for NHsz gas, whereas the same sensor showed p-type sensing
behavior on exposure to NO2 gas. The HH-MoS2:MoOs showed higher adsorption sites and
more active sites resulting in a higher response for NHz and NO- gases but the incomplete
recovery and longer recovery time proved to be the major drawbacks for this sensor. Besides
that, MoS2:MoO3 showed a good sensing response for 5 ppm concentration of NO2 (36 %)
and NHs (52.3 %) gas with complete recovery and good response time. More importantly,
one sensing surface has contributed to the selective detection of NO2 and NHs at 50°C with
different sensing behavior. Interestingly, different conducting channels and adsorption sites
play an important role in opposite sensing behavior, possibly due to the synergistic effects at
the heterojunction interface. Here, in this work, the effect of different reducing agents on
various MoS,:MoO3 based sensors has resulted in the availability of different adsorption sites
and different morphology. It has been proved that HH-MoS,:MoO3 heterostructures are more
prone to oxidation and clearly show higher response, but rapid oxidation may be the major
cause of incomplete recovery. In contrast, MoS2:MoOs contained the least sulfur vacancies

on the surface, which played an important role in the complete recovery.
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1.1 Overview

Air is the most important element for living beings to survive. The average human
breathes around 10,000 liters of air every day [1]. Rapid industrialization and
urbanization have increased the problem of air pollution [2]. Air pollution consists of
many toxic chemicals, which directly or indirectly cause damage to not only the
environment but at a low level to human health. For instance, every year approximately
3.8 million people deal with severe illness due to air pollution, which may prove to be
fatal. Moreover, about 20 % of cardiovascular deaths and nearly 20 % of deaths due to
stroke can be credited to household pollution [3]. Specifically, severe air pollution can
cause abnormalities in lung surfactant composition and damage the lungs, making
humans more prone to ailments such as COVID-19 [4]. Therefore, household or indoor
air quality has naturally grabbed attention from both the general public and research
communities. The most common causes of indoor air pollution are NOx, NH3, CO, CO,,

Ha, SOz, CH>0, volatile organic compounds (VOCs), and smog (PM2.5). These volatile
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gases come from a variety of human activities, tainted ventilation systems, and
inadequate air exchange in enclosed areas. World Health Organization (WHO) has
claimed that household air pollution leads to about 3.8 million deaths per annum

including 50 % of pneumonia deaths in children under five years of age.

As a result, gas sensors are now necessary for measuring and identifying a variety of
gases in diverse settings [5]. A gas sensor is a chemical sensor-based equipment that
produces a regulated, readable signal from chemical data. The two parts of a chemical
sensor are referred to as the transducer and receptor. Chemical information is
transformed into an energy form by the receptor, which is then detected and converted
into an electrical form by the transducer. The way the receptor functions allows for
multiple classifications of chemical sensors. Chemical, biological, and physical sensors
are examples of this type of sensor. Whereas the target molecules in chemical sensors
are the reaction between the target molecules and the receptor, the target molecules in
biological sensors are biomolecules, such as DNA, proteins, and vitamins. Finally, in
physical sensors, there is no chemical reaction at the receptor part. Temperature, mass,

refractive index, and absorbance constitute the majority of the signal [6].
1.2 History of Gas Sensors

Lives have been badly affected by the toxic and harmful gases. To prevent accidents,
early detection of harmful gases is now essential. The early detection methods in the
sensors that were available up until this point were not as precise. The first detectors
were elementary ways of detecting toxic gases. For example, the ancient Romans used
canaries to detect toxic gases in mines. If the canary stopped chirping, meaning the
presence of toxic gases and in case, the canary succumbed, the miner knew it was the
time to leave the place. In the 17" century, an Italian scientist used a device that could
detect toxic gases using candles. If the candle went out, meaning the availability of
hazardous gases. Further, in the 18" century, a Swedish chemist laid the foundation for
more sophisticated detection by identifying more toxic gases, including ammonia
(NH3), sulphur dioxide (SO2), and chlorine gas. At the end of the 19™ century, the
invention of electricity as an energy source paved the way for efficient new gas

detection technologies. In 1903, the German physicist Walter Nernest developed the
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Nernest gas detector, based on the electrical properties of metal oxides in the presence
of the gas. This device was the forerunner of modern electrochemical gas detectors.
Until then, there were few gas detectors, but they could not detect gases at precisely
low concentrations. In 1926-1927, Dr Oliver Johnson's invention of catalytic
combustion sensors marked the beginning of the contemporary era of gas detection.
Depending on the user's experience, this sensor can estimate the quantities of
flammable gases with an accuracy of 25-50%. The idea behind how it worked was that
when gas interacts with something, the temperature changes. A reference cell and a
detector cell constitute the sensor. The carrier is connected to a platinum (Pt) wire coil,
which serves as the detection cell. An oxidization catalyst, like alumina, is applied to
the detector cell. The gas burns when it comes into contact with the powered sensor. In
essence, the reference cell is a Pt coil that has been treated to stop flammable gas from
igniting when it comes into contact. A Wheatstone-Bridge circuit, with one part being
active and the other serving as a reference, is used to measure the gas concentration.
The catalyst-embedded Pt coil's temperature increases in response to combustible gas
exposure because the active region's resistance increases. In contrast, the reference
part's resistance doesn't change. As a result, a change in resistance overall will raise the
device's temperature, and the Wheatstone-Bridge's output voltage is used to determine
the target gas concentration. Following that, the field of gas sensors had a significant
surge in interest when scientists discovered in 1962 that metal oxide semiconducting
materials (MOS) might be used as a sensing layer to identify flammable gases. Zinc
oxide (ZnO) semiconducting thin film was used by Seiyama et al. to construct a novel
gas detector. The device's electrical conductivity changes at high temperatures (400 °C)
due to the adsorption and desorption of gases [7]. In 1971, At Figaro Engineering Inc.,
Taguchi and his colleagues created gas sensors based on tin oxide. They also used noble
metals to increase the sensor’s sensitivity. Subsequently, in order to gain a deeper
understanding, other researchers began studying this field with additional metal oxide
semiconductors and the suggested sensing mechanism. Later, the automotive industry
encouraged the use of solid-state electrochemical sensors to lessen smoke and pollution,
but these sensors weren't effective until higher temperatures, and thus couldn't detect
pollutants during the crucial engine start-up and warm-up phase. The ion-selective field

effect transistor (ISFET) was developed around the same period in the 1970s. It had an
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insulating membrane and the same construction as a MOSFET but without a gate
region. Target ions were sensed using this insulating membrane, and the signal from
them was expressed in terms of current. The notion of electronic nose technology
gained widespread acceptance as an efficient tool for detecting and quantifying
olfaction after it emerged and went into commercialization in 1993 [8]. In addition to
MOS, other materials have been investigated for use in the fabrication of gas sensors,
including conducting polymers, solid electrolytes, two-dimensional (2D)
nanostructured materials, and carbon nanomaterials. Every one of these materials has
benefits and drawbacks. The search for novel gas sensing materials with high response
and selectivity at room temperature has been sparked by the shortcomings of MOS-
based gas sensors, which, while offering high sensitivity and low cost of detection of
the target gas molecules, also come with large power consumption and high operating
temperature. Conducting polymer-based gas sensors can function at ambient
temperature, but humidity can quickly deteriorate them, resulting in a slow response
and unstable recovery period [9]. Two-dimensional nanostructured materials are good
candidates for electrically transducing gas sensors because of their special physical and
chemical properties. Their thicknesses range from a few to tens of nanometers, and their
lateral dimensions can reach several centimeters. Ever since graphene, an extraordinary
two-dimensional material, was discovered, the variety of 2D nanomaterials that are
available has been expanding per year. These include polymers, MXenes, hexagonal
boron nitride (h-BN), graphite carbon nitride (g-C3Na), black phosphorous (BP), and
transition metal dichalcogenides (TMDs, such as MoS2, MoSez, and WSy), as well as
inorganic graphene analogs [10]. In an effort to increase the sensitivity of gas sensors
around ambient temperature, a number of heterostructures, including 2D-1D, 2D-3D,

and 2D-2D materials, have been investigated recently [11].
1.3 Different Types of Gas Sensors

Types of gas sensors have been classified on the basis of different detection methods
and sensing principles [12]. The physical and chemical characteristics of the sensing
material change when the target gas is present, which affects the sensing techniques
used to detect gases. Certain sensing techniques rely on the response of the sensing

material with the target gas to ascertain the gas concentration, while other techniques
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compare physical attributes like wave propagation and velocity between the ideal mean

and the gas being detected.
1.3.1 Optical-Based Gas Sensors

In order to detect the target gas, optical gas sensors rely on variations in optical
characteristics such as absorbance, refractive index, fluorescence, and optical path
length. Toxic gases can be detected using a variety of optical-based gas sensors,
including as surface plasmon resonance, infrared spectroscopy, ultraviolet-visible
spectroscopy, and others. The fact that optical gas sensors can function at ambient
temperature is one of its benefits. A light-emitting element, a photo-detecting element,
a gas-sensing element that reacts to light, and a filter that detects fluorescence or
phosphorescence make up an optical gas sensor. Palladium (Pd) or chemochromic
oxide thin films coated along an optical fiber's length are the basis for the majority of
optical sensors. Butler (1984) revealed the first optical gas sensor, which is an optical
fiber coated with titanium and palladium, can detect hydrogen gas [13]. A study by H.
Manap et al. used an open optical path technique to construct an optical fiber sensor for
the detection of ammonia gas. To determine how CO; and O affected ammonia gas,
cross-sensitivity tests were also conducted [14]. Optical gas sensors are easy to operate
without oxygen with a wide monitoring range and are not affected by electromagnetic
interference. Despite these, they get easily affected by ambient light interference

causing the monitoring not to be reliable.
1.3.2 Quartz Crystal Microbalance (QCM) Based Gas Sensor

The Quartz Crystal Microbalance (QCM) sensor operates at room temperature with
great sensitivity and precision because it is a piezoelectric device that is highly sensitive
to changes in molecular mass [15]. A typical quartz crystal microbalance (QCM) can
be made by utilizing gold electrodes to select the required precise orientation for
ultrafine quartz discs. The physical and chemical makeup of the sensing material
deposited on the active electrode of the QCM greatly influences the sensor's features.
A shiftin the direction of a certain frequency happens when an electrical input is applied
to the quartz crystal [16]. At this specific frequency, there is also a shift in mass on the

quartz crystal's surface. Because of its exceptional sensitivity to mass changes in the
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nanoscale regime per unit area, the QCM acoustic wave sensor has become more well-
known. A standard QCM has a center sensor and an AT-cut quartz resonator disc
positioned between metal electrodes constructed like keyholes. The thin wafer known
as AT-cut quartz is cut from a rod at a 35° angle with respect to the x-axis. The crystal
provides stability at high frequencies and low temperatures [17]. QCM-based sensors
offer optimized and prospective ways to enhance the sensor's sensitivity and selectivity
to detect biological and molecular targets. They are employed in a variety of biological
and chemical applications. Improving the crystal coating process, however, is one of
the major obstacles to producing a consistent deposition layer that allows for
reusability. Extreme frequency drift in liquid phase applications, which impacts
oscillator circuit sensitivity, is another significant difficulty. To minimize this effect,
more functional components like filters, inductors, amplifiers, etc. should be added to

work efficiently in gas and liquid phases.
1.3.3 Electrochemical-Based Gas Sensor

The Clark Cell, which was developed in 1956 to measure oxygen levels, was the first
example of an electrochemical gas sensor. The product and rate of the reaction are
related to the gas concentration, and these sensors use chemical reactions to detect the
target gas. The electrolyte, which is mostly made up of a liquid compound of acids or
bases, the electrodes that are used up in the electrochemical process, and a membrane
that isolates the electrolyte solution from surrounding gases make up the sensors.
Depending on the sensing technique, which might be potentiometric (measures
voltage), conductimetric (measures conductivity), or amperometric (measures current),
the electrode polarization and output parameter measurement differ. Accuracy and
sensitivity can be increased by limiting interaction with undesired gases by placing a
filter between the membrane and ambient gases. The target gas and reaction
temperature affect the materials employed in the sensors [18]. Electrochemical sensors
operate straightforwardly and consume little electricity. Electrochemical gas sensors
have a limited shelf life of six months to a year, depending on the target gas and
environment. However, once calibrated to a known gas concentration, the sensor will

read a repeated target gas with exceptional precision. Low humidity, high temperatures,
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and cross-sensitivity to gas can dry out the electrolyte and deplete the gas sensors,

which turns out to be the major concern for electrochemical sensors [19].
1.3.4 Field Effect Transistor (FET) Based Gas Sensor

The field effect transistor (FET) is a modern electric signal-based sensing platform that
can quickly detect a variety of analytes, such as gases, ions, organics, and biomolecules.
A FET is a low-power device that operates by controlling transfer performance with a
small amount of gate potential. The source, drain, gate, semiconducting channel, and
gate dielectric layer make up a FET device [20]. Based on their gate voltage-dependent
FET behavior, a back gate and top gate comprise a conventional FET configuration.
The physics of the dielectric, the doping level of the substrate semiconductor, the gate
(top- or back-gate), source/drain electrodes, and the ohmic or Schottky contact between
electrode and channel, and these are the inherent characteristics of FETs [21]. The basis
of sensing applications is the measurement of FET electrical properties, which includes
output characteristics (e.g., I-V measurements between source-drain current lgs with a
voltage sweep between contact channel and electrodes) and transfer characteristics
(drain current Id measured under constant drain-source bias Vgs and gate potential
sweep, which provides switching behavior that includes the on/off ratio and
subthreshold swings) [22]. Analytes are found using the semiconducting sensing
channel's variation in Igs (conductance changes). The modifications that result from the
deposited target gas molecules on the semiconductor surface provide the basis of the

gas sensing principle.
1.3.5 Chemiresistor-Based Gas Sensors

One of the most common types of electric sensors is the chemiresistive gas sensor,
which is widely employed because of its affordable price, ease of exact measurement,
and predictable electrical characteristics [23]. By measuring the electrical resistance of
the equipment, these sensors are utilized to determine the gas concentration of a target
gas [24]. Three primary components constitute most chemiresistive gas sensors: an
insulating substrate such as silicon dioxide, alumina, etc., sensing material, and
interdigitated electrodes [25]. To achieve the ideal operating temperature, some of the

gas sensors are either connected to a heater or coated with a micro hot plate. For better
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compatibility of chemiresistors, several approaches are used, including solvothermal
synthesis, hydrothermal, sol-gel, and self-assembly wet chemical processes to
incorporate the sensing materials. The most researched method for chemiresistor gas
sensors is the wet chemical method, which offers the benefits of mass production, a
wide variety of morphologies with high surface area to volume ratios and porosity for
easy and precise measurements, exceptionally low power requirements, and room

temperature use [26][16].
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Fig. 1.1: Schematic illustration of a typical Chemiresistive gas sensor in the presence of
NO; and NH3 gases

14 Characteristics of a Gas Sensor

A Chemiresistive gas sensor's response, selectivity, sensitivity, operating temperature,
response and recovery time, detection limit, and stability are the most often utilized
features to assess its gas sensing performance. The features are discussed below as

follows:
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Sensor Response The resistance changes when the target gas is exposed, and this is
represented by the sensor response. The ratio of the sensor's resistance in the presence
of air (Ra) to that of the target gas (Ry) is its defined value. The target gas is decreasing
in nature when this definition of response is applied. When an oxidizing gas is present,

the response transforms into Rg/Ra.

For oxidizing gas Response Ra/Rg (D)
For reducing gas Response Rg/Ra (2)

In terms of relative response,

For oxidizing gas  Relative Response (%) (RgR_aRa) x 100 3)
For reducing gas  Relative Response (%) (RaR_aRg) x 100 4)

Selectivity A sensor can produce the maximum sensing response corresponding to a
certain analyte, whereas the sensor should not recognize undesired gases

simultaneously under similar conditions.

Sensitivity The lowest concentration of a target gas that a sensor can detect is known as
sensitivity. It is expressed as a change in a sensor's measured signal per unit of gas
concentration. A good sensor should have a high sensitivity, implying the response

should be greater for each unit of gas concentration.

Operating Temperature is the required temperature at which the sensor produces the

highest sensing response to the target gas.

Response Time is the required time to reach 90 % of the maximum response from the

baseline.

Recovery Time is the time required to obtain 10 % of the base value of the response

from the maximum response.

For an ideal sensor, the response and recovery times should be minimal at a particular

gas concentration.
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Fig. 1.2: Typical representation of response and recovery curves for chemiresistive gas
sensor. Response (Tres) and Recovery (Trecovery) times are marked on the plot

Limit of Detection (LOD) is the least concentration of the target gas that be reliably

measured by the gas sensor under certain conditions.

Stability The ability of a sensor to produce the same sensing output under the same

operating conditions for a longer time.

Reproducibility The sensor should produce the same sensing output under the same

experimental conditions as the same sensor.
1.4.1 Factors Affecting Chemiresistive Gas Sensing

Three key parameters affect the gas sensing performance of chemisresistive gas

sensors: transducer function, utility factor, and reception function.

The interaction between the detecting surface and the gas molecules is referred to as
the receptor function. When exposed to gas, the increased surface area promotes surface

disturbance and offers the most adsorption sites for gas molecules. Furthermore, the

10
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response of a chemiresistive sensor is precisely proportional to the changes in resistance
caused by gas adsorption. Moreover, defects are also introduced on the sensing surface
to enhance adsorption for the surface modifications. Further, defects can be easily

modified by simple functionalization and surface decoration methods[27].
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Fig. 1.3: Main factors of the gas sensors in sensing phenomenon for the sensing layer:
Receptor function, transduction, and utilization ratio

The transducer function explains the capability of the sensor to transform the signal
generated by gas adsorption into an electrical signal like resistance and current. The
morphology of the sensing material can affect the transducer function. In
chemiresistive gas sensors, gas adsorption affects the sensing material's charge
concentrations and carrier density. The surface charge transfer mechanism can be
altered by the schottky barrier height (SBH) created between the metal contact and the
sensor surface [28]. Band bending at the space charge region for charge carrier
separation and metal and semiconductor energy level alignment for charge carrier
injection determine the band structure of the sensing surface, which leads to the

modulation of the Schottky barrier, which is advantageous for gas sensing [29].

Utility factor is the capability of the inner sites of the sensing materials to access the
target gas. For instance, if the sensing layer is too thick resulting in the diffusion path
of gas molecules being too long and the pore size being too small at the time, then gas
molecules cannot pass through the sensing layer. Reduction in the thickness or reducing
the distance between the adsorbed gas molecule and the sensing surface can increase

adsorption energy by improving the charge transfer.

11




Chapter — 1 Introduction

1.5 Materials as Chemiresistive Gas Sensors

Chemiresistive gas sensors based on semiconducting materials have been considered
the most suitable candidates for their applications in the Industrial Internet of Things
(IToT) era [30]. Metal oxides (MOx) from the family of semiconducting materials, are
the most explored materials to fabricate gas sensors [31]. Further, a variety of materials
such as carbon nanomaterials [32], two-dimensional (2D) nanostructured materials[33],
solid electrolytes[34], and conducting polymers [35] have been explored. Each of these
materials has its advantages and disadvantages. MOy offers highly sensitive, low-cost
detection of target gas molecules, but their lack of selectivity and high-temperature
operation causing larger power consumption have triggered the search for novel and

efficient gas-sensing 2D nanostructured materials.

After the discovery of graphene (Gr), an exceptional 2D layered material, discovered
by Geim and Novoselov in 2004, various 2D materials have gained exceptional research
interest in many fields including gas and chemical sensing [36], due to their
extraordinary 2D geometry, atomic level thickness, high surface activities, unique
thickness-dependent chemical and physical properties[37]. Graphene-based gas sensors
have been widely studied owing to their high carrier mobility, mechanical strengths
greater than steel, and remarkable electronic and optical properties. Despite having
impressive sensor response and response time, Graphene-based NO» gas sensors
suffered from long recovery time due to the high adsorption energy of gas molecules
with graphene [38]. Also, the synthesis and production of graphene is very costly with
the use of toxic chemicals at high temperatures. The limitations of graphene turn the
research direction to discover new non-zero bandgap 2D materials. Moreover, the
carbon material-based sensors provide a high sensor response but the room temperature

desorption rate of gas molecules is too slow causing low recovery time [39].

12
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Fig. 1.4: An overview of various 2D nanomaterials utilized in gas sensing applications

The issues associated with metal oxides and carbon-based sensors have demanded the
development of new materials with advanced gas-sensing properties. However, an ideal
gas sensor should have a higher sensor response and lower response/recovery times
near room temperature. Therefore, there is a huge demand to develop low-temperature,

highly sensitive, and fast-responding sensors.
1.5.1 2D TMDCs

Transition metal dichalcogenides (TMDCs) are MX»-type inorganic compounds where
M is a transition metal such as Mo, W, Nb, Zr, Ti, V, or Re in groups IV, V, and VI of
the periodic table and X is an element of chalcogen family such as S, Se, or Te. Single

or few layered TMDCs have shown extraordinary electronic properties in comparison

13
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to graphene [40]. The 2D layered structure of TMDCs consists of strong molecular
intralayer bonding and weak Van der Waals interlayer interaction. This weak interlayer
interaction allows the exfoliation of TMDCs down to single- or multi-layers using
mechanical exfoliation or electrochemical intercalation [41]. Usually, the thickness of
layered TMDCs is about 6-7 A and the bond length of M-M typically varies between
3.15 to 4.03 A, depending on the size of metal and chalcogen atoms [42]. Higher
specific surface area and functionalities driven by such structure make 2D TMDCs

promising candidates for sensor applications.
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Fig. 1.5: Schematic representation of (a) possible interaction sites on the MoS; surface,
and (b) effects of NO, gas interaction on the MoS; surface

In TMDCs, MoS; is at the forefront of the race for an ideal gas-sensing material. Most
of the research with MoS: in the gas sensing field has been carried out on NO> detection.
In MoS;, the arrangement of atoms of each layer, Mo atoms are sandwiched between
covalently bonded S atoms, with layer height of about 0.65 nm. MoS; has two crystal
phases, trigonal (1T) and hexagonal (2H), where 1T is metallic while 2H is
semiconducting. During the exfoliation or intercalation, the indirect bandgap of bulk
MoS; is converted into a direct bandgap of monolayers from 1.2 eV to 1.8 eV [43]. The
absence of dangling bonds provides stability to pristine MoS> in liquid and gaseous
media in the presence of oxygen. The high on/off ratio (10%), the high carrier mobility
of 400 cm?V~'s™! at room temperature, and the low electron effective mass (0.48 m.) are
advantageous for developing fast gas sensors [44]. MoS» nanosheets have four Raman

active modes (E1g, E'2g, A1, E*2g). Chakraborty et al. studied that for monolayer MoS,
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Ely is not sensitive to electron doping but the A, mode is very sensitive to electron
doping. The A1z mode gets softened with high electron concentration due to the stronger
electron-phonon coupling mode than the E';; mode [45]. These vibrational
characteristics are ideal for chemiresistive gas sensors where charge concentration is an
important parameter. Excellent gas molecule detection capability, abundant active sites,
large surface-to-volume ratio, and availability of favorable adsorption sites have

validated MoS> as the unique sensing material.

The 2D TMDCs have been inclined towards room temperature sensing but they show
poor recovery. So, to achieve high performance, thermal assistance or UV illumination
is provided, which causes an issue of higher power consumption [41]. For full gas
desorption i.e. complete recovery, MoS: is heated to 100 °C but the sensitivity is
lowered. So, to overcome this difficulty with improved sensitivity around room
temperature, MoS; surfaces were functionalized with dopants and metal oxides. Gas
diffusion and adsorption in 2D TMDCs were greatly facilitated owing to the low

dimensional morphologies and catalytic effect of the additive components respectively.
1.6 Sensing Mechanism of Chemiresistive Gas Sensors

In the context of chemiresistive gas sensors, the two primary aspects to take into
account are usually the identification of the target gas molecules and the subsequent
transformation of their signal into a measurable reaction. The adsorption and desorption
of the gas molecules onto the gas sensor's active surface is the main focus of the sensing
process. Charge transmission occurs within the molecules of the target gas and on the
gas sensor's surface, depending on the detecting material and the nature of the gas—
that is, whether it is oxidizing or reducing. Consequently, the sensor's resistance varies
in response to variations in gas concentrations at a specific working temperature,
enabling the detection of gas molecules using this method. However, as soon as the gas

molecules desorb from the active layer, the sensor returns to its initial state [46].
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1.6.1 Sensing Mechanism of Metal Oxides (MOx)-based Gas Sensors

(a) n-type MOX

Semiconducting core
(low Resistance)

Electron Depletion layer
(High Resistance)

(b) p-type MO, ——

Insulating core
(High Resistance)

Hole accumulation layer
(Low Resistance)

Fig. 1.6: Schematic illustration of the development of core-shell structure and basic gas
sensing reaction in n-type and p-type MOy

Compared to other TMDC materials, MOx-based sensors function differently. The
deposited oxygen ions on the oxide surface play a major role in the metal oxide-based
sensors' detecting mechanism. By removing electrons from the metal oxide's
conduction band, oxygen ions can be formed. Depending on the operating temperature,
different types of oxygen ions are produced. The oxygen molecules have electrons
bonded to them below 200 °C. By removing electrons from metal oxides, oxygen
molecules disintegrate above 250 °C producing oxygen ions that carry an electric

charge. This phenomenon is explained in the equations shown below.

02 (gas) + e <> Oy (adsorbed) [<200 °C] Eq. (1)
%2 Oz +e” <> O (adsorbed) [> 250 °C] Eq. (2)
Y2 0% +2¢" <> O* (adsorbed) [>250 °C] Eq. (3)
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Depending on if the majority carriers as electron or hole are involved, the interaction
between the oxygen ions and the molecules of the target gas can be categorized into two
basic groups. A metal oxide can be described as a p-type semiconductor when the bulk of
its charge carriers are holes, and as an n-type semiconductor when the bulk of its charge
carriers are electrons. In the case of n-type metal oxides, the reactions (1-3) that are
described cause the metal oxide's conduction band to lose electrons. This is because the
adsorbed oxygen molecule takes electrons from the metal oxide's detecting surface and
transforms them into oxygen ions, which increases resistance. The potential barrier at the
interface of the grains and electron depletion layer on the metal oxide surface is created by
an upward band bending caused by the change in electronic states. In the case of p-type
metal oxides, a downward band bending and hole accumulation layer form on the surface
of MOy, producing an opposite effect that reduces the sensor's resistance [47]. When n-type
MOy is exposed to a target gas, such as an oxidizing gas (NOx), the oxidizing gas will take
electrons out of the metal oxide's conduction band and increase the sensor's depletion layer
and resistance. In contrast, when reducing gas (NHs) is used, the electrons are transferred
to the metal oxide's conduction band, and the sensor's depletion layer and resistance
decrease. In contrast, in p-type MOy, the width of the hole accumulation layer reduces with
exposure to the target gas molecules if the gas is oxidizing in nature. This leads to a decrease
in resistance, and the opposite effect is evident upon exposure to reducing gas. Because
there are unpaired electrons available around the N atom, NOx functions as an oxidizing
gas, whereas NHjs is regarded as a reducing gas because it has a single pair of electrons.
Because oxygen ions play such a major role in metal oxide sensors, they are often operated

at higher temperatures [48].
1.6.2 Sensing Mechanism of 2D Materials-Based Gas Sensors

The sensing mechanism of 2D materials (graphene, TMDCs, and MXene, etc.) is
popularly based on the adsorption of gas molecules and charge transfer process, but the
participation of adsorbed oxygen species (02, O, O%) is not necessary, yet the role of
oxygen functional groups should not be neglected. The adsorption of the target gases
on the surface of 2D material causes resistance and charge carrier concentration
modifications [49]. The 2D materials with the interaction of the gas molecules can

either behave like p-type with a decrease in resistance or n-type with an increase in
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resistance for target gas molecules. The physisorption or chemisorption of gas
molecules on the sensing materials leads to the development of the charge transfer
mechanism. The gas molecules and the sensing material interact through the
physiorption process when using pristine 2D material, such as TMDCs, as a sensing
layer. With their pristine TMDCs material, the gas molecules have a long adsorption
distance, high binding energy, and weak adsorption energy. This leads to minimal
charge transfer and a nearly unchanged electronic structure, which causes the gas sensor
to recover quickly and has a low sensing response. Defects are created during the
production of 2D material in the chemisorption process. With low binding energy and
a small adsorption distance between the gas molecules and the adsorption sites during
the gas contact, there is a large shift in the electronic states, high charge transfer, and a
longer recovery time [50]. Charge transfer takes place from 2D materials to the target
gas molecules when the fermi level of the 2D materials is greater than the lowest
unoccupied molecular orbital (LUMO) state of the target gas molecules. This process
further lowers the fermi level of the 2D materials. Conversely, charge transfer from
target gas molecules to 2D materials occurs when the fermi level of 2D materials is less
than the highest occupied molecular orbital (HOMO) state, which elevates the fermi

level of 2D materials [51].
1.6.3 Sensing Mechanism of 2D Materials/MOx Composite Based Sensors

It has been observed that a pristine form of either metal oxide or 2D materials is not
sufficient for high sensing response, thus the development of 2D/MOx composite-based
gas sensors is implemented. The combined effect of both metal oxides and 2D materials

is possible due to their different geometry, electronic states, and chemical states.
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Sensing Materials

Heterophase, Heterojunction, Defects,
Functionalization, mixing, phase
transition, Doping

High Porosity and Larger
Surface area

Layer Dependent properties 3D
2D

Electronic Sensitization Aspect Ratio Hetero
1D structur Surface/interface properties

ing

Reactive Sites

Catalytic and Spillover effects gp Energy Band Alignments

Electronic states

Fig. 1.7: Different types of nanostructuring employed in gas sensing and their contributions

1.6.3.1 Geometrical Effects

As Metal oxides with controlled growth and porous nanostructures are incorporated
into 2D nanomaterials, gas adsorption and desorption become easy, increasing in sensor
response and this is possible due to the high number of active sites available on the
surface of 2D materials. Similarly, when 2D nanomaterials are incorporated into MOx
sites, the separation of 2D nanosheets takes place, increasing surface area and also
modifying the electrical resistance of the nanocomposite during target exposure and

facilitating the gas diffusion leading to improved response and recovery.
1.6.3.2 Electronic Effects

It is possible to achieve the heterostructure generation in a p-p/n-n or p-n/n-p type
architecture. Band bending, which is caused by charge transfer at the interface between
MOy and 2D material during the adsorption/desorption of target gas molecules, can be
used to understand the gas sensing mechanism. A built-in potential (Vyi) is created at
the interface as a result of the charge transfer that brings the fermi energy of the 2D

material and MOy to the same level. This causes an electron depletion or hole
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accumulation layer to form. Vi's primary function is to impede additional charge carrier
transit across the heterojunction, raise the sensor's resistance until charges are
transferred from the target gas molecule to the sensor, and enhance the sensor's

selectivity and reaction time.
1.6.3.4 Chemical Effects

By reducing the activation energy and speeding up the response and recovery time, the
creation of a nanocomposite modifies the chemical bonding between the metal oxide
and 2D materials, causing the formation of a charge transfer bridge during the
adsorption or desorption of the target gas molecules. The presence of oxygen functional
groups on the surface of 2D materials results in more adsorption active sites and a
greater sensor response. The superior analyte characteristics of MOy also contribute to

an improvement in selective adsorption.

1.7 Challenges and Strategies in the Application of 2D Materials

Surface * Sensitivity

Modification * Mechsnisms
. Stability

¢ Sensitivity * Reaction Speed
« Selectivity _ Nano structuring Performance External Energy - Kkineties
enhancement « Mechanisms |

«  Stability

*  Multifunctionality
Other techniques ‘ *+ Mechanisms
* Synergistic effects

+ Issues to study further ?

Fig. 1.8: Strategies to enhance sensor performance using various techniques

Despite significant advances in the development of gas sensors with good selectivity and
sensitivity, there is still a significant gap in the research. The special surface geometries of
2D materials make them suitable with controllable gas sensing attributes and to enhance
the gas sensing efficiency, the integration of them with other nanostructured materials.
Other aspects such as atomic layers, composition, quality, and existence of functional

groups are responsible for influencing their sensing behavior. Apart from the discussed

20



Chapter — 1 Introduction

materials, other 2D materials such as MXenes, metal-organic frameworks (MOFs), g-C3Ng,
and other similar materials are now in the budding phase and several research have been
performed to investigate their gas-sensing properties. Further, it is important to acquire a
thorough understanding of the geometrical, electronic, and chemical effects of
hybridization. The Fermi energy and work functions of each material, as well as the other
characteristics of the sensing materials, are crucially considered while developing a
heterostructure. The dominant sensing mechanism as well as the direction of charge carrier
transport at the interface plays a vital role in the sensing mechanism. Additionally, proper
attention is needed to be paid to selecting the metal electrode, which is responsible for
collecting generated charges. The selection of high-performance metal contacts is the
additional benefit of utilizing the full performance of the 2D materials-based sensor.
Furthermore, enhancement in selectivity and stability is of vital importance. Cross-response
to the gases is one of the attributes exhibited by the gas sensors that possess similar
chemical and physical characteristics. To confront this issue, it is important to apply
strategies like the integration of sensors with tailored catalysts, surface modifications, and
the advancement of efficient processing methodologies such as spin/drop coating or vapor
phase growth. Further, to minimize the fluctuations in baseline resistance due to variable
humidity at low-temperature operation, surface engineering, creating novel gas sensing

materials that are naturally tolerant to humidity or hydrophobic materials are introduced.
1.8 Thesis Problem

The current thesis aims to improve the sensing capabilities of MoS2-based gas sensors
and explores the impact of various heterostructures on the gas sensors' overall
performance. The study looks at several synthesis techniques, especially in terms of
cost effectiveness and environment friendly, for creating heterostructures that serve as
the gas sensing device's sensing layer. It also looks at how well various manufactured
gas sensors function in terms of gas sensing for various gases, such as NO2 and NHa.
Additionally, a large section of the thesis emphasises the benefits of creating
heterojunctions to improve sensing performance at room temperature and ambient
settings, hence extending the application of 2D materials in gas sensing. The novelty of
the present work mainly involves the fabrication of the gas sensing devices using the

materials which are environmentally stable and present in abundance in the nature.
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1.8.1 Objectives of Present Work

This thesis is largely concerned with the synthesis of hanocomposites based on two-
dimensional materials and the subsequent exploration of their sensing applications,

particularly gas sensing. The following are the key objectives of the thesis:

1. To study the gas sensing response of fabricated gas sensors based on transition
metal dichalcogenides as a function of chalcogen atoms (S, Se, Te).

2. To study the effect of different transition metals (Mo, W) in transition metals

for gas sensing.

3. To synthesize the different heterostructures with 2D materials such as 2D
/2D heterostructures, and 2D/1D heterostructures and study the difference

in their gas sensing performances in ambient conditions.

4. To investigate the gas sensing performance of fabricated different TMDCs
(MoS2, MoSez, WS») gas sensors for various gases (NO2, NHs, CO, etc.)

5. To study the influence of various light illuminations on the gas-sensing

device's sensing behavior.

1.8.2 Thesis Overview

In this thesis, a comprehensive set of experiments and in-depth analyses have been
conducted following the aforementioned goals. The findings of the current thesis are

explained in the subsequent chapters:
Chapter 1: Introduction

A brief overview of the need for and several approaches to developing sustainable gas
sensors that operate at room temperature to identify dangerous contaminants in the
environment is provided in Chapter 1. The importance of gas sensors and suggestions
for improving their effectiveness and performance are covered in this chapter. Over the
last several years, a wide range of applications such as wireless sensor networks, smart
homes, health monitoring, artificial intelligence, human-machine interface, and the
Internet of Things have seen an increase in the popularity of portable electronic devices.
The creation of quick and dependable gas sensors is facing significant challenges due
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to the growing demands for technology and growth. Conventional gas sensors in
wearable and wireless devices are prone to several limitations due to their elevated
working temperatures. It is strongly desired that wearable technologies respond quickly
and practically to room temperature gas sensors in order to address this problem. Many
materials, including electrochemical, photonic, and chemiresistive gas sensors, have
been developed over time based on various methods to provide good gas sensors.
Although there are other available sensors based on different mechanisms that also
exhibit phenomenon response, such as optical and infrared gas sensors, chemiresistive
gas sensors have attracted a lot of attention because of their affordability, simplicity of
use, versatility, miniaturization, and selectivity—especially when used in arrays that
function as electronic noses. Chapter 1 contains a comprehensive literature overview of

the various materials and gas sensors that have developed over time in this subject.
Chapter 2: Synthesis and Characterization Techniques

The synthesis and analysis of the produced samples have been done using a variety of
experimental techniques, which are described in Chapter 2. Due to their distinct
mechanical, optical, and electrical characteristics as well as their non-toxic nature, 2D
transition metal dichalcogenides (TMDCs) have drawn the attention of researchers. The
usage of TMDCs in the production of gas sensors has increased due to their low weight,
environmental stability, affordability, and ease of processing. The hydrothermal
method for the synthesis of MoS: has been covered in this chapter initially, after the
discussion of the hydrothermal method and thermal annealing with chemical vapor
deposition for the synthesis of nanocomposites. A brief discussion has also been held
regarding the process of drop casting in the creation of nanocomposite films. The
produced materials were examined using characterization techniques such as powder
X-ray diffraction, SEM, Raman, UV-Vis Spectroscopy, and XPS, among others, which

are reported in detail.

Chapter 3: Effect of varying the precursors’ concentration on structural and

electronic properties of 1T/2H phase MoS: for gas sensing application

In this chapter, we have attempted to synthesize a mixed phase of 1T/2H-MoS; using

the simple hydrothermal method with the ammonium ions (NH*") intercalation. MoS;
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consists of two majorly discussed phases: 2H-MoS,; and 1T-MoS,. 2H-MoS; is
environmentally stable and semiconducting whereas 1T-MoS; is metallic and not stable
in the environment. In the previous research, to synthesize the 1T phase, usually Li" ion
intercalation has been used. In this work, we have prepared a mixed phase 1T/2H-
MoS; at 200 °C using the hydrothermal method. During the synthesis, keeping the 1:2
molar ratio, the concentrations of the precursors have been changed in the order of 1
M, 1.4M, and 1.8M, and the samples have also been labeled as MoS»-1, MoS»-1.4,
MoS,-1.8. it has been observed that as the concentration of NH*" ions in the mixture
increases, the 1T phase increases, which has been confirmed by the Raman Spectra.
With the increase in NH*" ion concentration from 1-1.8M, the morphology changes
widely, the nanoflowers turn into smaller sticks and seem to be aggregated in the form
of bundles for MoS»-1.8. From UV-Vis Spectroscopy, it has been observed that MoS,-
1 with more 2H-nature shows the least absorption in the region of 400-700 nm whereas
MoS:-1.4 and MoS»-1.8 show a sudden rise in the absorption indicating the presence
of more metallic character. The indirect bandgaps have also been calculated using tauc
plots. A fall in the bandgap value has been observed as the 1T character improves. The
percentage character of 1T present in the mixed phase has also been calculated using
the deconvolution peak of Mo 3d obtained from the XPS curve fittings. As the
precursor concentration increased from 1-1.8M, the 1T character in MoS: evolved to
27.9% (1 M), 36.3% (1.4 M), and 45.8% (1.8 M), while the 2H character appeared to
diminish. Additionally, as concentrations increased, so did the peak's area percentage
and intensity associated with Mo6+ accessible at 236.2 eV, suggesting incomplete
sulfurization of the Mo precursor. The sharply edged microflower form and reduction
in band gap suggest that NH** ions intercalated 1T/2H MoS, may have advantages for

gas sensing applications.

Chapter 4: Investigation of the NO: gas sensing response of MoS:-based gas sensors

with SnO2/MoS:z and CB/SnO2/MoS: heterostructures in ambient conditions

Although we looked at the advantages of the characteristics of MoS; for gas sensing in
Chapter 3, the performance of the device's output could also be impacted by the way MoS;
forms nanocomposites with other metal oxides or materials. We created various gas sensors

based on SnO>-MoS; to observe changes in sensing performance. Additionally, active
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carbon black (CB) was added to observe device performance further. Three devices were
created and their gas sensing capabilities for NO. gas at room temperature were tested.
These devices were labeled as bare MoS;, SnO2/MoS;, and CB/SnO,/MoS,. When SnO>
nanoparticles were added to the MoS; surface, it was discovered that the material's ability
to sense gas improved. Additionally, the addition of CB improved the gas sensing
performance of CB/SnO,/MoSz, which may have been brought about by the CB's increased
electrical conductivity. When exposed to NO2 gas, the bare MoS; exhibited p-type behavior
and demonstrated a gas sensing response of about 42% with a response time of 61 s at a
concentration of 50 ppm NO>. Gas sensors based on SnO2/MoS; demonstrated an enhanced
response of approximately 46% with a significantly shorter response time of 26 s and
recovery time of 73 s at 50 ppm of NO- gas concentration at room temperature, in contrast
to the bare MoS; gas sensor, which showed a sensor response of approximately 43% with
aresponse time of 52 s. When exposed to NO: gas, the charge transfer process between the
components powers the ternary composite's gas-sensing mechanism. Since SnO; exhibits
n-type conductivity and MoS; is a p-type material, most of the high-energy spots on the
surface of MoS; are occupied by SnO» nucleation during the composite production process.
When electrophilic NO> is exposed to heterostructures, the electric resistance decreases,
indicating that both CB/SnO2/MoS, and SnO2/MoS; exhibit p-type semiconducting
behaviors. The resistance curves show that MoS> has a lower starting resistance than SnO»,
indicating that holes have moved from p-type MoS; to n-type SnO>. Additionally, because
their work functions differ, the direction of electron flow in MoS; is opposite. When
SnO2/MoS;, forms, an equilibrium state is reached at the heterojunction. Electron-hole
recombination and band-level bending result in the broadening of the depletion layer,
which prevents carrier transfer at the p-n heterogeneous region and creates a potential
barrier. Band bending results from the electrons from SnO2 NPs being captured by NO> gas
molecules, which lowers their electron concentration and causes the adsorption mostly
induced by the defects to be restricted. Additionally, the electrical effect created by the p-
n-junction becomes dominant. A greater number of holes form at the MoS; surface during
adsorption, which dramatically lowers the resistance of SnO2/MoS; heterostructures and
depletes the potential barrier. The sensitivity of the CB/SnO2/MoS; sensor to NO: is
significantly higher than that of SnO2/MoS; and MoS,. This is not only because of the

formation of a p-n junction between MoS; and SnO., but also because of CB, which gives
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the sensing material with a bandgap of 1.96 eV p-type semiconducting behaviour and
higher electrical conductivity. The Schottky barrier between CB and SnO is also a major
contributing factor. A potential barrier is created at the interface when NO, molecules come
into contact with the CB/SnO2/MoS; surface because the work function of SnO; (4.85 eV)
is higher than that of CB (4.5 eV). As a result, the holes will accumulate on the SnO- side
until the Fermi level reaches equilibrium, at which point the resistance will dramatically
decrease. The sensor response to NO2 gas is accelerated by the p-n heterojunctions between
CB-SnO> and M0S2-SnOy, as well as the Schottky barrier between CB and SnO,/MoS,

according to the sensing processes for NO> gas that have been studied.

Chapter 5: Investigation of the gas sensing performance of MoS2/MoOs-based gas

sensors for NO2 and NH3 gases simultaneously at ambient conditions

In this chapter, the hydrothermal approach was used to synthesise MoS,/MoQO3
nanocomposites, which were then thermally annealed in the presence of Ar gas to
further improve the efficiency of the gas sensors after the performance of the MoS; gas
sensors with SnO> was analysed. Initially, MoS, was made by the hydrothermal
approach, which involved changing the reducing agent while keeping the same primary
precursors. The synthesised materials were compared to the sample made without the
use of any reducing agents. Hydrazine Hydrate (HH) and L-ascorbic acid (LA) were
the reducing agents utilised. This synthesis method has a significant impact on the
generated materials' morphological and structural characteristics as well. One technique
for creating mixed-morphology nanocomposites is controlled thermal annealing, which
has applications in environmental engineering, biomedical, defence & security,
healthcare, and energy production. Consequently, the MoS,:Mo0Os3 based gas sensor,
which was manufactured without the use of any reducing agent, shows a good sensor
response and a repeatable, full recovery sensing performance. An increased number of
oxygen adsorption sites and active edges on the surface are critical for improved gas
sensing capability. The dual gas sensing capabilities of the synthesized materials
(M0S2:M003, HH-M0S2:M003, and LA-Mo0S2:Mo003) for NH3z and NO> gas have been
examined in this chapter. We have demonstrated that adding MoO3z nanoparticles can
significantly enhance the MoS,-based gas sensors' ability to detect NHs gas. When NHj,

NOz, CO, H2S, and other gases were present, the performance of MoS2:Mo0Oz-based
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gas sensors was first compared to that of HH- & LA-MoS,:M00s3-based gas sensors. It
was found that MoS2:MoQOs is exhibiting good recovery for NHz and NO; gas around
room temperature with a better sensor response. Subsequently, the synthesized
materials were subjected to NH3 and NO: gas at concentrations of 1-10 ppm at room
temperature to conduct detailed research. Sensing responses were then recorded. The
reactivity to NH3 gas was stronger for HH-Mo0S2:M00s3, notwithstanding their
incomplete recovery. The sensing response observed for NHz gas was in the following
order: MoS2:M003 > LA-Mo0S2:M0o0s > HH-Mo0S2:M003. Conversely, only
MoS,:Mo03 among these three composites offered full recovery for the NH3 gas. The
contact of gas molecules on the gas-sensing material's upper surface has already been
shown to activate the gas response of the sensor. According to the XPS spectra, HH-
MoS.:M003 has more adsorption sites and oxygen vacancies, suggesting that rapid
adsorption leads to a greater sensing response while insufficient desorption from the
oxygen sites results in partial recovery. When it came to NO2 gas detection, LA-
MoS2:M00Os3 responded more strongly to the gas. In addition to having superior relative
responses, the LA- and HH-MoS2:Mo0Os-based sensors had the same problem with
partial recovery since there was less NO2 molecule desorption. The resistance dropped
when exposed to NHs gas, demonstrating n-type behavior. The conductivity behavior
should ideally be the same when the same material comes into contact with gas.
However, in our instance, the resistance dropped when the produced materials were
exposed to NO2 gas, demonstrating the p-type behavior. The primary variation in
conductivity can be attributed to the distinct adsorption sites functioning as conductive
pathways for various gases. Since NHs is a reducing gas and exhibits an n-type sensing
response, MoOz appears to be the main source of NHz's adsorption sites. The p-type
sensing behavior in the case of NO> gas suggests that sulfur vacancies present on the
surface of p-type MoS> may serve as the primary conductive routes for NO2 gas sensing.
This peculiar behavior can be due to the different NHz and NO- adsorption sites on the
sensing material's surface. Resistance variation demonstrated that MoOs, not MoS,
dominated the NHs gas-sensing mechanism in composites. Surface alteration and
hetero-interface-induced superposition effect were linked to improved NHs-sensing
performance. Even though the sensor response to MoS.:MoO3 was enhanced, the
higher concentration of Oy and O* (ags. sites) in HH-M0S2:M003 and LA-Mo0S2:M00O3
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negatively led to accumulation on the MoOs surface, which made it harder to desorb

from. This resulted in incomplete recovery and unsatisfied sensitivity.
Chapter 6: Conclusions and Future Prospectives

A brief overview of all the research findings is given in this chapter, along with a
comparison with existing literature on various gas sensors. The challenges and future

scope of this study action are also covered in this chapter.
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This chapter gives an extensive understanding of the preparation of nanostructured
materials and various characterization techniques used in this research field.
Additionally, it delves into the synthesis of the nanocomposite materials and the
fabrication process of the gas-sensing devices, and instruments used for the electrical
characterization and gas-sensing measurements of the fabricated devices. This chapter
begins with a detailed description of the hydrothermal method and thermal chemical
vapor deposition employed to obtain various nanostructures, and further the drop-
casting process is used to prepare nanocomposite films. Followed by this, a brief
description of various characterization techniques that are implemented for evaluating
the different properties of the synthesized composites. X-ray diffraction (XRD) and
Raman Spectroscopy are used to identify the crystal structure and different vibrational
modes of the prepared nanostructures respectively. Scanning electron microscopy
(SEM) and Transmission electron microscopy (TEM) are used to explore the surface
morphology of the synthesized materials. X-ray photoelectron Spectroscopy (XPS) is

used to determine the different chemical states of the synthesized nanocomposites.
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Thermal evaporation is employed to deposit metal electrodes on the prepared thin films
to prepare gas-sensing devices. This chapter also discusses the measures and setup used
for gas-sensing measurements of the fabricated devices. All these routes are concisely

discussed in this chapter.
2.1 Synthesis of 2D Materials

The central objective of this thesis is to synthesize large-area two-dimensional materials
and understand the basics of gas sensing behavior to obtain highly selective gas sensors
with lower operating temperatures. Special emphasis is given to the synthesis of
nanocomposites of two-dimensional materials with different two-dimensional materials
and variations in the growth orientation. Different synthesis techniques have been
employed to obtain nanocomposite samples with different morphology. Various
techniques are employed for the preparation and modification of two-dimensional
materials, allowing the tuning of structures and properties to converge a wide range of
applications. The synthesis techniques are mainly split into two categories: 1) Top-
down, and 2) Bottom Up. The top-down method involves the exfoliation of bulk
materials into layers by minimizing the interlayer interactions by applying different
methods such as mechanical exfoliation, chemical reduction, or ultrasonic methods. On
the other hand, the bottom-up method involves the production of 2D materials using
atomic or molecular precursors that are proficient in reacting and growing to prepare a
2D material or self-assembled into a complex structured 2D material. Bottom-up
approaches are more competent in producing 2D materials in large amounts in
comparison to top-down [1]. The selection of a suitable synthesis route is important
prior to exploring the properties of the desired applications. Synthesis techniques that

were used to prepare the nanocomposite samples and gas sensing devices are as follows:
Hydrothermal Method

Chemical Vapour Deposition

2.1.1 Hydrothermal METHOD

A hydrothermal method is a type of bottom-up synthesis approach. It is one of the most

widely used approaches for producing high-quality metallic, semiconducting
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nanocrystals and nanomaterials. The hydrothermal technique is primarily a solution-
based method, where nanomaterials can be developed in a wide range of temperatures
from the room to a very high temperature. Depending on the vapor pressure of the main
composition involved in the reaction, whether low-pressure or high-pressure
conditions, a direct effect on the morphology of the prepared materials is observed.
Using this approach, many nanomaterials can be successfully synthesized by
controlling the morphology. Using high vapor pressure, nanomaterials with minimal
loss of materials can be produced and along with this, the composition of synthesized
nanomaterials can be well managed through liquid phase or multiphase chemical
reactions in hydrothermal synthesis [2]. This method is most suitable for the thrifty and

large-scale production of nanomaterials.

Under specific pressure and temperature conditions, hydrothermal synthesis takes place
inside a Teflon-lined, sealed stainless-steel autoclave filled with chemicals dissolved in
water or a combination of water and ethanol. The Teflon beaker is filled with a specific
volume of aqueous reagents to provide the pressure needed to create the nanomaterials with
the appropriate morphology and characteristics. Additionally, it's critical to maintain the

regents' volume at a specific level to prevent Teflon overflow during the reaction.

By adjusting the reaction parameters in the high-temperature oven—such as pressure,
temperature, and reaction duration—a considerable quantity of well-crystallized
nanomaterials can be synthesized [3]. Figure 2.1 depicts the hydrothermal autoclave

arrangement used for this purpose.
The components that contributed to the hydrothermal reaction are explained as follows:

1. Precursors: These substances are the reactants that are used in chemical

reactions with appropriate solvents to yield the desired end product.

2. Supplementary Agents: Different acids and bases are added to the reaction
to bring the pH level up to the desired level. These substances are called
stabilizers, chelating agents, capping agents, reducing agents, and other
additional agents. These agents are primarily in charge of providing the

nanomaterials with their required morphology.
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Fig. 2.1: Schematic of Teflon-lined stainless-steel autoclave used for hydrothermal synthesis

2.1.2 Chemical Vapor Deposition

CVD, or chemical vapor deposition, is a prime example of a bottom-up method. The
primary goal of the CVD technique is to create large area, low defect density 2D
materials with exact control over their morphology, thickness, and number of layers.
To produce solid phase materials, a CVD process typically entails excitation of
precursors to the necessary vaporous state, transit of reactant gaseous species, and
heterogeneous surface reaction on the substrates [4]. Utilizing certain precursors
transported by or combined with inert gases like argon (Ar), nitrogen (N2), or hydrogen
(H2) gas to deposit these materials on substrates at high temperatures is a common

method for the CVD development of 2D materials.

For the synthesis of 2D materials, CVD reactors are usually cylindrical and positioned
horizontally inside a heated furnace. To maintain the high temperature during synthesis,
quartz is the typical tube material utilized in the reactor to build 2D materials. The
insulated boiler has one or three heating zones, and each zone can have a different
temperature programmer. In addition to having distinct temperature programmers,
three-zone furnaces may have heat transfer across the zones, which could cause the
ultimate temperature to deviate from the setpoints that were programmed. Depending
on whether the vapor phase precursors enter the reactor or are created inside the reactor,

two types of CVD techniques are employed for 2D materials. First-type reactors are
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filled with gas phase precursors (such as toluene or methane for carbon nanotubes),
whereas second-type reactors are filled with solid phase precursors (such as sulfur and
molybdenum trioxide for MoS). The solid precursors subsequently sublimate and
condense into a vapor phase within the reactor's high-temperature zone. Depending on
the temperature, growth duration, precursor concentrations, and carrier gas flow rates
inside the reactor, growth is observed in both processes on the substrate and the quartz
tube. The flow rates are typically quantified in standard cubic centimeters per minute
(sccm)[5]. Figure 2.2 represents the basic phenomenon occurring during the deposition

and shows the chemical vapor deposition setup.

A. Vapor-phase reactants entering the reaction chamber

Inert gas IN
- ,‘ Inert gas OUT
Substrate -
Precursor 1
Precursor 2
B. vapor-phase reactants generated inside the reaction chamber
/ ( .
| \
Inert gas IN “. ey | Inert gas OUT

\ / \ /

_J

Precursor 1 Precursor 2 Substrate

S

High temp. zone

Fig. 2.2: Schematic illustration of CVD for A. gaseous precursor and B. solid precursors

2.2 Deposition of Thin Films

To fabricate the gas sensing devices, the electrodes on the SiO2/Si substrate were
deposited using the thermal evaporation technique, and after that drop casting technique

was used to deposit the material as a thin film on the substrate.
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2.2.1 Thermal Evaporation Technique

The sensing devices were fabricated using a shadow mask deposition of interdigitated
electrodes of Au/Cr by thermal evaporation of Cr and Au wire (purity > 99.999 %) on
the Si0»/Si substrates by using photolithography which requires thermal evaporation of
contact metallization. Thermal evaporation is one of the most extensively used pulse
vapor deposition (PVD) techniques used for depositing thin films. The basic working
principle of the thermal evaporation technique is the resistive heating of the
Molybdenum (Mo) or Tungsten (W) boats to high temperatures which leads to the

evaporation of the source material placed inside the boat.

The evaporated material further nucleates on the substrate and a thin film is deposited.
This whole process requires high vacuum conditions inside the deposition chamber (<
10 mbar) to obtain a longer mean free path of the evaporated atoms compared to the
distance between the evaporation source and the substrate. Initially, a rough vacuum
(107 mbar) is achieved inside the chamber using a rotary pump, and then a high vacuum
of 2x 10 mbar is attained through a diffusion pump. The main aim to attain high
vacuum is to reduce the vapor pressure which is required to raise the vapor cloud of
material inside the chamber.

Vacuum Chamber Substrate Holder

™ Substrate

P [~ Vaporized
material
Target Material ——]

®
Crucible ——_-_/_F I
[
I Power Supply I

To High vacuum

Fig. 2.3: Schematic representation of thermal evaporation technique
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There are two gauges attached to the chamber to monitor pressure inside the chamber
Penning gauge and the Pirani gauge. A transformer is used to pass the high currents
through the Mo or W boats to evaporate the desired solid material placed in the boat.
The evaporated material could travel through the chamber and form a thin film on the
substrate placed in a facing-down position to the boat. The rate of deposition and
thickness of the film deposited are monitored using a quartz crystal monitor. Figure 2.3

shows the basic representation of the thermal evaporation technique.
2.2.2 Drop Casting Approach

In this work, thin films for the gas-sensing devices were developed using the drop-casting
approach. Itis a straightforward process that involves solutes being dissolved at a consistent
concentration in certain solvents. The drop-casting technique provides a simple and
economical way to make thin films with precise composition and thickness. This technique,
which works best for small-area deposition, involves dropping a predetermined volume of
solution onto a stationary substrate and allowing it to evaporate for the appropriate length
of time. Alternatively, the substrate can be baked to speed up the evaporation process [6].
A preset volume of the solution is taken into a micropipette and deposited onto a SiO/Si
substrate that has already been pre-deposited with interdigitated electrodes, as shown in the
drop-casting method schematic shown in Figure 2.4 (c).

@) (b)

™
|
'\
L [ ]
\
:

Wettable Substrate Wettable Substrate

Contact line

—r—

© | ', \‘

- SiOl / - Si().:/:;i.s. /

. . Drop cast of Drying under dry
Desired Solution nanoparticles/nanosheets environment on 60 °C

Fig. 2.4: Schematic representation of (a) droplet containing particles on depositing
substrate, (b) capillary flow of particles towards edge during evaporation keeping contact
line fixed, and (c) synthesis of thin films using drop casting technique. e,= contact angle,
h= droplet height, r= droplet radius, and J= evaporation flux
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The straightforward approach of the drop-casting method is one of its key features. It
makes it possible to quickly investigate how various solute concentrations, solvent
choices, and deposition parameters affect the properties of the resulting thin films.
However, this procedure can make it difficult to achieve uniform thickness and
continuous coating on the deposition layer, which could affect the deposited layer's

thickness variation and the properties of the resulting film.
23 Characterization Techniques

To verify that TMDCs nanostructures and TMDCs-based nanocomposites are
successfully developed, a variety of characterization approaches are employed. To
begin with, X-ray diffraction (XRD) is employed to study the structural properties
which is further then confirmed by the Raman Spectroscopy by identifying the
corresponding vibrational modes related to the nanostructures. To study the
morphology, scanning electron microscopy (SEM) and Transmission electron
microscopy (TEM) are performed. Additionally, to determine the available chemical
states corresponding to the nanocomposites, X-ray photoemission spectroscopy is
studied and discussed here. This section mainly focuses on the discussion of the
operating principles of each of these characterizations and further, in this section, a brief
review of the electrical measurements and the gas sensing measurements are also

discussed that we have used in this work.
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2.3.1 X-ray Diffraction (XRD)

~

~

BPSPRP St

d: interplanar spacing; O= Diffraction angle

/4

Fig. 2.5 Depiction of Bragg’s law using diffraction of X-rays from the parallel planes

X-Ray Diffraction (XRD) is a non-destructive and highly versatile technique that is
used to characterize crystalline materials. This technique provides information about
crystal structures, atomic spacing, phase, and crystal orientation. In addition to chemical
characterizations, XRD is very helpful for texture analysis and stress measurements [7].
In 1912, Max von Laue and coworkers determined that at X-ray wavelengths,
crystalline materials exhibit three-dimensional grating behavior similar to the spacing
between the planes in the lattice of a crystal [8]. The basis of X-ray diffraction is the
constructive interference of a crystalline sample with monochromatic X-rays. Within
the electromagnetic spectrum, X-rays are high-frequency waves with wavelengths
ranging from approximately 0.5 to 2.5 A. A cathode ray tube produces these X-rays,
which are then collimated to concentrate them, filtered to produce monochromatic
radiation, and directed toward the sample. For X-Ray diffraction (XRD), a crystal is
assumed to contain atoms arranged in a set of parallel planes placed equidistant from

each other, and each atom behaves as a scattering center. The rays scattered from each
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atom have a phase relation with each other. When the scattered rays are in phase with
each other, they undergo constructive interference to form a diffraction beam and on
the other hand, out-of-phase directional rays annul each other. The constructive
interference between the incident ray and the sample is produced when the arrangement

satisfies Bragg’s law as seen in Figure 2.5:

nl=2dsinf (2.1)
where A is the wavelength of the incident X-rays, d is the interplanar spacing, and 0 is

the angle between the incident beam and the specific diffraction plane. An integer value,

n, indicates the order of diffraction (n=1,2,3...).
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Fig. 2.6: Schematic illustration of X-ray Diffractometer

For wavelengths A < 2d, Bragg's reflection takes place in the X-ray range, which is the
region where crystalline diffraction takes place. The size, space group symmetry, and
crystal symmetry of the unit cell all influence peak positions. The intensity of the peak
is determined by this collective interaction, as expressed by the equation:

F bkl = anezﬂi(hunkvntwn) (22)
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Here, uvw represents the element coordinates, hkl represents the Miller indices, and f,
denotes the electron scattering density. The technique is frequently used on powdered
samples; according to Bragg's law, the powder material interacts with the incident
radiation by engaging with all possible planes within the substance. Peaks show up at
different angles and for parallel surfaces, showing constructive interference. To obtain
the information on crystallite diameters, X-ray diffraction is used by using the

correlation shown in the equation:

D=kA\/Bcosd (2.3)
X-ray diffractometer has three main components: X-ray tube, sample holder, and
detector, the respective schematic diagram is given in Figure 2.6. The X-ray tube
consists of a tungsten filament that acts as a cathode and generates a stream of electrons
due to thermionic emission after the passage of high electrical current through it. The
electrons are then accelerated towards anode material under a high electric field. When
the bombarding electrons have sufficient energy to knock out the inner shell electrons
of the anode materials, the characteristic X-ray beam is produced. The beam is then
collimated onto the sample after passing through a divergence slit of variable aperture
to control the length of the sample to be irradiated. X-ray tube and /or detector were
then rotated over the goniometer circle to allow complete exposure of the sample. When
the beam scattering satisfies Bragg’s law, constructive interference occurs and an
increase in intensity is recorded by detector which is then converted to a count rate and
thereafter displayed over a computer screen as a function of 26. This graph is used to

identify the phase and crystallographic orientation with the use of JCPDS cards.

The present study generated an XRD pattern with CuK, radiation (A= 1.54 A) as an X-
ray source. the X-ray tube was then rotated over the goniometer circle and the data was
recorded for 260 values from 10° to 80°. The instrument recorded 20 in step size of 0.05°
and counts were accumulated at a scan speed of 2° per minute. The patterns were
obtained at room temperature and subsequently compared with the JCPDS database and

previously reported literature.
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2.3.2 Raman Spectroscopy

The rotational, vibrational, and other frequency modes that materials display is
identified via Raman spectroscopy. This non-destructive method provides details about
the structure and bonding of the molecules. The method's operation can be explained
from both a classical and quantum perspective.

Virtual States
hv, hv,
hv,-hv,
¢ hv, hv,+ hv,
hy,
Stokes lines Rayleigh lines Anti-Stokes lines

Fig. 2.7: Schematic illustration of Different types of Raman Scattering: Rayleigh
Scattering, Stokes, and Anti-Stokes lines

Classical theory is based upon the ease of polarizability of the molecule, o, under the
influence of light, considered as an oscillating electric field, € = €°cos 2JIvot, where €°
is the equilibrium electric field strength and v, is the frequency of vibration. Upon
interaction with material, it might induce a dipole moment of the same oscillating

frequency. This induced dipole will then scatter radiation of frequency v= vo.

ui = ag’cos 2mvot , 2.4)
uiis the induced dipole moment.

As here, there i1s no gain or loss of energy involved, this elastic scattering is referred to
as Rayleigh scattering. However, in the case of a molecule vibrating with its frequency

wvib, the induced dipole moment gets modified to:
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€0q0x[cos2m(vO+vv)t+cos2m(vO—vv)t]
2

Wi = aOeOcosZnﬁoH(:Tf‘V)o 2.5)

qvis the coordinate along the axis of vibration at time t.

here, the induced dipole moment will scatter light with a frequency higher or lower than
that of incident radiation, differentiated as anti-stokes and stokes lines, respectively.
The scattering where no changes in frequencies of incident and scattered radiations are

referred to as Rayleigh Scattering.

V="V, Rayleigh Scattering (2.6)
V="V, + W Raman Scattering (2.7)

Quantum theory is based on the quantization of the vibrational energy of the molecules,
E =hv (n+1/2), where E is the vibrational state energy, n is the vibrational energy state
number (n =0,1,2,...) and v is the frequency of vibration. The incident photons excited
the molecule to a virtual energy level at a higher state. However, the molecule cannot
stay in a virtual energy state for long, it falls back to a lower energy state. If the initial
energy state and final energy state are the same, Rayleigh scattering takes place i.e.
photons with the same energy (frequency), v=vo is emitted. Whereas, in stokes scattering,
the final energy state is lower than the initial energy state, i.e. v= vo- w. For anti-stokes
scattering, the final energy state is higher than the initial energy state, here frequency of
scattered photons is higher than incident emitted photons, v= vo+ w. The simplified
mechanism design of the Raman spectrometer is explained in Figure 2.7.
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Fig. 2.8: Instrumental representation of Raman Spectrometer
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In the present work, a Micro-Raman Spectrometer from Horiba Scientific, Model-
LabRAM HR Evolution is used and a schematic is depicted in Figure 2.8. Raman
Spectra were collected using a 514 nm diode laser with intensity < 10 mW to prevent

the sample from damage.

The diffraction system consists of a confocal holographic diffraction grating (1800
lines/mm) and the detector system contains an ultra-sensitive low-noise charge-coupled
detector (CCD). A laser beam is irradiated onto the sample through a combination of a
dichroic mirror, wave plate, and neutral density filter (ND). Incident light scattered
from the sample will consist of both the Rayleigh and scattered light. A notch filter is
used to filter out the scattered Stokes light from Rayleigh and anti-Stokes, and hereafter
the Stokes light is passed through a holographic diffraction grating via an entrance slit
which distributes it according to its wavelength (like a prism). Thereafter, the light is
captured by the CCD array detector which outputs the light according to the intensity
of different wavelengths and hence records a vibrational spectral graph on the computer
screen attached to it. The spectral graph represents the intensity of diffracted light as a

function of wavenumber.
2.3.3 UV- Vis Spectroscopy

UV-Vis Spectroscopy is a technique used to examine how a material absorbs and
reflects light in the UV spectral region. In this method, electrons are excited to a higher
energy level through the absorption of UV radiation. The energy difference between
the lower and higher energy levels is equivalent to the energy of the UV light that is
absorbed. Using this technique, the absorber concentration in the solution of conjugated
organic molecules and transition metal ions is quantitatively evaluated. High anti-
bonding molecular orbitals can be stimulated in molecules with m-electrons or non-

bonding electrons by absorbing ultraviolet or visible light energy.
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Fig. 2.:9 Schematic representation of UV-Vis Spectrometer

Beer-Lambert's Law provides the framework of a UV spectrometer's basic
functionality. The rate at which light intensity decreases when an absorbent material
solution is exposed to a monochromatic laser beam is dependent on the solution's
thickness. It is proportional to the laser light's incidence intensity.

A= logio (Io/I) = ecL (2.8)
where L is the path length through the sample, c is the concentration of the absorbing
species, lo is the incident light intensity at a given wavelength, | is the transmitted

intensity, and € is a constant known as the molar absorptivity or excitation coefficient

for each species and wavelength [9].

The main components of UV-visible spectroscopy consist of a light source,
monochromator, chopper, sample container, detectors, amplifier, and recorder. Hz-D>
lamps (300-375 nm) and tungsten filament (375-800 nm) are the typical light sources and
cover a wider range of wavelengths up to the ultraviolet region and are very efficient.
Through the entrance slit, a monochromator transforms polychromatic light into
monochromatic light. A collimating lens collimates the beam, while a prism or grating
disperses it. The beam with a specific wavelength is reflected towards the existing slit by
the reflecting lens. A certain wavelength can be adjusted such that radiation exiting the
monochromator through the built-in lens is at that wavelength. The monochromator's
output beam splits into two beams using a chopper; one beam travels through the sample

and the other through the reference. Radiation transparency is required for both the sample
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and reference solution cuvettes. Quartz or fused silica cuvettes are used as sample
containers for UV-visible spectroscopy. Charge-coupled detectors (CCDs) are silicon-
based multichannel array photodetectors that are useful for capturing UV-visible spectra.
An amplifier records all the data, multiplexes the signals from the detector to create a
readable signal, and generates the spectrum of the desired molecule. Figure 2.9 shows the
basic diagram of the UV visible spectrometer. With the use of a UV spectrometer, the
materials' bandgap can be determined. The bandgap is measured using the Tauc plot. The
approach known as the Tauc plot, initially presented by Tauch in 1966, is predicated on the
belief that energy is a function of absorbance coefficient a. Additionally, Davis and Mott
developed a similar technique for semiconductors and discussed how the difference
between photon energy and bandgap energy affects optical absorbance. The Tauc equation

for semiconducting material is given by:

(ahv)"" = B(hv- Eg) (2.9)
where a is the absorbance coefficient, n is a quantity that depends on the transition
property, B is constant, v is the photon frequency, Egq is the band gap energy, and h is
Planck'’s constant. For a direct bandgap transition, the value of n is 2, and for an indirect
bandgap transition, it is 2. o= In(10)A/I yields the absorbance coefficient, where A
denotes absorbance and | represents the material's thickness in centimeters [10] [11].

Plotting (ahv)*™ with hv and then extrapolating in the linear area across the energy axis
in the related graph yields the bandgap energy. The estimated matching energy gap is

located at the junction with the energy axis.
2.3.4 Electron Microscopy

Incident electron beams can interact with matter and produce different radiations depending
upon the energy of the incident electrons, atomic number, and matter density. As the
interaction between the electron and coulombic field generated by a primary electron with
sample nuclei results in a deviation of the path of the primary electron without significant
loss of energy (i.e. elastic scattering), backscattered electrons (BSE) are emitted. Their
scattering depends upon the atomic number and density of the sample, which is further used
as compositional contrast. In the inelastic scattering of primary electrons, the energy loss is

enough to remove an inner shell electron from the sample, and the emitted electrons are called
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secondary electrons (SE). SE possesses low energy (< 50 eV) and is emitted from near the
surface (5 to 50 nm), used to study surface morphology and topography. If a higher-level
orbital electron fills up the vacancy created by the SE, the energy released upon their
recombination gives characteristic X-ray photons.

Electron Beam

Secondary Electron
Back Scattered Electron

Characteristic X-ray

Continuum X-ray

Fluorescent X-ray

Fig. 2.10: Schematic representation of electron-matter interaction

2.3.4.1 Scanning Electron Microscopy (SEM)

SEM is a sophisticated type of microscopy that uses electrons rather than light to
determine the three-dimensional structure of solid materials. This method offers a
thorough understanding of a sample's morphology, topography, and content. With
dimensions ranging from nanometers to micrometers and magnifications reaching
30,000x and even 100,000x, scanning electron microscopy (SEM) is the best tool for
obtaining extremely accurate pictures for analyzing both organic and inorganic
materials. Electromagnetic lenses are used in SEMs to concentrate electron beams onto
samples. Materials like metals, metal oxides, ceramics, or biological specimens could
be included in the sample. The interactions between the electron beam and the
specimen’s surface are then captured to create a picture. Deflection of various types of

electrons occurs as a result of the interaction between an electron beam and the sample.

50



Chapter— 2 Synthesis and Characterization Techniques

Samples for SEM investigation are prepared by covering them with conducting metals
such as platinum (Pt) or gold (Au) after they have been dispersed, thin-film applied, or
pellets arranged over conductive carbon tape [12]. The sample will be fixed in the
sample holder following the sample wrapping. The operating principle of the SEM
equipment is based on the idea that the specimen’s atomic electrons, which are emitted
as SEs, are energized by the primary electrons released from the source. An image is
created by gathering these secondary electrons from every location throughout the
sample. SEMs must function in a vacuum to prevent interactions between the electrons
that are created and released from the electron cannon, which are accelerated by high
energy applied in the 1-40 keV range. These released electrons are concentrated and
limited by metal slits and magnetic field lenses inside a vacuumed column to a
monochromatic beam with a width of 100 nm or less. Scanning coils in a bitmap pattern
move the restricted primary electrons over the sample surface. After the primary
electron touches the surface of the sample, it will engage in a variety of interactions
with the sample's near-surface region down to a certain depth. The specimen's atomic
concentration, accelerating voltage, and atomic number all affect how electrons scatter
and interact. Higher atomic number materials absorb or block more electrons, resulting
in less volume interaction. In a similar vein, using a high accelerating voltage will

produce highly energetic electrons that further penetrate the material.
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A\ Electron Beam

(b) Electron Beam
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Fig. 2.11: Schematic representation of (a) instrumentation of scanning electron
microscopy, and (b) Scattering of electrons
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The electron gun, vacuum, and column make up the majority of the SEM's apparatus.
Additional components of the column unit include a sample holder, detector, condenser
lens, scanning coil, and objective lens. The gun emits an electron beam that is contained in
a vacuum and travels vertically through lenses and electromagnetic fields. After the
electron beam has been focused by an objective lens on the specimen surface, detector coils
that are managed by the scan generator are used to raster the focused beam across the
material's surface. The rastering pattern's size is altered by magnification. Electrons and X-
rays are released from the specimen when the electron beam strikes the material, and an
array of signals is generated. The detector catches up with these signals and transforms
them into the signals that are used to create images. The primary advantage of SEM is that,
when lenses are substituted with electromagnets, it offers the researcher a great deal of
control over the magnification level [13]. A visual depiction of fundamental SEM
components is described in Figure 2.11.

2.3.4.2 Transmission Electron Microscope

The crystallinity of the as-grown samples was examined in the current investigation using
TEM. A transmission electron beam (TEM) is a microscopic technique that passes through
an extremely thin specimen and interacts with it to provide information about it. According
to quantum mechanics, the idea of wave-particle duality can be applied to define electrons,
just like it does light. The difference is that an electron’'s wavelength depends on its speed,
even though both can have varied speeds and wavelengths. As the accelerating voltage and
resolving power increase, the wavelength decreases. Higher magnification in TEM usually
results in a smaller region being illuminated by the beam of light. However, the interactions
between the beam and the sample also decrease at higher working voltages, which results
in pictures with less contrast. The sample may sustain significant damage from beam
radiation exposure with an operating voltage typically between 80 and 300 keV. This
damage could manifest as de-crystallization and re-confirmation of atomic bond breaking,
or simply as a loss of mass. Conversely, a noisy image will result from an exposure to a
low-voltage electron beam. The signal-to-noise ratio (S/N), contrast, and resolution of an
image determine its quality. Electron microscope resolution has increased with time, going
from 100 nm to 0.1 nm. The electron travels from top to bottom via the column's high
vacuum for around one to two meters [14]. Figure 2.12 shows the basic setup of the TEM
instrument.
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Fig. 2.12: Schematic illustration of the instrumentation of Transmission electron microscopy

An electron gun, condenser lenses, specimen holders, objective lenses, projector lenses,
screen/camera, and specimen holders are the basic parts of a TEM. Each of these
components might have a different design and contain several elements that add to the
overall quality of the image. A condenser lens gathers the electron beam that is emitted
from an electron cannon and uses it to send electrons toward the specimen in two ways:
either as a focussed beam or as parallel beam images. To generate high-resolution images
with diffraction patterns, an imaging system comprising objective and projector lenses is

needed. After passing through the item, the electron intensity distribution is projected onto
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a fluorescent screen using a three-stage lens system [15]. Finally, the electric charge is

converted into picture pixels using a charge-coupled device (CCD) camera.

The incident beam will suffer scattering while passing through the specimen and the
beam exited from the specimen will comprise a direct beam and scattered beam, which
will result in a non-uniform spatial or angular distribution of electrons. The direct beam
is for the contrast in TEM images and the scattered beam is used for the diffraction
pattern (DP). The imaging system uses a combination of intermediate, diffraction, and
a projector lens to magnify the diffraction pattern formed by the objective lens and

display it over a computer screen via a CCD detector.

The entire TEM setup is stored in a high vacuum chamber and is connected to a data-
collecting device with a graphical user interface (GUI). The differentiation between
images is based on both dark-field and bright-field imaging. The specimen is evenly
illuminated in a bright-field image, producing a black image against a brilliant
background. On the other hand, a diffracted wave passes through the objective aperture
to create a Dark-field image on the back focal plane of the objective lens. The sample
used in TEM must be electron-transparent. The dimensions of the nanostructures act as
a diffraction grating for incoming electrons and electrons scattered at different angles

depending upon the crystal structure, satisfying Bragg’s law.
2.3.5 X-Ray Photoelectron Spectroscopy (XPS)

The elemental, electrical, and chemical states at the surface of a variety of materials can be
investigated using XPS, a powerful quantitative approach that is sensitive to surface
conditions. The term Electron Spectroscopy for Chemical Analysis (ESCA) is another
name for the technique. The basic principle of XPS is the photoelectric effect, or
photoemission, which Hertz initially discovered in 1887. This phenomenon occurs when a
photon strikes a sample; the electron is subsequently expelled and escapes into the vacuum
as a result of the photoelectric effect. The incident photon's energy can fall into one of three
categories: hard X-ray (> 1000 eV, XPS), soft X-ray (100 to 1000 eV, SXPS), or ultraviolet
(5 to 1000 eV, UPS). In an electron energy analyzer, incident light on the sample and
electrons excited by the photoelectric effect are analyzed with respect to the momentum p

(wave vector p/h) and the kinetic energy (K.E.) of the emitted photoelectrons.
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Exin. =ho — Eg- ¢ (2.10)
Here, ¢ is the work function of the analyzer, Eg is the binding energy, and ho is the

photon’s energy. The schematic diagram of the XPS setup is shown in Figure 2.13.
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Fig.2.13: Schematic representation of (a) X-ray photoemission spectroscopy setup, and
(b) process of ejection of core-level electron on the absorption of X-ray photon

An ultra-high vacuum system (UHVS), an X-ray source, an electron analyzer, and an
ion gun comprise the components of the XPS apparatus. Longer photoelectron
pathways are provided by UHVS to preserve surface cleanliness and protect against
contamination. The energy of the X-ray sources that are employed is either 1253.6 eV
for Mg K, radiation or 1486.6 eV for Al K, radiation. The analyzer filters electron
energies and counts electrons using a detector. It also has a lens system to gather
photoelectrons. Next, an ion gun for depth profiling and sample cleaning (Ar* is the
most often employed ion). The detected electron provides useful details on several
atomic species that are present close to the sample surface, typically at a depth of
approximately 10 nm. Furthermore, a small change in binding energy, sometimes
referred to as a chemical shift, is also advantageous. Different peaks in XPS spectra
may appear at various binding energies, owing to varying core states on the surface of
the sample. XPS spectra can be used to detect this oxidation state as well as the chemical

shift of the chemical species at a specific binding energy.

From a depth of d, a photoelectron is emitted with an initial intensity of lo and an
intensity at which the electrons knock-off of the surface, respectively. This

phenomenon can be explained using Beer-lambert as shown in Equation (2.10):
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[i=1, e (2.11)

The electron's inelastic mean free path is shown by A in the equation above. In this case,
"d" represents the thickness, which is typically reached at a depth of around 3\, often
referred to as the sampling depth, and at which 95% of photoelectrons are dispersed
when emerging to the surface. The value of A for Al K, radiation is around 1-3 nm,
resulting in a sample depth of 3-10 nm. The element's electron binding energy varies
for various oxidation states. In general, the neutral atom has a lower core electron
binding energy than the ion. The spin-orbit interaction that results in the doublet states
is what produces the core-level spectra of the XPS pattern. The core electrons of each
surface atom have a unique binding energy, and the material's possible valence states

and chemical bonding can be deduced from the core-level shift of these electrons.

The data is represented in terms of the intensity versus B.E. of the electrons calculated
from the Kinetic energy of the core-level electrons. The XPS data included in this thesis
utilized a monochromatic X-ray source Al K, of energy 1486.6 eV. the XPS spectra
were fitted in CasaXPS by using a Shirley Background. The current study determined

elemental and chemical states using X-ray photoelectron spectroscopy.
2.4  Electrical and Gas Sensing Measurements
2.4.1 Electrical Measurements

The resistivity, mobility, depletion width, barrier height, carrier concentration, and
contact resistance of the material are all determined via electrical characterization. To
determine whether the fabricated materials are ohmic or Schottky junctions, the current
work has employed electrical characterizations to measure the current-voltage (I-V)
relationship of the materials. In this study, the electrical characteristics of both Ohmic
and Schottky junctions have been examined using the two-probe technique. First, the
output probes were linked to the source meter (Keithley-4200 SCS) and two probes
were attached to the metal contact on the I-V characterization system. The
heterojunction characteristics of this source meter are measured when a constant
voltage is applied and the corresponding current is altered. To examine the electrical
characteristics of the device, a voltage of -3 V to +3 V was supplied in both forward

and reverse bias during the test.
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2.4.2 Gas Sensing Measurement

A gas-sensing chamber setup, optimized for various gases, has been employed to
examine the properties of the gas sensor. The detecting chamber is built out of stainless
steel and has a gas inlet/outlet port. This closed sensing chamber's primary function is
to provide isolation from the outside world when exposed to poisonous and dangerous
gases. The schematic depiction of the experimental gas sensing apparatus is shown in
Figure 2.14. To prevent external impacts during gas sensing, the gas-sensing chamber
was first emptied up to around 1x10°2 mbar with the use of a rotary pump. Throughout
the measurements, the overall chamber temperature is kept close to room temperature
(RT) because of the heater's tiny size and steady airflow. A heater that is linked to the
gas sensing platform's external DC supply and has a variac for temperature control can
be used to apply the high operating temperature to the sensor. The primary objective is
to subject the sensor to a moderate temperature to confirm its low-power operation. A
standard hygrometer was used to measure the percentage relative humidity (% RH)
after the analyte gas was mixed with humidifier air that had been generated using a
bubbler. Different kinds of gas cylinders (1% and 5%) are attached to the sensing
chamber's inlet port for the gas sensing test.
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Fig. 2.14: Schematic Representation of the typical gas sensing setup

A specific volume of gas is then introduced into the sensing chamber, which modifies

the baseline after a sensor's baseline on the computer screen stabilizes. The output port
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of the sensing chamber is opened and the gas sensing response curve is recorded as
soon as the gas sensing response is saturated. The sensor's electrical resistance was
measured in a gas environment that changed frequently, alternating between dry air and
target gases such as CO, NO, and NHs, at varying concentrations and temperatures.
The relative humidity was kept constant at 40% RH throughout all measurements to
ascertain the device's gas-sensing capabilities. By monitoring the sensor response
towards the target analyte gas, the working temperature of each device is first
optimized. The sensing response was then assessed against various NO2 and NHz gas
concentrations at a constant operating temperature. to reach a state of equilibrium.
Before measurements, each sample was dried and allowed to stabilize at a specific
temperature. (IRg-Ral)/Rax 100% is the definition of the relative response (R) of the
sensor, where Rgand Ra are the sensor's resistances in the presence of target gas mixed
with dry air and dry air, respectively. After the analyte gas is present, the response time
is the amount of time needed to reach 90% of the maximum resistance; after the analyte
gas is removed, the recovery time is the amount of time needed to reach 10% of the

minimum resistance value.
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CHAPTER -3

EFFECT OF VARYING THE PRECURSORS’
CONCENTRATION ON STRUCTURAL AND
ELECTRONIC PROPERTIES OF 1T/2H PHASE MoS:
FOR GAS SENSING APPLICATION
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In this chapter, we have synthesized a mixed phase of MoS> using the hydrothermal
method by varying the weight percentage of the precursors’ concentration. The
systematic effect of the increase in weight percentage of the ammonium ions (NH*")
concentration on the structural and electronic properties of the synthesized 1T/2H MoS,
nanostructures has been investigated. Raman, XRD confirmed the availability of the
mixed phase of MoS,, and the effect of variation in concentration is visible in the SEM
images. The increase in weight percentage has increased in the 1T phase which causes
a decrease in the optical band gap and has been confirmed using the UV-Visible
Spectroscopy. Out of all the prepared 1T/2H MoS, nanostructures, the 1T/2H MoS»
with 1.8 M concentration has exhibited the highest amount of 1T phase indicating the
metallic behavior and the obtained bandgap is approximately 1.5 eV. The XPS spectra
conclude that with the increase in NH*" ion concentration, around 45.8 % metallic (1T)

character has appeared in the 1T/2H-MoS; and a mixed morphology has been obtained
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with the agglomeration of the tiny pin-like structures. Thus, the mixed phase of 1T/2H-
MoS; is found to be a better candidate for gas sensing in terms of its improved bandgap,

and available edge on the surface as active adsorption sites.
3.1 Introduction

Transition metal dichalcogenides (TMDs) comprising a general formula MX>, where
M stands for a transition metal, such as Mo, W, Ti, and X belongs to a chalcogen atom,
such as S, Se, and Te, are prepared using various methods with extensive diversity in
electrical properties varying from semiconductors, metals to superconductors [1,2,3].
MoS,, from the family of TMDs, is an extensively researched material because of the
availability of direct bandgap in monolayers and good electron mobility of 60 cm?V-!s-
!'at 250 K and high current on/off ratio [4]. Based on the atomic arrangement of Mo/S
atoms, MoS: can be found in two phases. The most prevalent and stable form of MoS;
in the environment is the 2H phase. Both 1T and 2H phases show the arrangement such
as each Mo atom is surrounded by six S atoms. A distinct difference between 2H-MoS;
and 1T-MoS; is that 2H-MoS; is semiconducting, whereas the latter is metallic [5]. Due
to the metallic phase of 1T-MoSz, metal dichalcogenides (TMDs) gained huge attention
in MoSz-derived applications. Commonly, 1T-MoS: is produced by chemically
exfoliating 2H-MoS; and intercalating it with alkali ions like Li*, Na", and K*. The
resulting 1T-MoS; materials tend to be hydrophilic [6]. The most common method of
Li" intercalation involves the transfer of an electron from the reducing agent to MoS»,
which raises the electron density of Mo d-orbital. It leads to the 1T (metallic) phase
transition by introducing instability in the 2H (semiconducting) phase. By improving
the exposed active sites and the charge transfer characteristics of MoS» nanosheets, the
catalytic activities of the 1T phase are enhanced [7]. As per reports, Li" intercalation of
2H-MoS; is one of the complicated methods to prepare 1T-MoS,. Using the Na® ion
intercalation, the best quality of nanosheets is obtained. By maintaining the growth
kinetics, the hydrothermal process is the most used method to prepare 1T-MoS>
nanosheets and their composites, specifically for electrocatalytic applications. For
further improved electrocatalytic performance, reactions are optimized for 1T-MoS:
nanosheets with morphologies in the form of tears, pinholes, and defects. 1T-MoS»

finds promising uses in environmental monitoring, industrial and medical fields, etc. as
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an efficient sensor. For excellent sensitivity, a large surface area and chemical and
thermal stability of the material are required. The effective surface-to-volume ratio,
excellent electrical properties, and highly reactive active sites make MoS: a promising
gas-sensing material [8]. For gas sensing, 1T or the mixed phase of 1T/2H-MoS: is
preferable to pure 2H-MoS: due to its metallic properties. In 2H MoS,, the edge sites
are excellent for adsorption and catalytic reactions whereas basal planes are
catalytically inert. However, the basal planes of 1T MoS: are rich in active sites
compared to 2H-MoS,, which is more desirable for improving the gas sensing
performance and the sensitivity largely relies on the adsorption strength of gas
molecules over the sensor’s surface i.e. more active sites, more adsorption. For that
reason, the phase exploitation between the 2H and 1T structure of MoS; is more

necessary for the enhancement of gas sensing properties [9].

In the present work, encouraged by the alkali ion intercalation, we propose a novel and
easy strategy for the synthesis of 1T/2H mixed phase of MoS; using the hydrothermal
method with the addition of ammonium molybdate heptahydrate and thiourea for
activating the ammonium ion (NH*') intercalation. Presence of more active sites,
controlled electrical conductivity, and good optical properties, the prepared 1T/2H

MoS: is expected to exhibit better gas sensing performances.
3.2  Materials and Methods
3.2.1 Chemicals

Ammonium Molybdate Tetrahydrate (AMT) (NH4)6Mo07024.4H20O, Thiourea
CS(NH3)2, De-ionized (DI) water, and Ethanol. All the chemicals are used as purchased

without any further purification.
3.2.2 Synthesis Procedure

A simple hydrothermal method was employed to synthesize a mixed 1T/2H-MoS; using
60 ml of ethanol/ DI water mixture with a 1:2 ratio as solvent by adding AMT as Mo
precursor and thiourea as S precursor with a 1:1 ratio by varying the molar concentration
as 1, 1.4, and 1.8 M. To obtain a mixed solution, the used precursors were dissolved in 60

ml of DI/ethanol solvent and swirled at 600 rpm for 30 min. The entire solution was then
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put into a Teflon-lined autoclave and heated for 24 hours at 180 °C. The resulting slurry
was rinsed four times with DI water and ethanol, and the precipitates were then put in the
oven to dry at 100°C for 12 h and marked as MoSz-1, M0S3-1.4 & MoS;-1.8 corresponding
to their concentrations. Figure 3.1 illustrates the simplified representation of the synthesis
of 1T/2H-MoS; using the hydrothermal method.

(NH,);Mo,0,,.4H, DI water +ethanol
0+CS(NH,), (60 ml)
Transferred Kept in oven
into autoclave For24hat180°C
Obtained material
vacuum filtered and
Stirred for 30 R collected
min ° ¢
cochted material kept
at 100 °C for drying
1T/2H MoS,

Fig. 3.1: Schematic representation of the hydrothermal synthesis of 1T/2H-MoS;

3.3 Results and Discussion

3.3.1 Structural and Morphological Properties of Prepared 1T/2H-MoS: with

Varying NH*" Concentration

The morphologies of MoS»-1, 1.4 & 1.8 nanostructures were analyzed. Figure 3.2 (a,
b, & c¢) are SEM image representations clearly showing the nanoflowers morphology
of MoS». From the SEM images, it has been observed that MoS»-1 shows a structure of
irregularly shaped bubbles with solid and thick surfaces (Fig. 3.2 (a)), which has been
further converted into sharp and smaller micro flower bubbles with sharp pin-shaped
structures (Fig. 3.2(b)) and with an increase in concentration from 1 M to 1.4 M and
later the crumbled micro flowers seemed to be segregated into smaller sticks and
agglomeration of the sticks was observed when concentration was raised from 1.4 M to

1.8 M (Fig. 3.2 (c)).
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Fig. 3.2: SEM images of (a) MoS:-1, (b) Mo0S:-1.4, & (c) MoS,-1.8

The XRD patterns of synthesized MoS» nanoflowers are shown in Fig. 3.3(a). MoS;-
1.8 exhibited three diffraction peaks at 13.8° (002), 32.6° (100), and 58.1° (110),
whereas MoS;-1.4 showed the diffraction peaks at 13.59° (002), 32.46° (100), and
57.64° (110), and MoS»-1 registered the diffraction peaks at 14.03° (002), 33.12° (100),
and 60.26° (110) as shown in Table 1. Some additional peaks around 11°, and 21°
corresponding to (002) and (004) crystal planes appeared because of the partial
intercalation of ammonium ions (NH*") increasing the interplanar spacing of MoS; and
confirming the hybrid phase of 1T and 2H. Fig. 3.3(b) represents the Raman Spectra of
the prepared MoS; nanoflowers with corresponding concentrations. As of the 2H-
MoS:, three peaks at 282.74 cm™!, 376.29 cm™!, and 404.03 cm™! have been observed in
MoS,-1.8 corresponding to the Eig, Elzg, and Ajg respectively, whereas for 1T, Eig
signifies the octahedral coordination of Mo, E'5, represents the in-plane vibrations of
two S atoms w.r.t. the Mo atoms in opposite direction, and Aig is the out-of-plane
vibration of S atoms in opposite directions [10]. The emergence of the peaks at 126.5
cm!, 196.7 ecm™, and 351.9 cm! corresponding to Ji, J», and J3 respectively
demonstrated the formation of 1T-MoS.. J1 modes correspond to the zigzag chain's in-
plane shearing mode relative to the other, J> to the shifts of S atom layers with respect
to the Mo atoms, and J3 to the stretching towards the out-of-plane component of one
side of the zigzag chain relative to the other [8]. Herein, MoS»-1 does not exhibit the
Aig peak, whereas the intensity in MoS>-1.4 is very low for the same, suggesting the
dominance of basal planes in comparison to the edges in MoS»-1.4 [11]. Interestingly,

MoS»-1, 1.4 & 1.8 seem to exhibit 1T and 2H characteristic peaks resulting the higher
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J1 and J3 intensities in the case of MoS»-1.8 as compared to the others, suggesting that

MoS,-1.8 contains a good fraction of 1T.
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Fig. 3.3: (a) X-ray Diffractograms, & (b) Raman Spectra of MoS;-1, M0S:-1.4, & MoS,-1.8

Table 3.1: Interplanar Spacing and crystallite size of the prepared MoS; samples with
respect to the diffraction angle

Sample (002) 26 (®) Interplanar Spacing (nm) Crystallite size (nm)
MoS:-1.8 13.8° 0.65 0.13
MoS;-1.4 13.59° 0.64 0.14

MoS»-1 14.03° 0.63 0.19

3.3.2 Optical and Core Level Studies of Prepared 1T/2H-MoS: with Varying

NH*" Concentration

To determine the effect of mixed-phase 1T and 2H-MoS; on the optical properties, UV-
Vis measurements were performed and plotted in Fig. 3.4(a), the two peaks around 200-
400 nm correspond to the strong optical absorption indicating a direct excitonic transition
from the valence band to the conduction band. From Fig. 3.4(a), in the range 200-700 nm,
weak light absorption has been noticed in MoS;-1, which further decreased significantly
after 350 nm. On the other hand, for MoS2-1.4 & Mo0S;-1.8, a significant increase in the
light absorption was noticed as compared to the MoS»-1 and their light absorption remained
high above 400 nm. Enhanced absorption was noticed in 1T/2H-MoS, nanostructures for
1.8M and 1.4M. The light absorption of 1T/2H-MoS; in the visible region has appeared
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almost twice that of the 2H phase dominant MoS; [12]. This has improved due to the
increase in metallic (1T) character in 1T/2H MoS. Further, the bandgap of 1T/2H-MoS;
has been calculated with all the performed concentrations using the tauc-plots, and

representations has been shown in Fig. 3.4(b-d) [8].
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Fig. 3.4: (a) UV-Vis Spectra and Tauc plots of (b) MoS:-1, (b) Mo0S;-1.4, & (¢) Mo0S-1.8

To determine the percentage of the 1T and 2H phases existing in the mixed 1T/2H-
MoS,, XPS analysis is important. The Mo 3d peaks were located at 228.8 eV and 231.4
eV which relate to the Mo3ds» and Mo3ds. respectively. The S 2p peaks were located
between 161-163 eV which determines the S 2p state. The individual contributions of
IT & 2H in terms of percentage in the mixed form of MoS; with varied concentrations
have been determined (Fig. 3.5(a-f)). The peaks in MoS»-1 (Fig. 3.5(a)) are associated
with the 1T phase of MoS:, whereas the peaks in MoS»-1 at 228.8 eV and 232.1 eV are
related to the 2H phase of MoS; [13]. The amount of the 1T and 2H nature present in

mixed-phase MoS; is calculated from the deconvoluted peaks, determined by the area
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percentage occupied by the Mo peaks. According to the experimental results, the 1T
character in MoS; developed to 27.9% (1 M), 36.3% (1.4 M), and 45.8% (1.8 M) when
the precursor concentration ratio increased from 1 to 1.8 M, and subsequently the 2H
ratio decreased. In addition, with the increase in concentrations, the intensity as well as
the area percentage of the peak related to Mo®" available around 236.2 eV also increased

indicating the incomplete sulfurization of Mo precursor (Fig. 3.5 (e)).
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Fig. 3.5: (a, ¢, ¢) XPS spectra of deconvoluted Mo 3d and (b, d, f) S 2p core levels
differentiating 1T and 2H characters of MoS, for MoS;-1, MoS,-1.4, & MoS:-1.8
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34 Conclusion

1T/2H-MoS> nanoflowers have been successfully prepared through the hydrothermal
method at 200 °C with the Mo/S molar ratios 1, 1.4, and 1.8. MoS;. The obtained MoS>
indicates that the intercalation transpired with the increased concentration of NH*" ions.
The interplanar spacing between MoS> layers increases with an increase in
concentration with the decrease in crystallite size and the crystallite size lies in the range
of 0.13-0.19 nm. Intercalation induces the formation of 1T character of MoS; which
has been validated by Raman, XPS, and UV-Vis spectroscopy. The presence of
corresponding Raman modes (Ji1, J2, and J3) has confirmed the existence of a mixed
1T/2H phase of MoS,. Further, the content percentage (1T/2H) has been obtained using
Mo 3d deconvoluted XPS spectra. Therefore, it is deduced that the mixed 1T/2H MoS;
samples have been successfully prepared using the hydrothermal method, and the
mixture of DI water with ethanol encouraged the synthesis of mixed 1T/2H-MoS; in
hydrothermal conditions which are stable. The microflower morphology has appeared
to be turned into a pin-like structure by increasing the surface-to-volume ratio of
individual grains along with more available active sites suggesting that NH*"

intercalated 1T/2H-MoS: could be suitable for gas sensing.
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In this chapter, an active carbon black incorporated ternary nanocomposite CB/SnO2/MoS;
has been synthesized using the hydrothermal method to determine the nitrogen oxide (NO>)
gas sensing performance. The ternary heterostructure interface of CB/SnO,/MoS; increases
the effective adsorption sites over the surface for the adsorption of NO. gas molecules,
enhancing surface reactivity toward gas molecules. The developed sensor exhibits a higher
sensitivity and selectivity toward NO>. Herein, the ternary heterostructure interface sensor
showed a maximum sensing response (AR/R% ~ 46%) for 100 parts per million (ppm)
exposure, which is higher than bare MoS; and binary heterojunction of SnO2/MoS,. The
gas-sensing mechanism is dedicated to the p-n heterojunctions and the Schottky barriers
between interfaces, which have been justified by the electrical measurements. This work
revealed active CB as an effective material for enhanced gas adsorption active sites and
generated heterojunction interfaces between SnO2/MoSz, resulting in enhanced gas-sensing

performance of the sensors.
4.1 Introduction

Rapid industrial development and economic and population expansion have

dramatically upsurged the supply and need of commodities in society [1]. This
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expansion has caused many toxic emissions such as combustible and toxic gases such
as Nitride Oxide (NO), Nitrogen Oxide (NO2), Ammonia (NHj3), volatile organic
compounds (VOCs), Formaldehyde and so on which are harmful to the environment,
the human health and the world ecosystem [2]. NO; is the most common exhaust gas
from the waste emissions produced by industrial applications and automobiles. NO> is
acidic and oxidizing in nature, highly reactive with a stinky smell, and causes serious
harm to human health, particularly to the respiratory system causing permanent
damage, even at low concentrations as 1 ppm (parts per million) [3]. Therefore, for the
efficient detection of NOg, the synthesis of nanomaterials and utilization to develop gas
sensors are highly required to rapidly push gas sensing technology forward [4]. Metal
oxide-based sensors are evolving among various available gas sensors due to their
economic and simple operation, and ultrasensitive nature [5]. The main disadvantage
of these sensors is their high working temperature [6]. Simultaneously, continuous
efforts have been directed toward improving the recovery/response speed, stability, and
selectivity, but efforts are particularly made in the direction of lowering the working
temperature of these sensors [7]. Among metal oxide-based sensors, such as SnO;
exhibited higher stability and became the most popular but their high operating
temperature (100-400 °C), reduced sensor lifetime, and inferior selectivity behavior
have inhibited their employment for large-scale applications due to the risk of ignition
[8,9]. Generally, a lower operating temperature assures a reduction in power
consumption and expands the application range of gas-sensing devices [10]. Recently,
two-dimensional (2D) layered transition metal dichalcogenides (TMDCs) especially
MoS; have gained huge recognition because of their layer-dependent properties
comprising van der Waals and covalent bonding at the inter- and intralayer respectively
with substantial mobility (700 cm?/V-s) and semiconducting nature, proved it to be
promising gas sensing material [11,12]. 2D TMDCs may also face the same selectivity
issues as metal oxides by responding to more than one type of gas. In addition, response
time is sluggish, and recovery is often incomplete [13]. With the increase in demand
for highly sensitive, fast, and stable sensors, MoSz-based composites have grown much
interest in sensing applications [14, 15]. Recently, many studies concentrating on

TMDCs (such as MoS») and metal oxide (SnO;) hybrids have been reported with
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increased sensing performance [16]. Han et al. have reported that the SnO2/MoS;

composite offers a relative response in 18.7 s at Sppm NO; near room temperature [17].

Alternatively, carbon-based nanomaterials (CNMs) such as graphene, graphene oxide
(GO), reduced graphene oxide (rGO) carbon nanotubes (CNTSs), and carbon black (CB)
have unique chemical and electronic transport properties, make most popular gas-sensing
at low operating temperatures, unlike pristine metal oxide semiconductors and TMDCs.
GO, rGO, and CNTs have emerged as potential functionalization candidates with MoS;
and SnO> [18,19,20]. Out of these carbon materials, CB is not much reported for gas-
sensing applications [21]. The CB is typically curved graphitic layers parallel to their
spherical surface, which are prone to oxidization and form oxygen-containing functional
groups for gas-sensing applications [22]. It has been reported that CB could be blended
with materials such as conducting polymers and polyaniline (PANI) to access large active
sites and enhance the electrical conductance to detect the NO2 molecules [23], [24]. Liou
and Lin [25] studied the TiO.-CB composite and revealed that the sensitivity of the TiO»-
CB composite can be enhanced by increasing the amount of TiO> to CB ratio (16:1) and
the efficient recovery is attained at a high working temperature (150 °C) for the NO> gas
(1-100 ppm). In another work, the composite of CB with a-type nickel hydroxide [a-
Ni(OH)2] nanosheets show the most rapid NO> gas detection, i.e., 2 s for the 100 ppm of
NO: detection and the selectivity of Ni-CB is exceptional [26]. CB endows higher
conductivity to the sensing films and besides that, CB can operate near room temperature
making it suitable for this study [27], [28]. CB is considered a promising material for gas
sensing due to its high specific surface area, excellent electrical properties, and chemical
stability [29], [30]. In this work, different sensors based on bare MoS; nanosheets, binary
SnO2/MoS,, and further an addition of active CB have been used to make a ternary
composite with SnO, and MoS,. The ternary heterostructure of CB/SnO./MoS,-based
sensors enhances the NO- sensing performance because of the higher abundant active sites
on the surface and charge transportation properties. SnO> is expected to play a vital role
with CB by preventing the oxidation of CB to improve the sensitivity of the fabricated
sensor. This sensing strategy to enhance the gas-sensing performance near room
temperature received attention to develop a low-cost and easy fabrication approach for a

new class of gas sensors.
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4.2 Experimental Details
4.2.1 Synthesis of MoS: Nanosheets and SnO2/MoS: Heterostructures

To prepare MoS; nanosheets, a simple hydrothermal route was employed in which 1.0
g of sodium molybdate tetrahydrate (Na2MoO4-4H>0) and 1.2 g of thioacetamide were
dissolved in 50 mL of deionized (DI) water. The dissolved precursors were stirred with
a continuous stirring at 600 rpm/min using a magnetic stirrer at room temperature to
obtain a homogeneous mixture. After that, this homogeneous solution was transferred
to a 100-mL stainless steel autoclave and placed inside the oven at 220 °C for 24 h.
Then, the autoclave was set to cool down naturally. The sample was washed multiple
times with DI water and ethanol by centrifugation to extract the impurities and collect
the black precipitates from the obtained solution. After that, the MoS, black powder
was collected by drying the precipitates at 80 “C for 12 h in the oven. Subsequently, to
synthesize the SnO2/MoS> composite, 3.5 g of SnCls-5H20 was dissolved in 60 mL of
DI water and kept for magnetic stirring for 30 min to form a homogeneous mixture.
After that, sodium hydroxide (NaOH) pellets were mixed in the mixture to form a
white-colored mixture having a pH of around 10. Then, 0.5 g of pre-synthesized MoS;
was mixed in the solution and stirred for the next 30 min, and the same procedure as

above was repeated to obtain SnO>/MoS; heterostructures.
4.2.2 Synthesis Procedure of CB/SnO2/MoS:

The 0.86 g of SnO2/MoS; was dissolved in 50 mL of DI water with 30 mg of active CB
and kept for ultrasonication for 1 h to obtain a homogeneous mixture. Then, the prepared
solution was transferred to a 100-mL Teflon-lined stainless-steel autoclave and kept in the
oven at 200 °C for 6 h. The collected sample was washed several times with DI water and
ethanol to remove the impurities, and black precipitates were obtained from the resultant
solution. The collected black powder was dried at 80 °C in the oven for 12 h. Figure 4.1
shows the step-wise synthesis of the MoS,, binary composite SnO2/MoS,, and ternary
composite CB/SnO2/MoS> using the hydrothermal method.
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Step 1:
p 1 220 °C for 24h
—.
MoS, nanosheets
Step 2:
SnCl,.5H,0 + NaOH
200°C for24 h
Ay |
“4-:_,
MoS, nanosheets m
stirred in DI water $n0,/MoS,
Step 3:
+ Active Carbon Black
200°C for6 h
‘-’%
===
MoS, and SnO, in DI
water after stirring CB/Sn0O,/MoS,

Fig. 4.1: Step-wise schematic representation of the hydrothermal synthesis of MoS;
nanosheets, SnQ0,/MoS;, and Carbon black incorporated SnQ,/MoS;
(CB/Sn0O,/MoS:)

4.2.3 Material Characterizations

X-ray powder diffraction (XRD) analysis was performed (Rigaku, New Delhi, India,
Ultima-IV) to study the crystal structure and phase composition, and a Raman
spectrometer with a laser source of wavelength 532 nm (inVia Renishaw Spectrometer)
was used to study the vibrational modes of the materials. The morphological features
of the microstructures were identified by using scanning electron microscopy (SEM),
and the surface chemical composition of materials was characterized by X-ray

photoelectron spectroscopy (XPS) with Al K, source (A = 1487 eV).
4.2.4 Gas Sensing Device Fabrication

To develop the resistance-based sensors, interdigitated gold (Au) electrodes (200 nm)

were deposited by a thermal evaporation system on SiO»/Si substrates with a shadow
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mask. The separation between the two fingers of the electrode was 100 um. The
nanocomposites of MoS2, Sn0»/MoS,, and CB/SnO>/MoS, were homogenously mixed
in DI water separately using ultrasonication for 1 h, and then, the prepared solutions
were drop-cast (10 uL) between the fingers deposited on the SiO»/Si substrate with a
constant concentration of 10 mg/mL using a micropipette. Further, these devices were
kept for drying in a furnace at 100 °C for 20 min in an N> dry environment and used for
electrical and gas-sensing measurements. Figure 4.2 shows the schematic diagram of

the device fabrication using the drop cast approach.

/

10 ul

Drying
[R—; N
Drop casting 100°C

@& : MoS, nanosheets ; © : SnO, NPs; @ : Carbon Black

Fig. 4.2: Schematic diagram of the device fabrication for gas sensing measurements

4.3 Results and Discussion

4.3.1 Structural and Morphological Properties of MoS2, SnO2/MoS2, and
CB/Sn0O2/MoS:

To determine the crystallinity of the synthesized materials, X-ray diffraction patterns are
observed [as shown in Fig. 4.3(a)]. For the bare MoS, sample, the diffraction peaks are
observed at 20 = 14.2°,33.6°, and 59.5°, corresponding to the (002), (100), and (110) planes
related to the hexagonal phase of MoS; (JCPDS 37-1492). The diffraction peaks of SnO;
corresponding to the pure tetragonal rutile phase show diffraction peaks at 26.7° (110),
34.1° (101), 51.8° (211), and 65.4° (301), which are in good consistency with the standard
(JCPDS 41-1445) [31]. From the XRD pattern of CB/SnO2/MoS, the characteristic peaks
at 26.7° and 38.1° belong to the (002) and (100) diffraction planes of hexagonal graphite
(JCPDS 41-1487), respectively. These peaks are used to identify the carbon crystal phase
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[32]. The smaller peak intensities related to CB stipulate that the CB surface is covered by
the rutile structure of SnO>. In Fig. 4.3 (b), two main characteristic peaks at 375.41 and
401.3 cmt belong to Ely and Aig modes representing the in-plane and out-of-plane
vibrations between Mo and S atoms, respectively. The two vibrational modes of Ay at
584.3 cm ! and Byg at 634 cm ! represent the vibrational bonds between Sn and O atoms,
respectively. However, in CB/SnO2/MoS;, the appearance of D and G bands at 1359.63
and 1598.53 cmL, respectively, related to graphitic carbon confirming the bonding with
MoS; and SnO> bands [14].

—_
QO

(b) » CB/Sn0O3/Mo$S,
~ & = - . S, 4~D A(E
= v & v . a
& A SnO,/Mos, =
= g v ¥ Sn0,/MoS,
e v v z
‘7 b b~ Alg Bag
g Sn0, £
- v 3} Sn0,
= -
X - = £ A1g arbon Blac
4 . 2LAM) ¥vSn0Oy
/\; ] AMOoS)
T T T T T T =T T =~
10 20 30 40 50 60 70 500 1000 15001 2000
20 (deg.) Raman Shift (cm™)

Fig. 4.3: (a) X-ray diffraction patterns and (b) Raman Spectra of hydrothermally
synthesized SnO;; MoS;; Sn0,/MoS;; and CB/SnO,/MoS;

From the SEM images, it is observed that the MoS> comprises the structure as sheets at
100 nm displayed in Fig. 4.4 (b), whereas SnO2/MoS; heterostructures exhibit a distinct
crumpled structure, unlike flat MoS; nanosheets. The SnO: clusters (white colored) are
observed and widely distributed on the crumpled MoS; surface. Fig. 4.4 (c) depicts the
SnO; microstructures decorated over self-assembled nanosheets of MoS; with multiple
folds. Fig. 4.4(d) shows the SEM image of CB/SnO>/MoS,, where the densely
distributed CB is also observed along with SnO> over the completely covered MoS:
crumpled surface, which was hardly identified. It is observed that the CB particles and
SnO> nanoparticles (NPs) are distinguishable and fully cover the surface of MoS»

nanosheets [33].
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Fig. 4.4: SEM images of (a-b) hydrothermally synthesized MoS; nanosheets at 1 pm and
100 nm respectively; (c) SnO2/MoS;; SnO, has been marked; (d)
CB/SnO2/MoS;; CB has been highlighted

4.3.2 Chemical Properties of CB/SnO2/MoS2

The XPS survey scan of the CB/SnO2/MoS; composite is shown in Fig. 4.5(a),
confirming the availability of the elements including C, Sn, O, Mo, and S from the CB,
SnO>, and MoS, materials, respectively. In Fig. 4.5(b), the high-resolution
deconvoluted XPS spectrum of C 1s constitutes the four peaks at 284.6, 285.3, 286.7,
and 289.7 eV corresponding to C = C (sp?), C-O-C/C-OH, C-C (sp*), and O = C-OH
species, respectively. The main peak corresponding to C = C at 284.6 eV belongs to the
pure graphite constituting CB mainly and the other additional peaks arise since the O-
H bonds present during the preparation of heterostructures [34]. The two peaks from
the Sn 3d region [Fig. 4.5(c)] located at 487.4 (Sn 3ds2) and 495.8 eV (Sn 3d3,) with a
spacing of 8.4 eV show the presence of Sn element in the form of Sn*" oxidation state
in SnO2/MoS; [35]. Additionally, the minor Sn 3d doublet having the peaks present at
488.5 and 496.6 eV corresponds to the Sn*" oxidation state arising from the Sn-OH
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surface group, originating due to the heterojunction [35]. Fig. 4.5(d) shows the
deconvolution of O 1s spectra with the main peak situated at 531.3 eV verified as one
of the main characteristic peaks of SnO> determining Sn-O bonding. Additionally, the
peaks present at 532.2 and 533.8 eV can be attributed to the oxygen species originated
due to O%" adsorption sites and the hydroxyl ions, respectively [36].
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Fig. 4.5: (a) XPS survey spectra of CB/SnO./MoS;; (b) deconvoluted core-level spectra
of C 1s of CB; (c-d) Sn 3d & O 1s of SnO,; and (e-f) Mo 3d & S 2p of MoS;

In Fig. 4.5(e), the XPS spectrum of Mo 3d from the CB/SnO2/MoS: shows the main
peaks at 229.4 and 232.9 eV related to the Mo** 3ds;> and 3d32, respectively. In addition
to these two main peaks, the peaks available at 230.2 and 236.2 eV are assigned to Mo®"
3ds» and 3dsp, respectively, which might be the result of the partial oxidation of MoS;
in the presence of SnO: to form MoSs, which further turns into MoOs;. The
deconvolution of S 2p spectra consisting of two main peaks situated at 162.3 and 163.3
eV has been assigned to S*” 2p32 and S~ 2p12 of MoS;, respectively, and an extra peak
at 169.6 eV related to the S*" state confirming the presence of Mo®" state [Fig. 4.5(f)]
[37]. Interestingly, the XPS results of CB, SnO,, and MoS, from the heterostructures
show the strong interaction between one another and imply the intimate growth of CB

over the SnO,/MoS; surface.
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4.3.3 Electrical and Gas Sensing Measurements of MoS2, SnQO2,
CB/Sn02/MoS:2

and

To determine the reliability and behavior of synthesized materials such as MoS,,
Sn02/MoS,, and CB/SnO»/MoS: as sensing material, electrical measurements were
recorded for the prefabricated devices made with Au electrodes, and data are displayed
in Fig. 4.6 (a). The I-V characteristics of the fabricated sensors exhibit nonlinear
behavior (Schottky nature). This Schottky contact behavior between the heterojunctions
is believed to be created in SnO»-incorporated MoS> nanosheets (SnO2/MoS;) and
CB/Sn02/MoS, because of the defects present on the surface created during
functionalization and also due to the difference in the work functions between MoS;
nanosheets (¢ =4.53 eV), SnO2 (¢=4.85eV),and CB (¢ =4.5eV) [38], [39], [40]. The
current-level difference between MoS> and SnO2/MoS; is noticeable, and it is possible

due to the large bandgap and lower conductivity of SnO> as compared to MoS,.
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Fig. 4.6: (a) I-V curves and dynamic resistance curves of NO; gas sensing of (b) MoS;
sensor (c) SnO2/MoS; sensor; (d) CB/SnO2/MoS; sensor at 30C
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However, the enhancement in current and conductivity in CB/SnO2/MoS; is developed,
which probably be due to additional CB conductance channels with SnO> NPs and
MoS; nanosheets. Fig. 4.6 (a) shows that the incorporation of CB with the SnO>/MoS,
matrix modulates the electrical properties of CB/SnO2/MoS». The slope of the I-V
curve of SnO; is minimum and maximum for CB/SnO»/MoS,, which is the reciprocal
of resistance. The same behavior was observed with the initial resistances of the
fabricated sensors in air [Fig. 4.6(b)—(d)]. Further, during the NO, gas-sensing
measurement, the resistance of the MoS, sensor decreased during NO; exposure

(oxidizing gas), suggesting that the MoS: behaves as a p-type semiconductor.

The transient relative response curves of bare MoS>, SnO>/MoS», and CB/Sn0O2/MoS;
sensors for 1-100-ppm NO> are shown in Fig. 4.7(a)—(c). The comparative relative
response curves of corresponding transient graphs MoS>, SnO»/MoS,, and

CB/SnO»/MoS; sensors are shown in Fig. 4.7(d).
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Fig. 4.7: (a-c) Transient relative response of MoS;, Sn0,/MoS;, and CB/SnO,/MoeS; for
NO; gas at 30 °C; (d) comparative relative response for NO; gas
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4.3.4 Gas Sensing Test Measurements

The sensing performances of the prepared nanocomposites were evaluated through
electrical resistance change upon exposure to NO> gas at 30 °C. As the concentration
of NO» gas increases, a larger change in resistance is recorded, as shown in Fig. 4.6
(b)—(d). Fig. 4.8(a) shows the selectivity of various sensors, which are tested at a 100
ppm of NO» gas concentration for different gases such as NO», NH3, H», H>S, and CO.
All fabricated sensors show highly selective behavior toward NO> than other gases.
Fig.4.8 (b)—(d) depicts the response and recovery curves of MoS>, SnO2/MoS;, and
CB/Sn0O2/MoS; at 50 ppm NO3, and response time (Tres) of CB/SnO2/MoS; is much
shorter, i.e., 26 s than that of bare MoS: (61 s) and nanocomposite SnO2/MoS: (52 s).
Moreover, the recovery time of CB/SnO2/MoS; (73 s) is much shorter in comparison

to bare MoS; (183 s) and SnO2/MoS: (198 s) at 30 °C temperature for NO; gas.
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Fig. 4.8: (a) Selectivity response of the nanocomposites-based devices at 100 ppm gas
concentration; Response and recovery times of (b) MoS;; (¢c) SnO/MoS;; (d)
CB/Sn0O»/MoS; based sensors for 50 ppm NO;
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The ternary CB/SnO2/MoS> sensor shows better response than bare MoS» and binary
Sn02/MoS; sensors. Thus, CB/Sn02/MoS; displays excellent sensing performance of
46% to 100 ppm NO> with a fast response of 26 s with complete recovery near room
temperature (30 °C). All the above characteristics of CB/SnO2/MoS; are competitive

with the related reported gas sensors in Table 4.1.

Table 4.1: Comparison of gas sensing properties for MoS; nanocomposites toward NO; molecules

Sensing Materials NO: (ppm) %Tgazlg A(;/);l R;ebci?i\gr Ref
MoS; hanosheets 50 RT 26 - [41]
MoS2/SnO; 5 RT 18.7 | Complete [17]

SnO; NC/MoS; NSs 10 RT 28 Complete [42]
MoS,/Graphene aerogel 0.5 200 9 Complete [43]
CB/SnO,/MoS; 100 RT (30°C) 46 Complete vTvg:i

4.4 Gas Sensing Mechanism

The uncertainty in the mechanism of NO> gas sensing with MoS» has always been a
subject of discussion. Here, MoS: as a host material behaves as a sensing layer where
the interaction of the gas molecules is detected. NO; being an electron acceptor gas
takes the electrons from MoS; (NO; +e” — NO™ »), and an electrical resistance change
is observed [44]. As NO, gas is exposed to the MoS, nanosheets, the electrons are
trapped on the surface due to oxidizing gas, and a large number of holes are created
when reacted with oxygen species, which causes a decrease in sensor resistance [45].
The defects available on the surface of the sensing material behave as the active sites

for NO2 molecules, and the sensing reaction equations are given as follows [46]:

NO; +¢* — NO (1)
NO, +0 3 +2¢” — NO7+20° )
NO »+V'™™ — NO, +h' 3)
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Fig. 4.9 shows the energy band levels of SnO>, MoS», and CB before integration and
Fig. 4.10 displays the schematic illustrations of the band diagrams of SnO», MoS», and
CB and junction formation of SnO2/MoS; and CB/SnO2/MoS,. MoS> consisting of an
indirect bandgap of 1.3 eV [47] showing p-type semiconducting behavior and its main
charge carriers are holes, so after the incorporation of n-type SnO> NPs (3.6 eV) [48],
the majority of high energy sites available on the surface of MoS» are occupied by the
nucleation of SnO,. Upon the exposure of electrophilic NO», the decrease in electric
resistance in heterostructures depicts that SnO2/MoS; and CB/SnO>/MoS; also show p-
type semiconducting behaviors. From the resistance curves, it is observed that the initial
resistance of MoS; is lower than that of SnO», which signifies the transfer of holes from
p-type MoS; to n-type SnO; and the direction of flow of electrons in MoS> is opposite
due to the difference in their respective work functions. During the formation of
Sn0O2/MoS,, an equilibrium state is achieved at the heterojunction and a potential barrier
is generated by the recombination of electron-hole and bending of the band levels which
causes the broadening in the depletion layer that prohibits the transfer of carriers at the
p-n heterogeneous region. The adsorption mainly caused by the defects is restricted,
and the electronic effect created due to the p-n-junction becomes dominant and
electrons from SnO; NPs are trapped by NO, gas molecules and lower their electron
concentration causing the band bending. During adsorption, a larger number of holes
gathers at the MoS; surface, which significantly depletes the potential barrier and
decreases the resistance of SnO2/MoS; heterostructures. For the CB/SnO2/MoS; sensor,
the sensitivity to NO: is significantly greater than SnO2/MoS; and MoS;, which not
merely due to the formation of p-n junction between MoS2 and SnO; but also due to
CB, which endows p-type semiconducting behavior with the higher electrical
conductivity to the sensing material having bandgap as 1.96 eV [49] and the Schottky
barrier between CB and SnO: plays a crucial role. Since the work function of SnO>
(4.85 eV) is higher than CB (4.5 eV), the holes will gather on to the SnO; side until the
Fermi level reaches equilibrium and a potential barrier is generated at the interface and
when the NO; molecules contact the CB/SnO2/MoS; surface, NO, molecules provide

electrons to the CB and decrease the potential barrier width causing a dramatic decrease
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in the resistance. Based on the discussed sensing mechanisms for NO; gas, the p-n
heterojunctions amid CB-SnO, and MoS>-SnO3, and the Schottky barrier between CB

and SnO2/MoS; collectively accelerate the sensor response towards NO> gas.
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Fig.4.9: Energy band diagrams of MoS;, SnO;, and Carbon black (CB) before
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4.5 Conclusion

In this work, a low-cost synthesis route has been used to prepare a ternary
nanocomposite of CB/SnO>/MoS». The results indicate that the ternary heterostructure-
based gas sensor shows a higher sensing response toward NO> about (46%) with a faster
response time (26 s) and recovery time (73 s) near room temperature (30 °C), which is
better than bare MoS> and binary SnO2/MoS;-based sensors. The transient response
curves show the sensor response increased with NO2 gas concentration from 1 to 100
ppm. The sensing mechanism of the sensors has been explained by chemical and

electronic sensitization.
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In this chapter, highly sensitive p-MoS2/n-MoO3; nanocomposite-based chemo-resistive
gas sensors are synthesized by varying the reducing agents using hydrothermal
synthesis followed by thermal annealing in an Ar environment for NH3; and NO:
detection at 50 °C. Structural characterizations confirmed the existence of MoS;
nanoflakes and MoOj; nanoplatelets and the appearance of abundant oxygen adsorption
sites and sulfur vacancies in the nanocomposites. The MoS>:MoOs-based sensor
(without any reducing agent) showed preferential detection of NH3 with 52% sensor
response for 5 ppm gas concentration having response/ recovery times of 28 s/97 s with
n-type sensing behavior dominated by MoOs charge carriers. On the contrary, NO2 gas
attracts electrons from the MoS: surface, exhibiting p-type sensing behavior with a
sensor response of 42 % consisting of response/recovery times of 56 s/116 s with Sppm
concentration at 50°C. More interestingly, different adsorption sites and conductive
channels play a huge role in the M0S2:MoO3 nanocomposite for exhibiting opposite

sensing behaviors upon exposure to NH3 and NO; gases. Enhanced sensitivity is
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dedicated to synergistic effects appearing due to the construction of p-n heterojunction
to strengthen carrier transport by enhancing the sensor response. The present work
provides a unique methodology for constructing MoS>:MoQOs-based sensors and the
effect of reducing agents on various MoS>2:Mo00Os3-based sensors. Moreover, our study
recommends the plausible use of the MoS2:MoO3 composite-based heterojunctions to

provide a constructive strategy for improving the performance of gas sensors.
5.1 Introduction

In modern times, continuously growing energy demand due to increased population and
continued economic development is leading to irrevocable environmental deterioration,
which has become one of the biggest challenges for human beings. Today, air pollution is
a major concern for public and environmental health in the industrialized economies.
Effective detection of toxic gases and continuous tracking of hazardous pollutants have
become an important concern of intensive research to prevent environmental deterioration
[1]. Gas sensors are of paramount importance not only in environmental and industrial
monitoring but also for food safety and medical diagnosis [2]. Especially, interest in gas
sensors based on traditional resistive metal oxide semiconductors is fomented by their
highly desirable attributes such as good sensitivity, low cost, and easy implementation.
However, their high operating temperature (100-500 °C) and inadequate long-term stability
make them unsuitable for selective and energy-efficient gas detection [3], [4]. In this
regard, a lot of work goes into creating room temperature-based gas sensors with a variety
of detecting materials to achieve low power consumption, cheap cost, and simple
implementation; yet, in some environments, the low sensitivity is unable to meet the
requirements. Therefore, designing a gas sensor with high sensitivity, strong stability, and

improved selectivity near room temperature is crucial.

To date, various low-dimensional materials such as graphene, reduced graphene oxide
(rGO) [5], carbon nanotubes (CNTs) [6], and other two-dimensional materials
including transition metal dichalcogenides (TMDCs) and their composites [7],[8] have
emerged as good gas sensing materials along with traditional metal oxide
semiconductors (MOS). In recent years, TMDCs have emerged as analogous to

graphene in gas sensing applications. MoSz, being the most studied material of the
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TMDCs family varies its bandgap with respect to the change in layers. Multilayer MoS:
possesses an indirect bandgap (~1.2 eV) [9] and shows a higher current flow capability
than the monolayer due to the availability of a higher density of states [10]. In addition,
The potential of chemically synthesized multilayer MoS: for improved sensing of NHs,
NO», and other volatile gases has been investigated [9]. Due to the huge surface-area-
to-volume ratio, low dimensional materials-based sensors have the advantages of high
sensitivity and room temperature operation [11]. Nevertheless, the response or recovery
times at room temperature are sluggish [10], especially for high adsorption energy gases
such as NO; which is one of the major components of air pollution that is highly toxic
and dangerous, especially targets the human respiratory system and causes severe heart
ailments such as heart failure even at very low concentration (sub-ppm) [12]. Along
with NO, NH3 is also an irritant to the respiratory system, skin, and eyes [13]. Besides
NHas is also served as an effective gaseous marker for the putrefaction detection of dairy,
pharmaceuticals, and refrigeration facilities [14][15]. Besides all the important usages,
as NHj3 is highly reactive and reacts with nitric acid and sulfuric acid in the air to
generate aerosols, ammonium nitrate, and ammonium sulfate, respectively, it is
classified as an environmental pollutant. [16]. Also, The human body produces both
NO; and NHj3 as natural biosystem gases, and both can be employed as indicators to
identify lung diseases [17]. Therefore, the development of quick and sensitive sensors

is essential for detecting low concentrations of NO> and NH3 at room temperature.

In recent years, several approaches, including doping and heterostructure formation
using semiconducting materials, have been developed to solve challenges with high
operating temperatures and slow response/recovery rates. Such strategies can, in some
cases, enhance the performance of gas sensors using the multiple effects of
nanostructuring [18] [7]. According to previous research, considerable improvements
in sensing performance can be attained by mixing MoS» and MOS by developing their
composites. Further, temperature-based dual gas sensing using other 2D materials has
been reported for Ho/CO and NH3/NO», HzS/ethanol, etc. Singh et. al reported a
MoS2/WOs3 composite fabricated for the detection of HoS (0.5 ppm) at 320 °C and
ethanol (5 ppm) at 260 °C [19]. In another work, Huang et. al reported sulfonated rGO-
decorated SnS; materials for NO; (in ppb) and NH;3 (in ppm) detection at room
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temperature [20]. Alternatively, Perrozzi et. al reported the temperature-dependent gas
sensing properties of WS>/WO3 composite for Hz (1 ppm), NH3( 1ppm), and NO> (100
ppm) at 150°C operating temperature [21]. Regardless of advances in 2D materials for
dual detection of gases under a variety of environmental conditions, no previous reports
claim dual detection of NO> and NHj3; using MoS>:Mo0Os nanocomposite. The
adsorption/desorption capacity of gas molecules and the introduction of oxygen
vacancies for more adsorption sites play a critical role in effectively enhancing the
response of the gas sensors. This may be possible due to the interaction between the

different surface atoms, enabling MoS2:MoOj3 to be an ideal gas-sensing nanomaterial.

Under inspiration from the above-discussed studies, herein, we report the formation of
MoS,:Mo0s nanocomposites via a two-step method and have tried to express the effect of
reducing agents used for the preparation of MoS,. Hydrazine Hydrate (HH) and L-ascorbic
acid (LA) are the two reducing agents, conventionally used in the hydrothermal synthesis
of MoS,. This article provides a description of the effect of reducing agents on MoS; and
the effect of thermal annealing to prepare Mo0S2:Mo0Os composites has also been
demonstrated. Under the thermal annealing effect, the hydrothermally prepared MoS;
nanoflakes are crystallized by removing extra oxygen and forms maximum amount of
heterojunctions after assembly [22]. The thermal annealing results in constructing a
hierarchical structure and developing several heterojunctions thereby making use of the
geometrical and electronic effects together [23]. The superior sensing properties of
MoS2:Mo00s gas sensors at room temperature are encouraged by the heterojunctions that
occur at the heterostructure interface in terms of the electronic effects. The present research
emphasizes the possible application of these heterostructures for the temperature-

dependent, selective detection of a variety of harmful gases.

5.2 Experimental Details

5.2.1 Preparation of MoOxSy Nanostructures

5.2.1.1 Preparation of MoOxSy without any Reducing Agents

1.24 g of Ammonium Molybdate Tetrahydrate (AMT) ((NH4)sM07024.4H>0) and 0.9

g of Thiourea were dissolved in 50 ml of DI water under continuous stirring for 45 min.
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Then, the obtained mixture was kept in a Teflon-lined stainless-steel autoclave in the
oven at 200 °C for 24 h. Later, it was set to cool down to room temperature naturally.
The resultant mixture was collected and washed by centrifugation using ethanol and DI

water. The obtained precipitates were then dried at 110 °C for 12 h.
5.2.1.2 Preparation of MoOxSy with Reducing Agents

1.24 g of AMT and 0.9 g of thiourea were dissolved in the same volume of DI water
and stirred for 45 min. Next, 8 ml of HH/ 0.02 g of LA was added to the above-mixed
solution during stirring. Then, the resultant mixture was put into a 100 ml Teflon-lined
stainless-steel autoclave and placed in the oven at 200°C for 24 h. Later, it was allowed
to cool down to room temperature naturally. The final solution was collected and
washed multiple times using ethanol and DI water by centrifugation. The obtained

precipitates were collected and kept for drying at 110 °C for 12 h.
5.2.1.3 Preparation of Mo0S2:MoO3 Nanostructures

As the disulfides of Mo are strongly prone to oxidation, MoS» may also be oxidized to
trioxides at elevated temperatures [24]. In this work, the preparation of M0S>:MoO;
heterostructures was achieved using thermal annealing of MoOxSy nanostructures. The
synthesized materials underwent thermal treatment and were annealed at 500°C for 1h
in the presence of Ar gas with a flow rate of 80 sccm to form controlled crystallized
MoS2:M00; nanocomposites. The hybrid nanostructures are labeled as MoS2:MoO;
(without any reducing agent); HH-MoS2:Mo00O3; and LA-MoS2:M003 according to the
used reducing agents. Figure 5.1 shows the complete synthesis of various MoS2:MoO3

nanostructures using hydrothermal synthesis followed by thermal annealing.
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Fig. 5.1: Schematic illustration of the synthesis procedure of MoS;:Mo00O; composite
using hydrothermal method followed by partial thermal annealing

5.2.2 Material Characterizations

The Ultima III Rigaku X-ray diffractometer was used to record X-ray diffraction (XRD)
data with Cu Kal radiation (1.54 A) at a scanning rate of 2°/min over a range of 10-
70°. The morphology of the materials was investigated using transmission electron
microscopy (TEM) and scanning electron microscopy (SEM). Raman Spectra with an
excitation wavelength of 532 nm were recorded to investigate the vibrational
modes. To ascertain the chemical states of constituent elements and the coexistence of
MoS: and MoOs in the composite created after annealing, X-ray photoelectron

spectroscopy (XPS, Scientific K-Alpha, Al K) was employed.
5.2.3 Sensor Fabrication and Measurements

To fabricate the gas sensors, first, a thermal evaporation technique was employed to

prepare the interdigitated gold (Au) electrodes on SiO2/Si substrates while a shadow
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mask was in place. Furthermore, 20 pL of the sensitive material mixture was drop-
casted onto the formerly deposited Au interdigitated electrodes (finger width: 100 um),
and the electrodes were dried at 100 °C for 20 minutes. as illustrated in Fig. 5.2. These
devices were used as NH3 and NO; gas sensors. All gas sensing tests were performed
at 50 °C. The sensor response (S) of the fabricated sensor was determined using the
formula S = AR/Ra %; AR = Ra-Rg, in which R, represents the sensor's initial electric
resistance in air and R, denotes its resistance in the target gas environment and the gas
sensing measurements were performed in a static gas sensing chamber. The intervals
of time required for the resistance to achieve 90% of its equilibrium resistance
following the injection and removal of the target gases, respectively, are referred to as

the response and recovery times respectively.

Stlrrmg and Dryin at
drop-castmg 1oo °C for 20 min
()
MoS,:Mo0O;

ﬂﬁMoS2 :MoO;

Fig. 5.2: Schematic representation of the MoS,:MoQO3 based sensing device fabrication
using drop-casting approach

5.3 Results and Discussion
5.3.1 Morphology and Microstructures of MoS2:Mo003 Composites

The morphology of the prepared samples (MoS2:Mo003) using different reducing agents
was investigated through SEM imaging and further analyzed via Tunneling electron
microscopy (TEM) imaging of the composites. Fig. 5.3(a-c) illustrated the self-
assembled interconnected networks of MoS; nanoflakes compacted in a flower form
for the hydrothermally synthesized samples, and the effect of thermal annealing
appeared in the form of solid nano platelet-like structures providing the evidence of
MoQ:;. Interestingly, after annealing, the MoS2:MoO; sample was found to stack into
lamellar morphology of thick MoOs3 along with flower-like morphology for MoS». Such

small nanoplatelets (NPs) were loosely stacked together to create more adsorption and
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desorption sites which favors the gas sensing process. On the other hand, HH- and LA-
MoS2:Mo00O; morphology exhibited closely packed flower-like structures
slightly/without the appearance of any additional morphology respectively after
annealing, which was detrimental to the sensing performance. The flat lamellar
microstructure formation was believed to be initiated by the crystallization of MoOxSy
due to annealing and subsequent outward growth of the crystalline MoS: and
amorphous MoOs3 [25][26]. Further insights into the microstructures of the flower like
MoS; structures and lamellar structures of MoO3 were obtained by TEM images of the
same provided in Fig. 5.3(d-f). The MoS: nanoflakes were captured and prominently
visible. It is obvious from Fig. 5.3(d-f) that the MoS; nanoflakes are self-assembled by
sheet-like structures to form the flowers. MoS2:MoO3 contained visible variation in the
morphology indicating the presence of MoS> and MoOs structures rather than HH-
MoS::Mo003; and LA-MoS>:Mo003 [27]. These results also indicated that MoS2:Mo0QO3
is more prone to surface oxygen adsorption than HH- and LA-Mo0S2:Mo00:s.

Fig. 5.3: SEM images of (a) M0S::Mo0Qs3; (b) HH-Mo0S;:M003; (¢) LA-Mo0S::M003 and
TEM images of (d) MoS2:Mo003; (¢) HH-Mo0S;:Mo003; (f) LA-Mo0S2:Mo003

Fig. 5.4 (a) compares the XRD patterns of the hydrothermally synthesized samples
MoS2:Mo00O; (without using any reducing agent); HH-MoS>:MoOs; and LA-
MoS2:Mo0O; (with reducing agents). The distinct characteristic peaks correspond to the

hexagonal phase of MoS; and a- phase of MoOs3, without any additional signature of
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other heterophases, implying that heterostructures have attained excellent crystallinity.
The obtained nanocomposites are composed of (002)-dominated MoS, and (040)-
dominated a-MoQOs. At 500°C, the XRD reflections related to MoO3; became more
intense. The crystallization of MoOs appeared in the nanocomposite which has been
confirmed by the occurrence of a reflection around 26.03°. MoS>:Mo0O3;, HH-
MoS2:Mo00;, and LA-MoS>:Mo00Os exhibited the same characteristic peaks, which are
consistent with the diffraction peaks of MoO3z and MoS:. The peaks available at 14.1°
and 33.7° were dedicated to (002) and (103) of MoS; and 26.03° and 37.4° were
attributed to (040) and (060) of MoOs3 respectively, indicating the presence of MoS;
and MoOs3 [28][29]. The peak present at (002) related to MoS; belongs to the periodicity
along the c-direction indicating the stacking of multilayers in the samples and a
decrease in the intensity with a broadened peak indicates the decrease in the sample
size. The crystallite size of MoS: (002) and MoOs3 (040) for MoS2:Mo00s3, calculated by
Scherrer’s formula is 0.87 nm, and 2.3 nm and 0.39 nm, and 3.72 nm for HH-
MoS2:Mo0O; and 0.88 nm and 5.29 nm for LA-Mo0S2:Mo00s3 respectively. Further, the
Raman Spectra (Fig. 5.4 (b)) confirmed the evident presence of MoS, and MoOs3 phases
in the heterostructures. In detail, Raman spectra of Mo0S2:Mo00O3 contain two main
peaks: an in-plane mode (E;?%) located around 377.5 cm™ and an out-of-plane mode
(A1g) around 407.8 cm™'[30]. Apart from these two modes, various Raman active modes
were also found attributing to the stretching vibrations of MoOg octahedral [31]. The

! corresponded to asymmetric

modes available around 663.8 cm! and 819.9 cm’
stretching of triply coordinated oxygen (Mo3-O) and the doubly connected bridge
oxygen (Mo,-O) respectively. The other peaks available at 239.1 cm™, 283.6 cm™ and
334.9 cm™! have been dedicated to wagging modes of O=Mo=0 [32]. The difference
between these two modes gives an estimation of the number of layers available in the
sample [33]. In M0S2:MoOs, the mode separation (A) is 31 cm™! which is more than
HH-Mo0S2:M003 (28 cm™) and LA-Mo0S2:MoO; (26.3 cm™). Apart from this, the

Raman Spectra of LA-M0S2:M003 showed more MoS; features in comparison to HH-

MoS2:M00; and Mo0S,:Mo003, indicating tight bonding between Mo-S bonds.
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Fig. 5.4: (a) XRD patterns of M0S;:M003; LA-Mo0S;:M003; and HH-MoS;:M003 and
(b) Raman spectra of MoS;:Mo003; LA-Mo0S;:M003; and HH-Mo0S;:M003

The main effect of thermal annealing was investigated by observing the chemical
compositions present in the prepared MoS2:MoO3 composites by XPS measurements.
Fig. 5.5 (a-i) shows the core level spectra of Mo 3d, S 2p, and O 1s of all three samples.
The Mo 3d spectrum with the main peaks corresponding to Mo** situated at 229.1 eV
and 232.4 eV dedicated to 3ds. and 3ds/ respectively and peaks present at 232.8 eV
and 235.8 eV were dedicated to Mo®" related to MoOs (Fig. 5.5 (a)). HH- & LA-
reduced MoS2:Mo0Q3 showed two main peaks (Fig. 5.5 (d & g)) corresponding to Mo**
3d at 229.1 eV for Mo 3ds and 232.4 eV for Mo 3ds2 [34]. On the other hand, Mo®"
spectra corresponding to MoOs consist of two peaks for 3ds» at 232.9 eV and 3d3. at
235.9 eV [35]. In Fig. (5.5 (a, d & g)), it was observed that the Mo®" doublet grew
significantly indicating the partial conversion of MoOxSy under the thermal treatment
resulting in MoS> and MoOs due to the decomposition of the adsorbed oxygen. So, the
analysis revealed the presence of two oxidation states of Mo: Mo* 57.81 % and Mo®"
32.31% in M0S2:Mo0Os3. The lowering in intensity of S 2s (226.4 eV) and broadening
in the peaks of Mo®" in MoS2:MoOs (Fig. 5.5 (a)) also indicated that MoS2:MoOs
prepared without any reducing agent is the least prone to oxidation in comparison to
the HH- and LA- reduced MoOxSy [24]. In the S 2p regions (Fig. 5.5 (b, e & h)), two
main peaks were observed, located around 162 eV and 163.3 eV corresponding to S*
2p3n and 2pip respectively [36]. An extra peak available at the higher energy side was
noticed in Fig. 5.5 (e & h) which further confirms the Mo®" oxidation state. The

unavailability of S®" in Fig. 4b again confirmed less MoO; percentage in the
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MoS2:Mo00; composite [37][38]. Fig. 5.5(c, f & 1) shows the core level spectra of Ols
where the peak appeared to be asymmetrical and mainly fitted into two distinct peaks,
which are located at 530.6 eV corresponding to the main peak (O 1s) which originated
from the lattice oxygen (Or) and the other peak present at 531.6 corresponding to
oxygen vacancy (Oy) dedicated to O* [37]. This may indicate the availability of lattice
defects and structural distortions which may be found beneficial for gas sensing [38].
However, to enhance the gas-sensing properties, the adsorptive oxygen plays a
significant part by forming the oxygen vacancies on the surface, which results in the
generation of electron donors on the surface and causes an increase in electron
concentration near the surface of the gas-sensing material, which affects the gas sensing
properties of the samples [39]. There is another peak available at 532.5 eV
corresponding to surface adsorbed oxygen (14.84%) present only in HH-Mo0S2:Mo003
in Fig. 5.5 (f) confirming that HH-Mo0S2:Mo0Os is highly prone to oxidation in

comparison to other samples.
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Fig. 5.5: XPS core level spectra of (a, d, g) Mo 3d; (b, e, h) S 2p and (c, f, i) O 1s of
MoS::Mo003; HH-MoS:: M0O3; LA-MoS;: MoOs3
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5.3.2 Gas Sensing Measurements

The performance of the gas sensors based on the MoS>:MoOs3 (without reducing agent),
LA-MoS2:Mo003, and HH-Mo0S>:Mo003 can be evaluated by their sensing response,
response, and recovery time. The composition of the target gas molecules and the
behavior of dominant charge carriers available in the sensing material will influence
the behavior of the resistance. The gas-sensing properties of different MoS2:MoOs
composites were evaluated toward NH3 at 50 °C at varying concentrations to understand
the response transitions as illustrated in Fig. 5.6 (a-c). When NH3 was added to the
testing chamber, the resistance of the produced MoS>:MoOs-based sensor slowly
decreased until it eventually achieved a low equilibrium value. This investigation
revealed n-type sensing behavior towards NH3, which is consistent with previous
research on MoS>:MoOs-based sensors. The reducing gases act as electron donors,
lowering the resistance of the sensing layers. [40]. From Fig. 5.7(a-c), it has been
concluded that the obtained sensing response toward NH3 gas followed the order of
HH-Mo0S2:M003 > LA-M0S2:M003 > M0S2:Mo003. On the contrary, out of these three
composites, only MoS>:MoO3 provided the complete recovery for the NH3 gas. It has
already been proven that the interaction of gas molecules on the upper surface of the
gas-sensing material stimulates the sensor's gas response [41]. This can be explained
by following the XPS spectra, which indicated that HH-Mo0S2:Mo00O3 has more oxygen
vacancies and contains more adsorption sites, implying fast adsorption resulting in a
higher sensing response (Fig. 5.7 (g)) but less desorption from the oxygen sites results

in incomplete recovery [37].
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Fig. 5.6: Sensor resistance transient curves of different gas sensors for NH3 gas at 50°C
including (a) MoS::M003, (b) HH-Mo0S;:Mo003, and (¢) LA-MoS;:MoOs3;
resistance transient curves of different gas sensors for NO, gas at 50°C including
(d) MoS,:Mo003, (¢) HH-Mo0S::M003, and (f) LA-MoS,;:Mo00;

The sensing behavior of MoS,:MoOs composites to NO- gas at 50 °C was also investigated
and shown in Fig. 5.7(d-f). For all three sensors, the sensor responses for NO> gas are smaller
than that of NH3 gas. The relative response of the MoS,:MoQO3z sensor to 10 ppm NO2 gas
(Fig. 5.7 (h)) is 42.2%, for LA-M0S,:M00:3 is 81%, and for HH-Mo0S2:Mo00z is 48%. Besides
the better relative responses, LA- and HH-MoS;:MoOs-based sensors faced the same issue
related to incomplete recovery due to the less desorption of NO2 molecules.
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Fig. 5.7: Relative response curves of different gas sensors including (a) M0S::Mo00QOs3, (b)
HH-MoS,:M003, and (¢) LA-Mo0S::Mo00; for NH; gas; (d) MoS;:Mo003, (e) HH-
MoS;:M003, and (f) LA-Mo0S;:MoQOs3 for NO; gas at 50°C
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To determine the performance of the sensor, cross-sensitivity becomes an essential
criterion that a sensor is required to fulfill. The preferential behavior towards a specific
gas concerning other gases is used to determine this. The sensing response to various
gases was examined and displayed in Fig. 5.8 (a). The response to 10 ppm concentration
of NH3, NO2, Hz, H2S, and CO» at 50 °C are found to be 59 %, 40.9%, 12.26%, 11.68%,
and 7.37% respectively, indicating a higher selectivity towards NH3 gas. Further Fig.
5.8 (b & c) shows the comparative relative responses of all fabricated sensing devices

for NH; and NO> gases respectively.

a)270 (b) 90 ©-
( )§ 0 NH MoS,:Mo0Q;; 50°C é i 804 /.
E 4 80 E 70 L]
50 NO N ) " —ELAMS0,
g 2 © 9 HH-MoS,:MoO,
2 270 2 604 M0,
540 £ 260 ./ =A=MoS; MeO,
50 H, é‘so 55
B » HS o, 250 “e-Ladasoy | 240 /
=10 e ——MEMS;Mo03| /
E 0 E 40 MoS2:Mo03 E 301 ‘A
Gas concentration at 10 ppm 0 2 4 6 8 10 0 2 4 6 8§ 10
NH, concentration (in ppm) NO3 concentration (in ppm)

Fig. 5.8: (a) Selectivity response of M0S::M00O3 based sensor for various gases at 10 ppm
concentration each; (b) Comparative relative responses for NH; gas
concentrations; (¢) Comparative relative responses for NO; gas concentrations

To further unveil the sensing behavior of MoS2:MoQ3, the response and recovery times
(Fig. 5.9 (c & d)) of the sensing process to Sppm NH3z and NO> gases at 50 °C have
been estimated. For M0S2:MoOs sensors, the combination of electron transport and
heterostructure leads toa significantly enhanced sensing response. The sensor
resistances for NH3 gas sensing reduce after NH3 injection and return to their base value
(Fig. 5.6 (c)) and the ejection of NHj3 indicates an n-type sensing behavior, suggesting
that MoOs is a primary source of adsorption sites for NH3. The response and recovery
time of M0S2:Mo00s3 for NH3 gas to Sppm concentration can be calculated as 28 s and
97 s respectively as shown in Fig. 5.9 (c). Ideally, for n-type MoS, the resistance should
increase with gas injection for NO2 sensing, but in our case, the resistances of the
MoS2:Mo0; sensors also decrease with exposure to NO; gas, indicating p-type sensing
behavior (Fig. 5.6 (f)). This is in contrast to the behavior of NH3 gas sensing, which

may be made possible by the p-type semiconducting behavior of MoS:, and suggests
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that sulfur vacancies are essential for the adsorption of NO> molecules. For a 5 ppm
NO» gas concentration, the response and recovery times can be calculated as 56 s and
116 s, respectively (Fig. 5.9(d)). The distinct adsorption sites for NH3 and NO; on the
surface of the sensing material may be the cause of this unusual behavior. The
repeatability of the MoS>:MoOs3 sensor has been performed for NH3 and NO» at 10 ppm
for 10 cycles as displayed in Fig. 5.9 (a & b). The sensors showed no obvious changes

in the response for ten cycles of injecting and ejecting of NH3 and NO» gases.
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Fig. 5.9: Repeatability curves of Mo0S,;:Mo00; for (a) NH; gas; (b) NO; gas at 10 ppm gas
concentration at 50 °C each; Response and recovery time curves of M0S;:Mo00;
at 5 ppm concentration of (c) NH; gas; (d) NO; gas
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Table 5.1: Compared gas sensing performance of MoS,/MoQO; heterostructures with
other MoS;-based heterostructures towards NH; and NO: around room
temperature

Sensin Sensor Response/
S. No. 18 Analyte Conc. Recovery Ref.
Material Response .
Time
1. MoS,/ZnO NH; 50 ppm 46.2 % - [42]
2. MoS,/CuO NH; 100 ppm 47% 17/26 s [40]
3. MoS»/SnO; QDs NH; 100 ppm (Rg"‘/l;g) 6/21 s [43]
4. MoSMWCNTs NH; 150 ppm 35% 65/70 s [44]
S. MoS,/WOs NH; 200 ppm 207 % 80/70 s [45]
6. MoS>/MoOs NH; 3;);10 56.2 % 60/70 s [37]
7. MoS>/MoO3 NO> 10 ppm 33.6 % - [31]
8. MoS,»/SnO; NO> 100 ppm 40 % 52/198 s [46]
9. MoS,/Zn0O ZIF NO; 50 ppm | (Ra/Rg) 35 - [47]
10. MoS>/MoO; NO, | 5ppm 36 s6/116s | Lhis
work
This
11. MoS,/MoOs NH; 5 ppm 52.3 28/97 s
work
5.4 Gas Sensing Mechanisms

5.4.1 NHs Sensing Mechanism

The gas-sensing performance of metal oxides usually depends on the variations in
charge concentration under the effect of air or target analytes. The main reason for the
change in the electrical resistance of the sensor material is the adsorption/desorption
that occurs on the sensor surface. At first, ambient oxygen molecules adsorb on the
MoS2:MoO; surface (eq. 1), and disintegrate into O atoms, with oxygen atoms
extracting electrons from MoOQOs in the form of eq. 2. As a result, an electron depletion
region generates close to the surface of n-type MoOs. The number of electrons in MoOs
increases as a result of a reaction between gas molecules and physically adsorbed
O2(ads)” gas molecules upon exposure to a reducing gas, such as NHj. This reaction
releases the trapped electrons back into the conduction band (as shown in eq. 3), causing
a shrink in the electron depletion layer for MoOs3 at the Mo0S2:MoQOs interface. As a
result, a decrease in the resistance is noticed in the MoS2:Mo00s3 sensor, indicating an

n-type sensing behavior of MoS2:Mo00O3 composites when exposed to NH3, similar to
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the sensing transience Fig.5.6(a-c) [42]. The resistance variation revealed that MoOs
dominated the NH3 gas sensing process in composites, as instead of MoS,. The
enhanced NH3-sensing performance was related to the superposition effect induced by
hetero-interface and surface modification. The sensing mechanism representation of

MoS2:M003; nanocomposites for NH3 gas can be explained as follows [45],

O (gas) — 20 (ads.) (1)
O2(gas) T € (from Mo03) — O2(ads)” (2)
2NH3+ 30¢adsy” — N2 + 3H20 + 3€70 Mo03 (3)

5.4.2 NO:2 Sensing Mechanism

The gas sensing performances of MoS>:Mo0QO3 nanocomposites-based sensors exhibited
p-type characters as displayed in Fig. 5.6(d-f). For MoS2:Mo00Os-based NO, gas sensors,
these results indicate that MoS: nanoflakes serve as the primary carriers of charge.
When n-type MoOs; NPs are incorporated with p-type MoS» nanoflakes, most of the
high-energy binding sites on the MoS; surface are occupied by the nucleation of MoO3
[46]. Defect-dominated adsorption is limited by nucleation, and the electronic effect
produced by p-n junction generation becomes prominent. A depletion layer builds
towards the MoOj side, and a charge accumulation layer forms on the surface of MoS.,
as a result of the electrons of n-type MoOs3 transferring p-type MoSz. As a result,
electron-hole diffusion proceeds until the fermi level achieves an equilibrium state.
Since different types of gases have varied electron transport properties, the area nearer
the p-n junction interaction serves as a potential barrier that either facilitates or inhibits
electron movement. When NO> gas is exposed to the sensor, as shown in (Fig. 5.10 (d
& g)), NO2 molecules extract electrons from MoOs; and decrease their charge
concentration, which makes the extra holes return to MoS> without any further
restrictions until the equilibrium is attained. During this adsorption process, additional
holes accumulate on the MoS: nanoflakes’ surface, reducing the width of the depletion
layer of the heterojunction. Therefore, the improved sensor response is facilitated by
the decrease in resistance values [48]. Hence, an excellent sensing performance is the
outcome of changes in the energy barrier of the MoS2:MoO; composite produced by

NO:> adsorption. The large surface area of MoS» nanoflakes and the deposited oxygen
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further enhance the gas-sensing response. [49]. The gas sensing mechanism

representation for NO» gas can be explained as follows [50]:

NO: (gas) + e — NOy (4)
NO2 + 02 +2e"— NOy +20° %)
NOy + V™ — NO; + hyg" (6)

To establish the energy band diagrams, as shown in Fig. 5.10 (a-d), the reported
bandgap energy (Eg) and work function of isolated MoS; and MoOs are used. MoOs is
an n-type semiconductor with a wide band gap of ~3.40 eV [51] and MoS: is a p-type
semiconductor with a bandgap of 1.23 eV [52]. The work function of MoS; is 4.6 eV
and MoOs is 6.9 eV [53]. Due to the lower work function of MoS; in comparison to
MoO;3, the electrons will move from MoS; to MoOs3 until the two semiconductors attain
a uniform fermi level. As a result, due to the difference in their distinct work functions,
p-n junctions developed at the interface between MoS> and MoOs. A depletion layer
forms at the MoS> and MoQOs intersection as a result of this process [54]. When the
MoS2:MoO; surface is exposed to air, atmospheric oxygen interacts and converts into
oxygen ions after extracting an electron from MoOs (Fig.5.10 (b)). When NH3, an
electron-donating gas, is introduced, it first reacts with the oxygen that has been
adsorbed on the surface, removing it from the surface and also returning an electron to
the semiconductor. This causes the MoOs side to have a higher electron concentration,
which causes the energy band to bend downward and simultaneously attracts more
oxygen ions to the MoOs3 surface (Fig. 5.10 (¢)) concurrently attracting more oxygen
ions on the MoOs surface. Therefore, more interaction of oxygen ions with NH3 gas
molecules would result in releasing more electrons, leading to a shrink in the depletion
region, resulting in a decrease in resistance and a higher sensing response at a lower
operating temperature (50°C), indicating the n-type behavior of MoS>:Mo00O3 composite
[55]. In the case of NO» (electron-accepting gas), NO» molecules extract electrons from
MoOs; NPs and lower the electron concentration, and extra holes start drifting towards
MoS: until equilibrium is reached. During this adsorption process, the width of the
heterojunction decreases (Fig. 5.10 (d)), and the sensor resistance decreases resulting

in an enhancement in sensor response at 50 °C.
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Next, for the heterojunction barriers, where MoO3; NPs appeared on the MoS» surface
(Mo0S2:Mo003, LA-M0S2:M003, and HH-MoS,:M003), as shown in Fig. (5.3 (a-c)), the
use of different reducing agents during preparation has impacted the distribution which
significantly responsible for the variation in the sensor responses. For nanocomposites,
adsorption sites were exposed, enabling an improved response. However, the higher
amount of Oy and O2(ads. sites) in HH-M0S2:M00O3; and LA-MoS2:Mo0O3 unfavorably
resulted in accumulation on the MoOj3 surface, making it more difficult to desorb from
the MoQOs surface, resulting in dissatisfied sensitivity and incomplete recovery despite
having enhanced sensor response concerning MoS2:MoQs. In addition, XPS results
(Fig. 5.5 (c, f & 1)) showed more oxygen vacancies in HH-reduced MoS2:Mo003 than in
MoS2:Mo00:;.
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Fig. 5.10: Schematic illustration of energy bands within MoS,:Mo003; composites
processes (a) before contact; (b) in air; (¢) in NH3; (d) in NO; environment
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5.5 Conclusion

A simple hydrothermal method followed by thermal annealing in the Ar gas
environment has been used to prepare MoS2:MoO3; nanocomposites to investigate their
gas-sensing properties. Various characterizations such as SEM and XPS confirmed the
formation of nanocomposites and the availability of abundant oxygen vacancies in the
composite, inducing the gas adsorption of target gases on the surface. Based on our
experimental investigations, the MoS>:Mo00Os-based sensor shows a better response of
52 % towards NH3 gas and 37 % towards NO; gas at 5 ppm with fast response times of
28 s and 56 s respectively with complete recovery. In contrast, the HH-Mo0S>:Mo0Os3-
based sensor exhibited the higher sensitivity for NH; and NO: at the ppm level but
incomplete recovery doesn’t make them suitable for sensing. Importantly, one single
sensing surface has contributed to the selective detection of NH3 and NO; at 50°C.
Additionally, because distinct adsorption sites were available, the single sensing device
exhibited opposing sensing behaviors towards reducing and oxidizing gases.
According to the sensing reports, NO; is primarily adsorbed on the surface of MoS:
whereas NH3z is mostly adsorbed on the MoOs; sites of the heterojunction,
interacting with surface-adsorbed oxygen to draw electrons. The formation of p-n
heterojunction between MoO3 and MoS: has been attributed to the improved sensing

performance.
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The main aim of this chapter is to summarize the outcomes of the research work carried
out to fulfill the objectives of the thesis. This chapter highlights the key observations,
findings, and conclusions that emerged during the research. The prospects and
directions that have been concluded as a result of the research have been explored in

the following section of this chapter, which will be a decisive plan of action for us.
6.1 Conclusions

This present thesis focuses on the synthesis of MoS, (Molybdenum disulfide)
nanostructures and their use in gas sensing systems. Throughout this work, we have
demonstrated the significance of different nanostructures such as metal oxides incorporated
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with MoS; to improve the gas sensing performance of MoS»-based gas sensors. We have
shown that combinations of these nanostructures to MoS2 increase its performance for gas
sensors in ambient conditions without any external aid. In this study, we have successfully
fabricated heterostructures that provided gas sensing performance for both NO2 and NH3
gas simultaneously near room temperature. When compared to the individual impacts, the
heterostructure systems perform much better. The main outcomes obtained from this

investigation will be expanded in the following parts:

1. The hydrothermal technique has been mainly used for the synthesis of MoS:
and various heterostructures such as 1T/2H-MoS,, SnO2/MoS»2, and
CB/SnO2/MoS;. Thermal chemical vapor deposition has also been
employed at certain stages of the synthesis part to obtain the desired
nanostructures such as CB and MoS2/Mo0O;3 using thermal annealing.
Detailed structural, morphological, and chemical studies have been

investigated using XRD, Raman, SEM, TEM, and XPS techniques.

2. The effect of precursors’ concentration on the synthesis and characteristics
of 1T/2H-MoS> has been studied. It was found that during the synthesis of
MoS,, reaction time, precursors’ concentration, and precursors used during
reaction play a vital role and are responsible for the variation in the
electronic and chemical properties of the resultant. By varying the
concentration of the ammonium molybdate tetrahydrate, the difference in
the morphology, and bandgap has been observed with the appearance of the
mixed phase of MoS». The concentration has been increased in the order of
1 M, 1.4 M, and 1.8 M. With the increase in concentration, NH*"
intercalation is also observed to be increased. The morphology has changed
from separated flower and pin-like structure to agglomerated bundles and
an increase in absorbance has appeared due to an increase in metallic
character in the mixed 1T/2H-MoS,. For 1.8 M, the absorbance is higher
and the bandgap has reduced from 1.9 eV to 1.5 eV. From the XPS studies,
it has been observed that when the precursor concentration increased from
1 to 1.8 M, the 1T character has developed from 27.9 % to 45.8 %

respectively. As a result of an increase in concentrations, the incomplete
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sulfurization of Mo precursor has also been observed. From the obtained
results, this study concluded a feasible, economical approach to synthesize
a stable mixed phase of 1T/2H-MoS, using NH*" intercalation, which can

further be utilized in the gas sensing application.

3. To further understand the role of hybridization/heterostructures, we have
fabricated SnO2/MoS; and CB/SnO2/MoS: heterostructures on the MoS»
surface. The variation in the gas sensing performance of various synthesized
heterostructures-based sensors has been studied and compared with pristine
MoS: gas sensors. It was found that the gas sensing response of
CB/Sn0O2/MoS;:-based gas sensor has greatly enhanced in comparison to
pristine MoS> and SnO2/MoS; for NO> gas around room temperature. The
CB/SnO>/MoS;-based gas sensor achieved a sensing response of around
46% with 26 s of recovery time which is much shorter than the pristine MoS;
gas sensor showing a sensor response of around 40 % with a response time
of 61 s for 50 ppm of NO2 gas. The improved sensing response of the
fabricated CB/Sn0O,/MoS;-based sensor is due to the larger exposed surface
area and increase in the number of active sites available on the sensing layer
surface, which play a prominent role in the higher amount of gas adsorption
on the surface, result in an increased sensing response. In addition, the
higher electrical conductivity of CB in comparison to the SnO, and MoS,
and the formation of p-n heterojunction at the interface increase the charge
transport mechanism causing a dramatic decrease in the potential barrier
width, which amplifies the gas sensing properties in the ternary composite

CB/Sn0O2/MoS:.

4. To further determine the efficiency of the MoS»>-based gas sensor,
MoS2/Mo0O; nanostructures were synthesized using different reducing
agents with a hydrothermal method followed by thermal annealing at 500°C
in an Ar environment for 1 h. Hydrazine Hydrate (HH) and L-ascorbic acid
(LA) were used as the reducing agents and the synthesized materials were
compared with the sample prepared without using any reducing agent. In

this chapter, the dual gas detection for NH3 and NO; gas of the synthesized
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materials (MoS2:Mo003, HH-Mo0S>:M00s3, and LA-Mo0S2:Mo003) has been
obtained. The gas sensing performance of the MoS»-based gas sensors for
NHs gas has considerably improved with the incorporation of MoOj3
nanoparticles. MoS>:Mo0O3 showed a good recovery for NH3 (52 % with 28
s response time) and NO2 gas (37 % with 56 response time) at 50 °C with a
better sensor response in comparison to HH- and LA-Mo0S>:Mo00Os. It has
already been proven that the interaction of gas molecules on the upper
surface of the gas-sensing material stimulates the sensor’s gas response. The
XPS spectra indicated that HH-Mo0S2:Mo003 has more oxygen vacancies and
contains more adsorption sites, implying fast adsorption resulting in a higher
sensing response but less desorption from the oxygen sites results in
incomplete recovery. In the case of NO: gas sensing, LA-MoS2:Mo00;
showed a higher response for NO; gas. Besides the better relative responses,
LA- and HH-MoS>:Mo00Os-based sensors faced the same issue related to
incomplete recovery due to the less desorption of NO> molecules. Under the
exposure of NH; gas, the resistance decreased indicating the n-type
behaviour. Ideally, when the same material should come in contact with the
gas, the conductivity behavior should be the same. But in our case, when the
prepared materials were exposed to NO> gas, the resistance decreased
indicating the p-type behavior. This major difference in conductivity has
been caused by the different adsorption sites playing the role of conductive
channels for different gases. The distinct adsorption sites for NH3; and NO»
on the surface of the sensing material have appeared due to the difference in
the conducting behavior, which maybe the cause of this unusual behavior.
The resistance variation revealed that MoOs; dominated the NH3 gas sensing
process in composites, instead of MoS,. The enhanced NHj3-sensing
performance was related to the superposition effect induced by hetero-
interface and surface modification. However, the higher amount of Oy and
02 (ads. sites) In HH-M0S2:M00O3 and LA-MoS,:Mo00O; unfavorably resulted in
accumulation on the MoOj3 surface, making it more difficult to desorb from
the MoOs surface, resulting in dissatisfied sensitivity and incomplete

recovery despite having enhanced sensor response concerning MoS>:MoOs.
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6.2 Scope for Future Work

1. The selection of material and the geometry of the fabricated gas sensors is
very crucial to effectively utilize the gas sensor for different applications
including biomedical, environmental monitoring, smart homes, and
wearable sensors etc. To achieve the specific outcome for a particular
application, various crucial parameters, such as stability, flexibility,
humidity resistance, limit of detection, and operating temperature need to

be taken care of wisely, hence further studies are required.

2. For a gas sensor, the exposed surface area is very important for gas
adsorption. With the change in surface morphologies with small-sized flakes
such as quantum dots, the number of active sites available on the surface
also changes, resulting in variation in gas adsorption sites and the charge
transport between the contacts. Greater will be active sites and greater
adsorption of the target gases resulting in faster charge transport causing a
rise in the sensor response. These modifications can be done via synthesized
thin films using ion irradiation techniques for uniform deposition with

controlled thickness of the sensing material.

3. In the present work, we have enhanced the sensor performance of the MoS>
by combining the other phases of MoS: or other 2D metal oxide structures.
There is a plethora of 2D materials, so there is a vast scope to enhance the
performance by metal doping, MXenes, silicene, etc. Integrated gas phase
synthesis is very efficient in synthesizing various core-shell nanoparticles.
The enhancement in the gas sensing performance of the 2D materials as a
function of the size of the metal nanoparticles incorporated on its surface

can further be studied.

4. In this work, the response and recovery times are relatively sluggish for
implementation in practical applications. Further work should be conducted
to minimize the response and recovery time with better sensing response
using a practical setting, for example, injecting a gas into a chamber for a

shorter duration to mimic the real environment.
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