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Chapter 1 

 Introduction  

1.1 Need for Gas Sensing and Environmental Monitoring 

Rapid industrialisation and urban development have significantly increased the emission of 

hazardous gases into the environment. Among these, toxic gases such as nitrogen dioxide 

(NO2) and hydrogen (H2) play a crucial role in environmental pollution, industrial safety risks, 

and human health hazards. NO2 is a highly reactive oxidising gas primarily emitted from 

combustion processes, including vehicle exhaust, power plants, and industrial activities. Even 

at low concentrations, prolonged exposure to NO2 can cause respiratory issues, lung 

inflammation, and reduced immune response. On the other hand, H2 gas, although clean and 

widely used as an energy carrier, is highly flammable and explosive when mixed with air. Its 

colourless and odourless nature makes leak detection extremely difficult using human senses. 

Therefore, reliable sensing systems are essential to ensure safety in hydrogen storage, fuel cells, 

and chemical industries [1,2]. Traditional detection techniques, such as gas chromatography 

and mass spectrometry, provide high accuracy but suffer from limitations like bulky 

instrumentation, high cost, and the requirement of skilled operation. These drawbacks restrict 

their use in real-time and on-site monitoring. Hence, there is a growing demand for compact, 

cost-effective, and highly sensitive gas sensors capable of operating under varying 

environmental conditions. 

Nanomaterial-based gas sensors have emerged as a promising solution due to their high 

surface-to-volume ratio, enhanced adsorption capability, and tunable electronic properties. 

Among these, two-dimensional (2D) materials such as molybdenum disulfide (MoS2) have 

gained significant attention for gas sensing applications owing to their unique layered structure 

and excellent surface reactivity [3,4]. Nanomaterial-based gas sensors have attracted 

considerable attention in recent years due to their remarkable potential in addressing the 

limitations associated with conventional sensing technologies. Traditional gas sensors often 

suffer from issues such as high operating temperatures, low sensitivity, poor selectivity, and 

slow response times. In contrast, nanomaterials offer a transformative approach owing to their 

unique physical and chemical characteristics, which arise from their reduced dimensionality 

and increased surface activity. Among the various nanostructures explored, materials with 
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nanoscale dimensions exhibit significantly enhanced performance in sensing applications, 

making them highly suitable for the detection of toxic and environmentally hazardous gases. 

One of the most critical advantages of nanomaterials is their exceptionally high surface-to-

volume ratio. As the size of a material decreases to the nanoscale, a larger fraction of atoms 

resides on the surface rather than in the bulk. This increase in surface atom density provides a 

greater number of active sites for gas adsorption, which directly influences the sensitivity of 

the sensor. The interaction between gas molecules and the sensor surface is fundamentally a 

surface phenomenon; therefore, materials with a higher surface area tend to exhibit stronger 

adsorption and, consequently, more pronounced changes in their electrical or optical properties. 

This property is particularly beneficial for detecting low concentrations of gases, where even 

minor changes in adsorption can lead to measurable signals [5,6]. 

In addition to their high surface area, nanomaterials possess enhanced adsorption capabilities 

due to the presence of defects, vacancies, and unsaturated bonds. These features act as active 

sites that facilitate strong interactions with gas molecules. For instance, vacancies in the lattice 

structure can trap charge carriers or act as adsorption centers, thereby improving the sensitivity 

and responsiveness of the sensor. Moreover, the adsorption process can be tailored by 

engineering the surface chemistry of the nanomaterial, enabling selective detection of specific 

gases. This tunability provides a significant advantage over conventional materials, which often 

lack such flexibility. 

Another important characteristic of nanomaterials is their tunable electronic properties. At the 

nanoscale, quantum confinement effects and reduced dimensionality lead to modifications in 

the electronic band structure of the material. This allows for precise control over properties 

such as band gap, conductivity, and carrier concentration. 

 

1.2 Classification of Gas Sensors 

Gas sensors are analytical devices designed to detect the presence, concentration, and nature 

of gaseous species in a given environment. Based on the transduction mechanism–i.e., how the 

interaction between gas molecules and the sensing material is converted into a measurable 

signal–gas sensors can be broadly classified into several categories, including electrical, 

optical, thermal, and mass-sensitive sensors (Fig. 1.1). 

23
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Figure 1.1: Diagram depicting the different Gas types of Sensors. 

(i) Electrical Sensors 

Electrical sensors are among the most widely used gas sensors due to their simple design, low 

cost, and ease of integration with electronic systems. These sensors operate by monitoring 

changes in electrical properties such as resistance, conductivity, or current upon exposure to 

target gases. A major subclass is chemiresistive sensors, where gas adsorption on the sensing 

layer causes a measurable change in resistance. 2D materials like MoS2 are particularly suitable 

for such sensors due to their high surface sensitivity and charge transfer capability. Field-effect 

transistor (FET)-based sensors also fall under this category, offering high sensitivity through 

modulation of channel conductivity [5–7]. 

(ii) Optical Sensors 

Optical gas sensors detect gases by measuring changes in optical properties such as absorption, 

reflection, fluorescence, or refractive index. Techniques such as infrared absorption 

spectroscopy and photoluminescence-based sensing are commonly employed. These sensors 

provide high selectivity and are often used in applications requiring non-contact and remote 

sensing. However, they typically require complex instrumentation and are relatively expensive 

compared to electrical sensors [8,9]. 

(iii) Thermal Sensors 

Thermal gas sensors operate based on changes in temperature or heat generated during gas 

interaction or combustion. Catalytic sensors, for example, detect combustible gases like 

hydrogen by measuring the heat released during oxidation reactions. While these sensors are 
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effective for detecting flammable gases, they usually require elevated operating temperatures, 

leading to higher energy consumption [10,11]. 

(iv) Mass-Sensitive Sensors 

Mass-sensitive sensors detect gases by measuring the change in mass of the sensing layer due 

to adsorption of gas molecules. Common examples include quartz crystal microbalance (QCM) 

and surface acoustic wave (SAW) sensors. These sensors offer high sensitivity and can detect 

very low concentrations of gases. However, they are often sensitive to environmental factors 

such as humidity and temperature fluctuations [12,13]. 

In recent years, research has increasingly focused on electrical (chemiresistive) gas sensors 

based on nanostructured materials, particularly 2D materials like MoS2. Their large surface 

area, tunable electronic properties, and strong interactions with gas molecules make them 

highly promising for detecting gases such as NO2 and H2 with improved sensitivity and faster 

response times. 

1.2.1 Key Gas Sensing Performance Parameters 

The performance of a gas sensor is evaluated using several fundamental parameters that 

describe its sensitivity, speed, reliability, and selectivity toward a target gas. These parameters 

are essential for determining the practical applicability of a sensor in real-world conditions 

such as environmental monitoring and industrial safety. 

(i) Response  

Sensor response represents the change in an electrical property (typically resistance) when the 

sensor is exposed to a target gas. It reflects how effectively the sensing material interacts with 

gas molecules [14,15]. 

For reducing gases (such as H2): 

Response = 
𝑅𝑔

𝑅𝑎
 

For oxidising gases (such as NO2): 

Response = 
𝑅𝑔

𝑅𝑎
   

where, 

37
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𝑅𝑎 = sensor resistance in air  

𝑅𝑔 = sensor resistance in the presence of target gas  

Further, the relative response percentage (%) can be calculated as: 

Relative response for reducing gases (%) = 
(𝑅𝑔−𝑅𝑎)

𝑅𝑎
× 100 

Relative response for oxidizing gases (%) = 
(𝑅𝑎−𝑅𝑔)

𝑅𝑔
× 100 

(ii) Sensitivity 

Sensitivity defines how strongly the sensor responds to a change in gas concentration. It is 

generally expressed as the ratio of sensor response to the concentration of the analyte gas [16]. 

Sensitivity = 
Response

Concentration of Gas
 

Higher sensitivity means the sensor can detect even very low gas concentrations, which is 

crucial for toxic gases like NO2. 

(iii) Response Time 

Response time is the time required for the sensor to reach approximately 90% of its maximum 

response after exposure to the target gas. A shorter response time indicates faster detection 

capability, which is essential for real-time monitoring. 

(iv) Recovery Time 

Recovery time is the time taken by the sensor to return to 10% above its original baseline value 

after the removal of the target gas. Fast recovery ensures reusability and continuous operation 

of the sensor. 

(v) Selectivity 

Selectivity refers to the ability of a sensor to distinguish a specific gas in the presence of other 

interfering gases. High selectivity is particularly important in complex environments where 

multiple gases coexist. 

 

 

 

47
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(vi) Stability 

Stability indicates the consistency of sensor performance over an extended period. A stable 

sensor maintains its response characteristics under continuous or repeated operation without 

significant degradation. 

(vii) Reproducibility 

Reproducibility defines the ability of the sensor to produce similar responses under identical 

conditions over multiple sensing cycles. It ensures the reliability and repeatability of 

measurements. 

Overall, an ideal gas sensor should exhibit high sensitivity, fast response and recovery times, 

excellent selectivity, and long-term stability. 2D materials such as MoS2 have shown significant 

potential in achieving these performance characteristics due to their high surface activity and 

efficient charge transfer properties [10,17,18]. 

1.3 Choice of Gas Sensing Materials 

The selection of an appropriate sensing material plays a crucial role in determining the overall 

performance of a gas sensor. The interaction between gas molecules and the sensing layer 

occurs at the surface; therefore, materials with high surface reactivity, large surface area, and 

suitable electronic properties are highly desirable for efficient gas detection [8,17]. 

In recent years, nanostructured materials have gained significant attention in gas sensing 

applications due to their unique physicochemical properties. Compared to bulk materials, 

nanomaterials offer a much higher surface-to-volume ratio, which enhances the adsorption of 

gas molecules and facilitates effective charge transfer. These characteristics directly contribute 

to improved sensitivity, faster response, and lower detection limits [3,19]. One of the most 

significant advantages of nanostructured materials lies in their exceptionally high surface-to-

volume ratio. As the dimensions of a material are reduced to the nanoscale, a large fraction of 

atoms resides on or near the surface. This dramatically increases the number of active sites 

available for interaction with gas molecules. Since gas sensing is primarily governed by surface 

adsorption processes, the availability of a larger active surface directly enhances the interaction 

between the sensing material and the target analyte. Consequently, even small concentrations 

of gas molecules can induce measurable changes in the physical properties of the material, 

leading to enhanced sensitivity [2,3]. 

23
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In addition to increased surface area, nanomaterials exhibit enhanced adsorption capability due 

to the presence of structural defects, grain boundaries, and unsaturated surface atoms. These 

features act as energetically favorable sites for gas adsorption, facilitating stronger binding 

between the gas molecules and the sensor surface. Defects such as vacancies or interstitials can 

significantly influence the electronic structure of the material, thereby promoting efficient 

charge transfer during gas adsorption. This improved interaction between the adsorbate and the 

sensing material is crucial for achieving high-performance gas sensing. Another important 

factor contributing to the superior sensing behavior of nanostructured materials is their tunable 

electronic properties. At the nanoscale, materials often exhibit quantum confinement effects, 

which lead to modifications in their band structure and electronic characteristics. These 

changes can be exploited to tailor the electrical conductivity and carrier concentration of the 

material, which are key parameters in gas sensing. When gas molecules adsorb onto the surface 

of a nanomaterial, they can either donate or withdraw electrons, resulting in a change in the 

charge carrier density. This change manifests as a variation in electrical resistance or 

conductivity, forming the basis of many gas sensing mechanisms. The enhanced charge transfer 

process in nanomaterials is particularly important for improving sensor performance. Due to 

their reduced dimensions and increased surface activity, nanomaterials enable faster and more 

efficient exchange of electrons between the adsorbed gas molecules and the sensing layer. This 

leads to rapid changes in electrical signals, resulting in faster response and recovery times. 

Such characteristics are highly desirable in real-time monitoring applications, where quick 

detection and response are critical [5-19]. 

Furthermore, nanostructured materials often exhibit improved diffusion characteristics, 

allowing gas molecules to penetrate easily into the sensing layer. This facilitates uniform 

interaction throughout the material and enhances the overall sensing efficiency. In contrast, 

bulk materials typically suffer from limited diffusion and reduced accessibility of active sites, 

which can negatively impact sensor performance. The ability of nanomaterials to operate at 

lower temperatures is another key advantage. Many conventional gas sensors, particularly 

those based on metal oxides, require high operating temperatures to activate surface reactions. 

This leads to increased power consumption and limits their practical applications. In contrast, 

nanomaterials, due to their high reactivity and active surface sites, can effectively interact with 

gas molecules at relatively lower temperatures, including room temperature in some cases. This 

not only reduces energy consumption but also enhances the stability and lifespan of the sensor. 
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Moreover, nanostructured materials provide excellent flexibility for surface modification and 

functionalization. By introducing dopants, forming composites, or creating heterostructures, 

the sensing properties of nanomaterials can be further enhanced. These modifications can 

improve selectivity toward specific gases, which is a major challenge in gas sensing 

applications. The ability to engineer material properties at the nanoscale offers a significant 

advantage in designing highly selective and sensitive sensors. The reduced size of 

nanomaterials also enables their integration into miniaturized and portable sensing devices. 

With the growing demand for compact and wearable sensing systems, nanomaterial-based 

sensors provide a viable solution due to their small size, lightweight nature, and compatibility 

with modern electronic platforms. This opens up new possibilities for applications in 

environmental monitoring, industrial safety, healthcare diagnostics, and smart sensing systems 

[18-20]. Additionally, nanomaterials exhibit improved signal-to-noise ratio due to their 

enhanced surface interactions and efficient charge transport. This results in more reliable and 

reproducible sensing signals, which are essential for accurate detection. The combination of 

high sensitivity, rapid response, and low detection limits makes nanostructured materials highly 

suitable for detecting trace levels of gases. In summary, nanostructured materials have 

revolutionized the field of gas sensing by offering a range of advantages over traditional bulk 

materials. Their high surface-to-volume ratio, enhanced adsorption capability, tunable 

electronic properties, and efficient charge transfer mechanisms collectively contribute to 

improved sensing performance. These features enable the development of gas sensors with 

higher sensitivity, faster response times, and lower detection limits. As research in this field 

continues to advance, nanomaterials are expected to play a crucial role in the development of 

next-generation gas sensing technologies with improved efficiency, reliability, and versatility 

[16,20]. 

Nanomaterials used for gas sensing are generally classified based on their dimensionality. 

D(E), which represents the number of available electronic states per unit energy, arises 

significantly with the dimensionality of a material and is a key factor governing its optical and 

electronic behaviour (Fig. 1.2).  
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Figure 1.2: Diagram depicting the dependence of D(E) on energy for systems of varying 

dimensionality 

(i) Zero-Dimensional (0D) Nanomaterials 

These materials, such as quantum dots and nanoparticles, are confined in all three spatial 

dimensions. Due to quantum confinement effects, they exhibit unique optical and electronic 

properties. However, issues such as aggregation and limited charge transport can sometimes 

restrict their sensing performance [1,19]. 

(ii) One-Dimensional (1D) Nanomaterials 

Examples include nanowires, nanorods, and nanotubes. These structures provide efficient 

pathways for charge transport along one direction, leading to improved electrical conductivity. 

Their high aspect ratio also enhances surface interaction with gas molecules. In one-

dimensional (1D) systems such as nanowires or nanotubes, the D(E) exhibits a series of 

singularities (Van Hove singularities) due to QC along two directions (D1D(E) ∝ E-1/2) [20,21]. 

(iii) Two-Dimensional (2D) Nanomaterials 

2D materials, such as graphene and TMDs, consist of atomically thin layers with large lateral 

dimensions. These materials have attracted tremendous interest due to their exceptionally high 

surface area, tunable bandgap, and strong interaction with adsorbed gas molecules. The 

presence of exposed active sites and weak van der Waals interactions between layers enables 

efficient gas adsorption and rapid charge transfer [18,21,22]. 

Page 18 of 111 - Integrity Submission Submission ID trn:oid:::3618:137510421

Page 18 of 111 - Integrity Submission Submission ID trn:oid:::3618:137510421



10 
 

  

RAMESH KUMAR Ch 1: Introduction… 

 

Among 2D materials, MoS2 has emerged as a promising candidate for gas sensing applications. 

It exhibits a layered structure, good chemical stability, and semiconducting behaviour, making 

it suitable for detecting both oxidizing gases like NO2 and reducing gases such as H2. 

Additionally, MoS2 can be synthesized in various nanostructured forms, including nanosheets 

and nanoflowers, which further enhance its sensing performance. In 2D, as in atomically thin 

layers, the D(E) becomes step-like, remaining constant within each sub-band and resulting in 

sharper optical transitions (D2D(E) ∝ E0) [13,23].  

(iv) Three-Dimensional (3D) Nanomaterials 

These materials consist of interconnected nanostructures forming bulk architectures such as 

porous frameworks and nanocomposites. They provide mechanical stability and a high density 

of active sites, but their performance may be limited by reduced surface accessibility compared 

to lower-dimensional systems.In 3D bulk materials, the D(E) increases smoothly with the 

square root of energy (D3D(E) ∝ E1/2), leading to continuous energy bands [24,25].  

In modern gas sensing research, significant efforts have been directed toward improving the 

performance of sensing materials through strategies such as defect engineering, doping, surface 

functionalization, and heterostructure formation. These approaches help in enhancing 

adsorption sites, tuning electronic properties, and improving selectivity toward specific gases. 

Among all material classes, 2D nanomaterials – particularly MoS2–offer a balanced 

combination of sensitivity, stability, and scalability. Therefore, they are considered highly 

suitable for next-generation gas sensors designed for real-time and low-power applications 

[26,27]. 

1.3.1 Transition Metal Dichalcogenides (TMDs) 

TMDs represent an important class of 2D layered materials that have attracted significant 

attention in recent years for gas sensing and other electronic applications. These materials 

generally follow the chemical formula MX2, where M is a transition metal (such as Mo,W) and 

X is a chalcogen element (such as S, Se, or Te) [8,28].  TMDs possess a unique layered structure 

in which a layer of transition metal atoms is sandwiched between two layers of chalcogen 

atoms. These layers are held together by weak van der Waals forces, allowing easy exfoliation 

into few-layer or monolayer structures. This structural feature provides a large number of 

exposed surface sites, which are highly beneficial for gas adsorption and sensing applications 

[29,30]. 

33
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One of the most attractive properties of TMDs is their tunable electronic behavior. Unlike 

graphene, which is a zero-bandgap material, TMDs exhibit semiconducting characteristics with 

a finite and adjustable bandgap. This property makes them highly suitable for gas sensing, as 

the interaction with gas molecules can effectively modulate their electrical conductivity. 

Among the TMD family, MoS2 has been extensively studied due to its excellent 

physicochemical properties. MoS2 exhibits a transition from an indirect bandgap in bulk form 

to a direct bandgap in monolayer form, which enhances its electronic and sensing performance. 

Its high surface-to-volume ratio, chemical stability, and strong interaction with gas molecules 

make it a promising material for detecting both oxidizing gases such as NO2 and reducing gases 

like hydrogen H2. The gas sensing performance of MoS2 is primarily governed by surface 

adsorption and charge transfer mechanisms. When gas molecules interact with the surface, they 

either donate or withdraw electrons, leading to a change in carrier concentration and, 

consequently, the electrical resistance of the material. This makes MoS2 highly responsive even 

at low gas concentrations [15]. The bandgap in TMDs is highly sensitive to factors such as 

layer thickness, strain, and external environment. As a result, their electronic properties can be 

engineered by controlling these parameters. This tunability enables precise optimization of 

sensing performance, including sensitivity and selectivity. When gas molecules interact with 

the surface of TMDs, they induce changes in charge carrier concentration through electron 

transfer processes. Because of the semiconducting nature of these materials, even small 

variations in carrier density can lead to significant changes in electrical conductivity, which 

can be readily detected [16,19]. 

Among the various TMDs, MoS₂ has emerged as one of the most extensively studied and 

promising materials for gas sensing applications. This is primarily due to its unique 

combination of structural, electronic, and chemical properties. MoS₂ possesses a layered 

structure in which a layer of molybdenum atoms is sandwiched between two layers of sulfur 

atoms. These layers are held together by weak van der Waals forces, allowing easy exfoliation 

into few-layer or monolayer forms. This structural characteristic not only enhances its surface 

area but also exposes a large number of active sites for interaction with gas molecules. A 

particularly important property of MoS₂ is the transition in its band structure as the material 

thickness is reduced. In its bulk form, MoS₂ exhibits an indirect bandgap of approximately 1.2 

eV. However, when thinned down to a monolayer, it undergoes a transition to a direct bandgap 

of about 1.8 eV. This change significantly enhances its optical and electronic properties, 

including carrier mobility and light–matter interaction. The direct bandgap in monolayer MoS₂ 

32
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leads to improved charge carrier dynamics, which is beneficial for sensing applications where 

rapid and efficient charge transfer is required. The high surface-to-volume ratio of MoS₂ further 

enhances its gas sensing capabilities. Since a large fraction of atoms are located at or near the 

surface, the material exhibits increased sensitivity to adsorbed species. Gas sensing in MoS₂ is 

primarily a surface-driven phenomenon, where the adsorption of gas molecules leads to charge 

transfer between the adsorbate and the sensing material. This interaction modifies the carrier 

concentration within the material, resulting in measurable changes in electrical resistance or 

conductivity. In addition to its structural advantages, MoS₂ exhibits excellent chemical stability, 

which is crucial for reliable sensor performance. It can maintain its structural integrity and 

functional properties even under varying environmental conditions, including exposure to 

reactive gases. This stability ensures consistent sensor response over prolonged periods, 

making it suitable for practical applications. The interaction between MoS₂ and gas molecules 

is strongly influenced by the presence of defects, particularly sulfur vacancies. These vacancies 

act as active sites for gas adsorption and significantly enhance the sensitivity of the material. 

They facilitate stronger binding of gas molecules and promote efficient charge transfer 

processes. As a result, defect engineering has become an important strategy for improving the 

performance of MoS₂-based gas sensors. MoS₂ has demonstrated excellent capability for 

detecting both oxidizing and reducing gases. In the presence of oxidizing gases such as nitrogen 

dioxide (NO₂), electrons are withdrawn from the MoS₂ surface, leading to a decrease in electron 

concentration. For n-type MoS₂, this results in an increase in electrical resistance. Conversely, 

when exposed to reducing gases such as hydrogen (H₂), electrons are donated to the material, 

increasing the carrier concentration and decreasing the resistance. This bidirectional response 

enables MoS₂ to function effectively as a versatile gas sensing material. The sensing 

mechanism in MoS₂ is predominantly governed by surface adsorption and charge transfer 

processes. When gas molecules come into contact with the surface, they interact with the 

available active sites and either donate or accept electrons depending on their chemical nature. 

This interaction alters the electronic structure of the material and modulates its conductivity. 

Because of the high sensitivity of MoS₂ to changes in carrier concentration, even low 

concentrations of gas molecules can produce a detectable signal. 

Another advantage of MoS₂ is its potential for low-temperature or room-temperature operation. 

Unlike conventional metal oxide sensors that require elevated temperatures to activate surface 

reactions, MoS₂ can effectively interact with gas molecules at relatively lower temperatures. 
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This reduces power consumption and enhances the practicality of the sensor for portable and 

wearable applications [31,32]. 

Furthermore, MoS₂ can be integrated with other materials to form heterostructures or 

composites, further enhancing its sensing performance. Such hybrid systems can exhibit 

improved selectivity, faster response times, and better stability due to synergistic effects 

between different materials. In summary, TMDs, particularly MoS2, provide a versatile 

platform for developing high-performance gas sensors due to their unique structural, electronic, 

and surface properties. Their ability to operate under relatively low temperatures and their 

compatibility with nanofabrication techniques make them strong candidates for next-

generation sensing devices. 

1.4 Gas Sensing Mechanism 

The gas sensing mechanism in semiconductor-based materials is primarily governed by the 

interaction between gas molecules and the surface of the sensing layer. This interaction leads 

to charge transfer processes that ultimately result in measurable changes in the electrical 

properties of the material, such as resistance or conductivity [31,32] 

In 2D nanomaterials like MoS2, the sensing behavior is strongly influenced by their high 

surface-to-volume ratio and the availability of active sites for gas adsorption. When the sensor 

is exposed to ambient air, oxygen molecules are first adsorbed onto the surface of the material. 

The nature and chemical state of oxygen species adsorbed on the surface of semiconductor 

materials are strongly influenced by the operating temperature. At lower temperatures, 

molecular oxygen is adsorbed on the surface by capturing electrons from the conduction band, 

forming superoxide ions. As the temperature increases, these species undergo further 

ionization, leading to the formation of more reactive oxygen ions. The temperature-dependent 

adsorption behavior can be represented by the following equilibria [33–35]: 

O2(gas) + e−1 ⟷ O2−(ads) when T < 200℃ 

1

2
O2(gas) + e−1 ⟷ O−(ads) when T > 250℃ 

 
1

2
O2(gas) + 2e−1 ⟷ O2−(ads) when T > 250℃ 
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These ionized oxygen species play a crucial role in gas sensing, as they participate in surface 

reactions with target gas molecules, thereby modulating the electrical properties of the sensing 

material [36,37]. 

Further, the sensing response occurs when the sensor is exposed to target gases, which can be 

broadly classified into oxidizing gases (e.g., NO2) and reducing gases (e.g., H2). 

(i) Interaction with Oxidizing Gases (NO2) 

Nitrogen dioxide is a strong oxidizing gas that tends to accept electrons from the sensing 

material. When NO2 molecules interact with the surface of MoS2, they capture electrons 

directly from the material or from the adsorbed oxygen species. This leads to a further reduction 

in electron concentration. 

In n-type materials like MoS2, this process results in an increase in resistance, as the number 

of charge carriers decreases. The adsorption of NO2 also enhances the depletion layer at the 

surface, which further contributes to the resistance change [38]. 

(ii) Interaction with Reducing Gases (H2) 

Reducing gases such as hydrogen behave in the opposite manner. When H2 molecules come 

into contact with the sensor surface, they react with the adsorbed oxygen ions. This reaction 

releases the trapped electrons back into the conduction band of the material [33,39]. 

As a result, the electron concentration increases, leading to a decrease in resistance in n-type 

materials like MoS2. This change in resistance is used as the sensing signal for hydrogen 

detection. 

(iii) Role of Surface Adsorption and Charge Transfer 

The efficiency of gas sensing largely depends on the adsorption-desorption dynamics and the 

extent of charge transfer between the gas molecules and the sensing material. Strong adsorption 

enhances sensitivity, while fast desorption ensures quick recovery. These processes are 

influenced by factors such as surface defects, morphology, and operating temperature [40,41]. 

(iv) Influence of Temperature and Structural Changes 

Temperature plays a crucial role in gas sensing performance. At higher temperatures, 

adsorption and reaction kinetics are enhanced, leading to faster response and recovery times. 

68
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However, excessive temperature may also cause desorption of gas molecules, reducing 

sensitivity [15,42,43]. 

Advanced characterization techniques such as in-situ X-ray diffraction (XRD) provide valuable 

insights into structural changes occurring in the sensing material during gas exposure. These 

studies reveal that interaction with gases like hydrogen can induce lattice modifications, phase 

changes, or strain variations in MoS2, which directly affect its sensing behaviour. Such 

structural evolution highlights the dynamic nature of gas-material interaction beyond simple 

surface adsorption. 

These processes collectively determine the sensitivity, selectivity, and response characteristics 

of the gas sensor [23,44]. 

1.5 Challenges and Strategies 

Despite significant advancements in gas sensing technologies, the development of highly 

efficient, reliable, and practical gas sensors remains a challenging task. Although materials such 

as MoS2 and other 2D nanostructures have demonstrated promising sensing performance, 

several limitations still hinder their large-scale application in real-world environments. 

(i) Key Challenges in Gas Sensing 

a) Low Selectivity 

One of the major challenges in gas sensing is poor selectivity. Many sensing materials respond 

similarly to different gases, making it difficult to distinguish a specific target gas such as NO2 

or H2 in the presence of other interfering gases. 

b) Slow Response and Recovery 

Pristine sensing materials often exhibit slow adsorption and desorption kinetics, leading to 

longer response and recovery times. This limits their use in real-time monitoring applications. 

c) Operating Temperature Requirement 

Several conventional gas sensors require high operating temperatures to achieve optimal 

performance. This results in increased power consumption and reduces the feasibility of 

portable or low-power devices. 
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d) Long-Term Stability Issues 

Over time, the sensing performance may degrade due to environmental factors, surface 

contamination, or structural changes in the material. Maintaining consistent performance over 

extended periods is a significant challenge. 

e) Humidity Interference 

Environmental humidity can strongly influence sensor response by competing with gas 

molecules for adsorption sites, thereby affecting accuracy and reliability. 

(ii) Strategies to Overcome Challenges 

To address these limitations, various material engineering and design strategies have been 

explored: 

a) Nanostructuring and Morphology Control 

The design and engineering of materials with well-controlled nanostructures play a crucial role 

in enhancing gas sensing performance. Morphologies such as nanosheets, nanoflowers, and 

porous architectures significantly increase the effective surface area of the sensing material, 

thereby providing a larger number of active sites for gas adsorption. This structural advantage 

facilitates stronger interaction between the gas molecules and the material surface, which is 

essential for efficient sensing. In particular, porous and hierarchical nanostructures enable easy 

diffusion of gas molecules throughout the material, ensuring uniform interaction and improved 

accessibility of active sites. As a result, the adsorption–desorption dynamics become more 

efficient, leading to faster response and recovery characteristics. Furthermore, the enhanced 

surface reactivity associated with such nanostructures promotes effective charge transfer 

between the adsorbed gas species and the sensing layer, resulting in a more pronounced change 

in electrical properties. Consequently, materials with controlled nanostructured morphologies 

exhibit significantly improved sensitivity, rapid response times, and lower detection limits, 

making them highly suitable for advanced gas sensing applications. 

b) Defect Engineering 

Introducing defects such as vacancies or edge sites creates additional active sites for gas 

interaction. In MoS2, sulfur vacancies significantly enhance adsorption strength and charge 

transfer, thereby improving sensing performance. In the case of molybdenum disulfide (MoS₂), 

sulfur vacancies are among the most commonly observed and functionally important defects. 

5
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These vacancies arise due to the absence of sulfur atoms in the lattice, leading to the formation 

of localized electronic states. As a result, these sites exhibit higher chemical reactivity and serve 

as preferential adsorption centers for gas molecules. The presence of sulfur vacancies enhances 

the binding strength between the gas molecules and the MoS₂ surface, which in turn promotes 

efficient charge transfer during adsorption [6-7]. 

c) Doping and Functionalization 

Doping of sensing materials with suitable metal or non-metal elements is an effective strategy 

for tuning their electronic and chemical properties, thereby enhancing gas sensing performance. 

The introduction of dopant atoms into the host lattice alters the electronic structure by 

modifying parameters such as band gap, carrier concentration, and defect states. These changes 

directly influence the interaction between the sensing material and gas molecules, leading to 

improved sensitivity and selectivity. For instance, dopants can act as electron donors or 

acceptors, facilitating charge transfer processes during gas adsorption and resulting in more 

pronounced variations in electrical conductivity [4,5]. Additionally, doping can create new 

active sites or modify existing ones, thereby enhancing the adsorption strength of specific 

gases. This enhanced charge transfer process leads to a significant modulation in the carrier 

concentration of the material, resulting in a more pronounced change in electrical resistance or 

conductivity. Consequently, the sensitivity of the sensor is greatly improved, even at low gas 

concentrations. Additionally, defect sites can influence the adsorption–desorption kinetics, 

contributing to faster response and recovery characteristics. Therefore, controlled introduction 

of defects, particularly sulfur vacancies in MoS₂, provides a powerful strategy for optimizing 

gas sensing performance by increasing adsorption efficiency and strengthening the charge 

transfer mechanism [7,8]. 

d) Heterostructure Formation 

Constructing heterostructures by combining different materials enhances charge transfer and 

creates built-in electric fields at the interface. This significantly improves response speed, 

selectivity, and overall sensing efficiency. In gas sensing applications, heterostructures provide 

multiple advantages over single-component materials. The presence of an interface increases 

the number of active sites available for gas adsorption and enhances the interaction between 

the sensing layer and the target gas molecules. When gas molecules adsorb onto the surface, 

the built-in electric field at the interface accelerates the charge transfer process, resulting in a 

more rapid and pronounced change in electrical conductivity. This leads to improved sensitivity 
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and significantly faster response and recovery times [6-9]. Moreover, heterostructures can be 

engineered to achieve enhanced selectivity by carefully choosing materials with 

complementary properties. For instance, combining a material with strong adsorption 

capability with another material having high charge mobility can create a synergistic effect that 

optimizes sensing performance. Additionally, the interface can act as a barrier or junction (such 

as p–n or n–n junctions), further influencing carrier transport and amplifying the sensing signal. 

e) Temperature Optimization and Room Temperature Operation 

Efforts are being made to develop sensors that can operate efficiently at or near room 

temperature. This reduces power consumption and enables integration into portable and 

wearable devices. Traditional gas sensors, particularly those based on metal oxide 

semiconductors, often require elevated operating temperatures to activate surface reactions 

between the sensing material and target gas molecules. This high-temperature requirement 

leads to increased power consumption, reduced device lifespan, and limited applicability in 

portable systems. In contrast, room-temperature sensing offers a more energy-efficient and 

practical solution for real-world applications. Operating at or near ambient conditions 

significantly reduces the energy requirements of the sensing device, making it highly suitable 

for battery-powered and low-power electronic systems. This is particularly important for 

applications such as environmental monitoring, indoor air quality assessment, and healthcare 

diagnostics, where continuous operation over extended periods is essential. Lower power 

consumption also minimizes heat generation, thereby improving the stability and reliability of 

the sensor. The development of room-temperature gas sensors is closely linked to the use of 

advanced materials such as nanostructured semiconductors and two-dimensional (2D) 

materials. These materials exhibit high surface reactivity and enhanced adsorption properties, 

enabling effective interaction with gas molecules even at lower temperatures. As a result, 

sufficient charge transfer can occur without the need for thermal activation, allowing the sensor 

to produce a measurable response under ambient conditions [6,12]. 

f) Advanced Characterization Techniques 

Techniques such as in-situ XRD and other real-time analysis methods help in understanding 

the dynamic interaction between gas molecules and sensing materials. This knowledge aids in 

designing more efficient and stable sensors. In gas sensing applications, the interaction between 

the sensing material and target gas is a highly dynamic process involving adsorption, 

desorption, charge transfer, and possible structural modifications. Traditional characterization 
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methods often fail to capture these transient processes, as they analyze the material either 

before or after gas exposure. In contrast, in-situ XRD allows direct observation of changes in 

crystal structure, phase composition, and lattice parameters during gas exposure. This provides 

valuable information about how the material responds to different gas environments at the 

atomic and crystallographic levels [5,19]. 

Overall, overcoming these challenges requires a combination of material design, structural 

engineering, and deeper understanding of gas–surface interactions. 2D materials like MoS2, 

when modified through advanced strategies such as doping, defect engineering, and 

heterostructure formation, offer a promising pathway toward the development of high-

performance gas sensors suitable for practical applications [16,32,45]. 

1.6 Thesis Problem 

The increasing demand for efficient gas sensing systems has driven extensive research toward 

the development of advanced materials capable of detecting hazardous gases with high 

sensitivity, selectivity, and stability. Among various target gases, NO2 and H2 are of particular 

importance due to their significant environmental and industrial impact. While NO2 poses 

serious health and environmental risks even at low concentrations, hydrogen, being highly 

flammable and explosive, requires reliable detection systems to ensure safety in energy and 

industrial applications. 

Although 2D materials such as MoS2 have shown promising potential for gas sensing, several 

limitations still persist. Pristine MoS2 often suffers from relatively slow response and recovery 

characteristics, limited selectivity toward specific gases, and performance instability under 

varying environmental conditions. Furthermore, the influence of operating parameters such as 

temperature and gas concentration on sensing behavior is not yet fully understood. 

Another important aspect that requires deeper investigation is the structural evolution of 

sensing materials during gas interaction. Conventional sensing studies primarily focus on 

electrical response, while the real-time structural changes occurring within the material during 

gas exposure are often overlooked. Understanding these changes is crucial for establishing a 

direct correlation between material properties and sensing performance. 

Therefore, the present research is focused on addressing these critical challenges by 

investigating the gas-sensing behaviour of nanostructured MoS2 under different environmental 

conditions. Special emphasis is placed on: 
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a) Understanding the interaction of MoS2 with hydrogen gas through advanced 

characterization techniques such as in-situ XRD 

b) Studying the influence of temperature and NO2 concentration on sensing performance  

c) Improving the overall sensing characteristics in terms of sensitivity, response, and 

stability  

This work aims to provide deeper insight into the structure-property-performance relationship 

of MoS2-based gas sensors, thereby contributing to the development of more efficient and 

reliable sensing devices for real-world applications. 

1.7 Objectives of the Thesis 

The present research is designed to systematically explore the gas sensing behavior of 2D 

MoS2-based materials through controlled synthesis, detailed characterization, and performance 

evaluation. The primary objectives of the proposed work are as follows: 

1. Extensive literature survey on 2D nanomaterials for gas sensing application.  

2. Synthesize MoS2 thin films with controlled morphology using CVD and sulfurization 

methods.  

3. Characterization of 2D Molybdenum Disulfide.  

4. Perform in-situ XRD studies of MoS2 under hydrogen exposure to understand structural 

stability.  

5. Investigate NO2 sensing performance as a function of temperature and concentration.  

The outcomes of this research, aimed at achieving the aforementioned objectives, are organized 

into six chapters, each summarized below. This structure reflects the comprehensive 

optimization of synthesis parameters carried out based on the findings from characterization 

studies and gas-sensing performance evaluations. 

1.8 Layout of Thesis 

The present thesis is systematically organized into five chapters, each addressing a distinct 

aspect of the research work with a logical progression from fundamental concepts to 

experimental investigations and final outcomes. The overall structure has been carefully 

designed to provide a comprehensive understanding of the synthesis, characterization, and gas 

1
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sensing performance of MoS₂-based systems. This organization ensures a coherent flow of 

information, allowing the reader to clearly follow the development of the study from 

conceptual background to detailed analysis and interpretation. Additionally, the structured 

approach enhances clarity, consistency, and continuity throughout the thesis, facilitating a 

deeper understanding of the material properties and their relevance to gas sensing applications. 

Chapter 1: Introduction and Background of Gas Sensing Using 2D Nanomaterials 

This chapter provides a comprehensive introduction to gas sensing technologies, covering the 

detection of both oxidizing gases (such as NO2) and reducing gases (such as H2). The increasing 

demand for energy-efficient sensors capable of operating at or near room temperature, with 

high sensitivity, selectivity, and stability, is critically discussed. Fundamental concepts of 

chemiresistive sensing, including surface adsorption and charge transfer mechanisms, are 

elaborated in detail. 

Furthermore, the chapter highlights the significance of nanostructured materials, particularly 

2D materials, in enhancing gas sensing performance. Among these, MoS2 is emphasized due 

to its unique structural, electronic, and surface properties, making it a promising candidate for 

gas sensing applications. Finally, existing limitations in current sensing technologies are 

identified, and the motivation and objectives of the present research work are clearly outlined. 

Chapter 2: Experimental Methodology – Synthesis, Characterization Techniques, and 

Gas Sensing Measurements 

This chapter describes the experimental procedures adopted for the synthesis and analysis of 

MoS2 thin films. TMDs, especially MoS2, are introduced due to their unique electrical, optical, 

and structural properties. Thin films are synthesized using electron beam (e-beam) deposition 

followed by sulfurization via chemical vapor deposition (CVD). Various characterization 

techniques such as XRD, Raman spectroscopy, atomic force microscopy (AFM), scanning 

electron microscopy (SEM), and energy-dispersive X-ray spectroscopy (EDX) are discussed 

in detail. Additionally, gas sensing measurement techniques are explained. 

Chapter 3: Investigation of MoS2-Hydrogen Interaction using In-situ X-ray Diffraction 

Studies 

In this chapter, we have examined those significant effects of hydrogen (H2) exposure on the 

structural properties of molybdenum disulfide (MoS2) thin films through in-situ X-ray 

64
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diffraction (XRD) analysis. Molybdenum (Mo) thin films were initially deposited using the 

electron beam (e-beam) deposition method and subsequently sulfurized via chemical vapor 

deposition (CVD) to obtain MoS2 thin films. The quality of the MoS2 films was optimized by 

varying the thickness of the Mo layer, sulfurization temperature, and the temperature of the Mo 

film. It was determined that crystalline MoS2 thin films with an optimal thickness of 20 nm can 

be achieved through sulfurization at 220 °C, while maintaining the Mo thin film at 600 °C. 

Pressure-dependent hydrogenation of the MoS2 thin films, as investigated by in-situ XRD, 

reveals an increase in crystallite size accompanied by a decrease in the relative intensity of the 

diffraction peaks with rising hydrogen pressure. Furthermore, a micro-strain of approximately 

6.3% is induced in the MoS2 films upon exposure to 1% and 10% hydrogen. Notably, the MoS2 

thin films remain predominantly stable up to a hydrogen pressure of 400 mbar; however, they 

undergo abrupt transformations and become entirely amorphous when the hydrogen gas 

pressure is subsequently elevated to 800 mbar. These observations of hydrogen-induced 

crystalline-amorphous phase transformation in MoS2 not only enhance the understanding of 

the interactions between MoS2 and hydrogen but also have critical implications for the 

application of MoS2 thin films in various devices. 

This work is published as Ramesh Kumar, Nitesh K. Chourasia, Pawan K. Kulriya, Mahesh 

Kumar, and Vinod Singh. "Investigation of MoS2-hydrogen interaction using in-situ X-ray 

diffraction studies." Applied Physics A 131, no. 1 (2025): 14. 

Chapter 4: Influence of Temperature and NO2 Concentration on the Sensing 

Performance of Nanostructured MoS2 

This chapter investigates the gas sensing behavior of nanostructured MoS2 thin films toward 

NO2 under varying temperature and concentration conditions. The films are fabricated using 

chemical vapor deposition and deposited on suitable substrates with optimized electrode 

configurations. Structural and morphological studies confirm the formation of uniform and 

crystalline MoS2 nanosheets. Gas sensing measurements show that the resistance of the sensor 

increases upon exposure to NO2, indicating n-type semiconducting behavior. The sensor 

exhibits enhanced response at elevated temperatures, along with good selectivity and 

reasonable response-recovery characteristics. The influence of temperature on sensing 

performance and defect formation is also discussed. 

This work is published as Ramesh Kumar, Jitendra Singh, Pawan K. Kulriya, Mahesh Kumar, 

and Vinod Singh. "Influence of temperature and NO2 concentration on the sensing performance 
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of nanostructured MoS2." Journal of Materials Science: Materials in Electronics 37, no. 5 

(2026): 383. 

Chapter 5: Conclusions, Future Scope, and Social Impact 

5.1 Conclusions 

This research work focused on the development and performance optimization of 2D MoS2-

based gas sensors for NO2 detection. The study systematically investigated synthesis strategies, 

structural stability, and sensing performance to address the limitations of conventional metal 

oxide gas sensors, particularly high operating temperature and high-power consumption. 

MoS2 thin films were successfully synthesized using e-beam deposition followed by 

sulfurization via CVD. Structural and morphological characterizations confirmed the formation 

of highly crystalline, uniform, and continuous MoS2 thin films with optimized thickness (~20 

nm). Raman spectroscopy, XRD, SEM, EDEX, AFM, and analysis verified phase purity and 

nanosheet morphology suitable for gas sensing applications. 

In-situ XRD studies under hydrogen exposure revealed important insights into the structural 

stability of MoS2. The films remained stable up to 400 mbar hydrogen pressure but exhibited 

crystalline-to-amorphous transformation at higher pressures (800 mbar), indicating pressure-

dependent structural evolution. These findings contribute to the understanding of gas-material 

interaction mechanisms and device reliability under reactive environments. 

Gas sensing investigations demonstrated that nanostructured MoS2 exhibits strong sensitivity 

toward NO2 gas. The sensor resistance increased upon exposure to NO2, confirming n-type 

semiconducting behaviour. The optimal sensing response (~14.2%) was achieved at 20 ppm 

NO2 concentration at 150 °C, with fast response and recovery times. The study further 

confirmed improved selectivity toward NO2 compared to other interfering gases. 

Overall, this work establishes MoS2 thin films as promising candidates for selective and 

efficient NO2 gas detection. The results highlight that careful optimization of synthesis 

parameters, thickness control, and operating temperature significantly enhances sensor 

performance. 

5.2 Future Scope 

a) Enhancement of room-temperature sensing performance through heterostructure 

formation and surface modification. 
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b) Investigation of long-term stability and humidity effects for practical applications. 

c) Theoretical studies to understand gas adsorption and charge transfer mechanisms. 

d) Integration of MoS2 sensors into portable and IoT-based environmental monitoring 

devices. 

5.3 Social Impact 

The development of high-performance NO2 gas sensors has significant societal and 

environmental implications: 

a) Environmental Monitoring: NO2 is a major air pollutant emitted from automobiles 

and industrial processes. Reliable detection systems contribute to pollution control and 

environmental safety. 

b) Public Health Protection: Exposure to NO2 even at low concentrations can cause 

severe respiratory diseases. Early detection systems can help prevent health hazards in 

urban and industrial environments. 

c) Industrial Safety: Real-time gas monitoring enhances workplace safety in chemical 

plants, refineries, and manufacturing industries. 

d) Sustainable Development: The development of low-power, room-temperature gas 

sensors supports energy-efficient technologies aligned with sustainable and green 

engineering practices. 

e) Smart Cities and IoT Integration: Advanced gas sensors can be integrated into smart 

city infrastructure for continuous air quality monitoring and automated pollution 

control systems. 
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Chapter 2  

Experimental Methodology – Synthesis and 

Characterization 

This chapter describes the experimental procedures adopted for the synthesis of MoS2 thin 

films, their subsequent sulfurization, and the detailed characterisation techniques used to 

analyse their structural and sensing properties. The methodology has been carefully designed 

to achieve high-quality, uniform, and reproducible films suitable for gas sensing applications. 

2.1 Preparation of Mo films 

The electron beam evaporation (e-beam) deposition method was employed for preparation of 

high-quality Mo thin films by using Mo target on Si/SiO2 substrate. The key advantages of this 

technique lie in its ability to produce high-purity Mo films with excellent control over thickness 

and microstructure, making it indispensable in various industries ranging from electronics to 

thin-film coatings and beyond [1,2]. At first, the substrates were cleaned with trichloroethylene 

followed by acetone, and alcohol to remove contaminations and native oxide. The base vacuum 

of the order of 2 x10-6 mbar was maintained with the help of rotary vane and turbo-molecular 

pump. The deposition rate is kept at a slow rate of 0.7 – 0.8 nm/sec for the uniformed and to 

achieve desired thickness. Three different thicknesses (5 nm, 10 nm, 20 nm) of Mo film were 

obtained by keeping the same deposition rate. The film deposited at the RT having black color 

which may be due to oxygen deficiency and a large number of defects. Therefore, 

these films were further annealed in oxygen ambient at temperature of 400 °C for duration of 

1 hour. After annealing, the color of films changed and they become totally transparent [3-5].  

2.2 Sulfurization of Mo films 

Sulfurization of Mo films is a fundamental process to transform deposited molybdenum (Mo) 

thin films into two-dimensional molybdenum disulfide (MoS2) layers. For this purpose, a 

double zone chemical vapor deposition (CVD) method was employed for the sulfurization. The 

sulfurization of thin film of 20 nm thickness were grown on Si/SiO2 substrates via double zone 

sulfurization using an ambient-pressure CVD technique as shown in Fig. 2.1. Flushing of the 

quartz tube using Argon gas stream, followed by continuous Ar flow for 15 min, was 
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performed. This reduces the oxygen content in the reactor prior to the sulfurization process. 

Before the experiment, a quartz boat containing 1.0 gm Sulphur powder (Sigma Aldrich, 

99.999%) was placed upstream in the heating ring, and the Si/SiO2 substrate covered with pre-

exfoliated Mo film was placed face up on another quartz boat and located in the middle of the 

tubular furnace, as shown in Fig. 2.1. The distance between the two quartz boats is about 150 

mm.  

 

 

Figure 2.1: Sulfurization of Mo films using double zone CVD technique. 

 

After that, the tubular furnace was heated to 600 °C at a rate of 20 °C/min. When the 

temperature of the tubular furnace rose to 470 °C, the Sulphur powder was heated to 200 °C 

through the heating ring at a rate of 20 °C/min. During this process, the Ar flow rate remained 

at 80 SCCM. After the growth time of 30 min, the furnace was cooled down naturally to room 

temperature with Ar flow of 100 SCCM.  

2.3 Designing and Fabrication of Gas Sensor Platform 

The 0.5 mm thick alumina substrate was used to create the gas sensor platform. The electrode 

pattern was made of metallic Molybdenum (Mo) with a layer thickness of 200 nm. Sputter 

deposition was used to deposit a thin layer of molybdenum (Mo). The electrode pattern was 

defined using a physical mask. The spacing was kept at 300 μm, and the electrode line width 

was 300 μm. The heating element (resistor) and gas sensor electrode were combined into a 
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single device platform. The dimensions of the sensor die were 3.0 mm by 3.0 mm. For gas 

sensing, the sensor was installed on the header of the customised transistor outline (TO) 

packages. After process parameters optimization, gas sensing layer (MoS2) was coated on the 

interdigital transducer electrodes (IDT). Humidity strongly influences Chemiresistive gas 

sensing by competing with target gas molecules for surface adsorption sites. In this study, 

sensing measurements were conducted under controlled dry air conditions to suppress 

humidity-related interference and to isolate the intrinsic interaction between NO2 molecules 

and the MoS2 sensing layer, thereby enabling clear evaluation of temperature-dependent 

sensing behaviour. The schematic and optical image of the MoS2 gas sensor device shown in 

Fig. 2.2. 

 

Figure 2.2: Schematic and optical image of the MoS2 gas sensor device showing the 

interdigitated electrodes used for resistance measurements and the integrated micro-heater for 

temperature control. 

 

2.4 Preparation of MoS2 films: 

Fig. 2.3 shows the schematic of three-zone tubular chemical vapour deposition furnace used to 

deposit the MoS2 thin film on the alumina substrate having dimensions of 3.0 mm by 3.0 mm. 

The thickness of MoS₂ film was kept ~20 nm to ensure continuous film coverage, high 
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crystallinity, and stable electrical contact with the interdigitated electrodes, while maintaining 

reliable controllability of the CVD growth process. We have also deposited thinner films (5 nm 

and 10 nm) which displayed discontinuity and increased contact resistance that were not found 

suitable for sensing applications. Similarly, thicker films can reduce surface sensitivity due to 

dominant bulk conduction pathways. Before deposition, the alumina substrate was first 

ultrasonically cleaned with acetone and isopropyl alcohol (IPA), and then gaseous nitrogen was 

used to dry it. An extra cleaning procedure was performed prior to the alumina substrate being 

put into the CVD furnace's middle zone. The quartz boat was filled with high purity (99.999 

%) of molybdenum trioxide (MoO3) and the alumina boat was filled with high purity (99.995 

%) sulfur procured from the Sigma Aldrich. The three zones for alumina are kept at 800 °C for 

the substrate, 650 °C for MoO3, and 200 °C for sulfur. High-purity Ar gas flowed with a mass 

flow controller (MFC) at 200 sccm during the growth process [6-8].  

 

Figure 2.3: Synthesis of MoS2 films using the three-zone chemical vapour deposition 

technique. 

 

2.5 X-ray Diffraction (XRD) Technique 

XRD is one of the most widely used and powerful characterisation techniques for analysing 

the structural properties of crystalline materials. It provides detailed information about crystal 

structure, phase composition, crystallite size, lattice parameters, strain, and degree of 

crystallinity. Due to its non-destructive nature and high accuracy, XRD has become an essential 
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tool in materials science, nanotechnology, and solid-state physics. The origin of XRD can be 

traced back to the early 20th century, when pioneering contributions by scientists such as 

Debye, Scherrer, and Hull established the foundation of powder diffraction techniques. These 

early developments enabled the understanding of diffraction patterns obtained from 

polycrystalline materials and laid the groundwork for modern crystallographic analysis. 

Over the years, XRD has undergone significant advancements, particularly with the integration 

of computational methods. A major breakthrough in this field was the introduction of the 

Rietveld refinement method, which allows full-pattern fitting of diffraction data using 

computer-based algorithms. This approach has greatly enhanced the accuracy of structural 

analysis and made it possible to interpret complex diffraction patterns with high precision. 

In contemporary research, XRD is not only used for basic phase identification but also for 

advanced structural investigations, including the analysis of nanoscale materials, defect 

structures, and microstrain [9,10]. The evolution of X-ray diffraction from its early use in 

simple diffraction experiments to its current role in sophisticated structural modeling reflects 

the remarkable advancements achieved in this technique over the past century. Initially, XRD 

was primarily employed for basic phase identification and determination of crystal structures 

using relatively simple analytical approaches. However, with the development of advanced 

instrumentation, improved detectors, and powerful computational methods, XRD has 

transformed into a highly precise and versatile tool for detailed structural analysis. Modern 

techniques, such as Rietveld refinement and whole-pattern fitting, allow accurate modeling of 

complex crystal systems, including nanostructured and multi-phase materials. These 

advancements have significantly enhanced the ability to extract detailed information about 

lattice parameters, crystallite size, strain, and atomic arrangements. Consequently, X-ray 

diffraction has become an indispensable technique in materials science, enabling 

comprehensive understanding and precise characterization of a wide range of materials [8-10]. 

2.5.1 Generation of X-rays 

X-rays used in diffraction studies are generated using a specially designed X-ray tube, which 

operates under high vacuum conditions. These electromagnetic radiations typically lie in the 

wavelength range of 0.1 Å to 100 Å, however, for crystallographic investigations, X-rays in 

the range of ~0.5 Å to 2.5 Å are most suitable, as they are comparable to the interatomic spacing 

in crystalline materials. The X-ray tube primarily consists of two main components: a cathode 

and an anode, enclosed within a vacuum chamber. The cathode generally comprises a tungsten 
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filament, which emits electrons when heated through the process of thermionic emission. When 

a high potential difference (typically 30–60 kV) is applied between the cathode and the anode, 

these emitted electrons are accelerated toward the anode target with high kinetic energy. 

The anode is usually made of copper, and when the high-energy electrons strike its surface, 

they transfer their energy to the atoms of the target material. This interaction leads to the 

ejection of inner-shell electrons (K-shell) from the copper atoms, creating vacancies. Electrons 

from higher energy levels (such as L or M shells) subsequently transition to fill these vacancies, 

resulting in the emission of characteristic X-rays [11-13,14]. 

The emitted X-rays consist mainly of two prominent lines, namely CuKα and CuKβ, with 

wavelengths of approximately 1.54 Å and 1.39 Å, respectively. For diffraction analysis, it is 

essential to obtain monochromatic radiation. This ensures accurate and reliable diffraction 

measurements. For precise X-ray diffraction analysis, it is therefore essential to utilize 

monochromatic radiation, which ensures that the diffraction peaks correspond to a single 

wavelength. To achieve this, a nickel filter is commonly incorporated into the XRD setup. The 

nickel filter selectively absorbs the higher-energy CuKβ radiation due to its suitable absorption 

edge, while allowing the CuKα radiation to pass through with minimal attenuation. As a result, 

the incident X-ray beam becomes effectively monochromatic, consisting predominantly of 

CuKα radiation with a wavelength of approximately 1.5406 Å [3-9]. 

The use of monochromatic radiation significantly improves the accuracy and reliability of 

diffraction measurements. It enhances peak sharpness and resolution, enabling precise 

determination of diffraction angles and interplanar spacings. Furthermore, it minimizes errors 

in peak indexing and phase identification, which are critical for structural analysis. The 

elimination of unwanted spectral components also ensures better signal-to-noise ratio, leading 

to more consistent and reproducible results. Therefore, the use of a nickel filter to isolate the 

CuKα line is a crucial step in obtaining high-quality diffraction data for detailed 

crystallographic investigations. 
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Figure 2.4: Schematic representation of the generation of X-rays in an X-ray tube.  

 

The generated X-ray beam is then directed toward the sample, where it interacts with the 

crystal lattice and produces diffraction patterns that can be analysed to extract structural 

information as represented by Fig. 2.4. 

2.5.2 Principle of X-ray Diffraction and Bragg’s Law 

The fundamental principle of X-ray diffraction is based on the interaction of incident X-rays 

with the periodic arrangement of atoms in a crystalline material. When a monochromatic X-

ray beam is directed onto a crystal, it is scattered by the electrons present in the atoms. Due to 

the regular arrangement of atoms in the crystal lattice, these scattered waves can interfere with 

each other, leading to the formation of a diffraction pattern. In a crystalline solid, atoms are 

arranged in parallel planes separated by a definite interplanar spacing denoted by d. When X-

rays strike these planes at a specific angle, they are reflected from successive atomic layers. 

The path difference between the reflected waves determines whether the interference will be 

constructive or destructive [16,17]. Constructive interference occurs when the path difference 

between the reflected X-rays is equal to an integral multiple of the wavelength of the incident 

radiation. This condition gives rise to intense diffraction peaks and is mathematically expressed 

by Bragg’s Law (Fig. 2.5): 

2dSin = n where,  

d = interplanar spacing  

θ = angle of incidence (Bragg angle)  

λ = wavelength of incident X-rays  

1
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n = order of diffraction (integer)  

 

Figure 2.5: Schematic representation of the diffraction of X-rays obeying Bragg's law. 

 

This relationship defines the condition under which diffraction maxima are observed. Only 

those planes that satisfy Bragg’s condition contribute to the diffraction pattern, resulting in 

peaks at specific angular positions. 

It is important to note that X-ray diffraction can occur only when the wavelength of the incident 

radiation is comparable to or smaller than twice the interplanar spacing of the crystal lattice, 

satisfying the condition λ ≤ 2 d. This requirement ensures that the incident X-rays are capable 

of interacting effectively with the periodic arrangement of atoms within the crystal. When this 

condition is fulfilled, constructive interference takes place at specific angles, leading to the 

formation of well-defined diffraction peaks. The angular positions of these diffraction peaks 

are directly related to the spacing between crystallographic planes and are governed by Bragg’s 

law. Therefore, analysis of peak positions allows precise determination of lattice parameters, 

crystal structure, and phase identification of the material. In addition to peak positions, the 

intensity of the diffraction peaks carries significant information about the internal arrangement 

of atoms within the crystal. Factors such as atomic scattering power, distribution of atoms 

within the unit cell, and crystal symmetry influence the observed intensity patterns. Moreover, 

variations in peak intensity and shape can also provide insights into crystallinity, preferred 

orientation (texture), and the presence of defects or strain within the material. By carefully 

analyzing both the angular positions and intensities of the diffraction peaks, a comprehensive 

understanding of the structural characteristics of the material can be achieved. Thus, X-ray 
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diffraction serves as a powerful tool for extracting detailed crystallographic information, 

enabling accurate evaluation of material properties at the atomic level [4,5]. 

2.5.3 Data Acquisition and Analysis 

In the present work, XRD measurements were performed using a Bruker D8 Advance 

diffractometer equipped with a CuKα radiation source (λ ≈ 1.5406 Å). The data were collected 

at room temperature using a step scanning method over a 2θ range of 10°-60°, with a step size 

of 0.02° and an appropriate scan rate. The obtained diffraction patterns were analyzed by 

comparing the peak positions with standard reference data available in the JCPDS (Joint 

Committee on Powder Diffraction Standards) database. This comparison enabled phase 

identification and confirmation of the formation of MoS2 structures. Furthermore, peak 

positions, intensities, and widths were carefully analyzed to evaluate crystallinity, structural 

quality, and possible lattice distortions in the synthesized films. 

2.5.4 In situ XRD setup 

It was used to probe the structural properties of the as prepared and hydrogenated MoS2 films. 

XRD patterns have been recorded using Bruker AXS D8 Advanced in-situ XRD facility 

equipped with Cu Kα source with wavelength 1.54 Å (40 kV and 40 mA power). The in-situ 

XRD setup has provision for creation of high vacuum using rotary vane pump and turbo-

molecular pump [4]. A gas injection facility is also integrated to injection the H2 gas in the 

controlled manner which allows us to record diffraction pattern in the controlled gas 

atmosphere. A schematic diagram of the in-situ XRD setup is shown in the Fig. 2.6. First, the 

MoS2 films were mounted on sample holder and a high vacuum order of 1x10-5 mbar was 

created. After that, diffraction pattern of the MoS2 films was recorded in the vacuum. Now, 

MoS2 films was exposed to different concentrations of H2 gas (3 %) mixed with noble gas 

Argon (Ar), one by one after different intervals of pressure ranging from 50 mbar to 900 mbar 

and diffraction pattern of the same sample is recorded after each pressure without changing 

position of sample. Since, all diffraction patterns are recorded on the same sample so effect of 

the sample-to-sample variation is ruled out [19,20]. This process also allows us to compare of 

intensity of the diffraction peaks with change in the pressure of the H2 gas. The data were 

recorded in locked coupled mode in the scan range of 2θ from 10º to 60º with step size of 0.02º 

at a scan speed of 0.25º/min.  

 

1
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Figure 2.6: Schematic representation of the in-situ XRD setup. 

2.6 Field Emission Scanning Electron Microscopy (FESEM) 

Field Emission Scanning Electron Microscopy (FESEM) is a highly advanced surface 

characterization technique that is extensively utilized for examining the morphology and 

microstructural features of materials at the nanoscale. It enables the acquisition of high-

resolution images by employing a finely focused beam of high-energy electrons instead of 

visible light, thereby overcoming the resolution limitations associated with optical microscopy. 

The interaction of this electron beam with the sample surface generates various signals that can 

be used to construct detailed images, allowing precise visualization of surface topography, 

grain boundaries, particle size distribution, and nanoscale features. One of the key advantages 

of FESEM over conventional scanning electron microscopy (SEM) lies in the use of a field 

emission electron source, which produces a highly coherent and intense electron beam with a 

very narrow energy distribution. This results in superior spatial resolution, improved depth of 

field, and enhanced image contrast. The finely focused electron probe enables the observation 

of extremely small features, often down to sub-nanometer scales, making FESEM particularly 

suitable for the analysis of nanostructured materials. In addition, the reduced beam divergence 

minimizes electrostatic distortions, leading to sharper and more accurate imaging of delicate 

1
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structures. FESEM is especially effective for studying a wide range of advanced materials, 

including thin films, nanocomposites, quantum dots, and two-dimensional layered materials 

such as MoS₂. These materials often exhibit complex surface morphologies and nanoscale 

features that require high-resolution imaging techniques for proper characterization. The ability 

of FESEM to provide detailed surface information makes it an indispensable tool for 

understanding growth mechanisms, surface roughness, defect formation, and structural 

uniformity. Furthermore, FESEM is considered a non-destructive technique, as it requires 

minimal sample preparation and does not significantly alter the intrinsic properties of the 

material under investigation. This allows repeated measurements and reliable analysis without 

compromising sample integrity. Due to its versatility and high performance, FESEM is widely 

employed across various scientific disciplines, including materials science, nanotechnology, 

and semiconductor research. It plays a crucial role in analyzing surface features, evaluating 

film quality, identifying microstructural defects, and correlating morphological characteristics 

with functional properties of materials [21-23]. 

2.6.1 Working Principle of FESEM 

The working principle of Field Emission Scanning Electron Microscopy (FESEM) is 

fundamentally based on the interaction of a highly energetic and finely focused electron beam 

with the surface of a specimen. In this technique, electrons are generated from a field emission 

gun (FEG), which operates under a strong electric field to extract electrons from a sharp 

metallic tip through quantum tunneling. These emitted electrons are then accelerated toward 

the sample surface under a high potential difference, typically in the range of several kilovolts, 

resulting in a high-energy electron beam. The accelerated electron beam is subsequently 

directed and focused into an extremely fine probe using a series of electromagnetic lenses and 

apertures. These lenses precisely control the trajectory and convergence of the electron beam, 

enabling it to achieve a very small spot size with high brightness and coherence. The focused 

beam is then scanned systematically across the surface of the specimen in a raster pattern using 

scanning coils, allowing point-by-point interaction with the material. When the incident 

electron beam interacts with the atoms present on the sample surface, a variety of signals are 

generated as a result of complex electron–matter interactions. These signals include secondary 

electrons, backscattered electrons, and characteristic X-rays, each providing unique and 

complementary information about the sample. Secondary electrons, which are low-energy 

electrons emitted from the near-surface region, are primarily used for imaging surface 
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morphology with high spatial resolution. Backscattered electrons, produced due to elastic 

scattering with atomic nuclei, provide compositional contrast based on the atomic number of 

the elements present. Characteristic X-rays, generated through electronic transitions within 

atoms, enable elemental analysis when detected using energy-dispersive spectroscopy (EDX). 

The combined analysis of these emitted signals allows FESEM to provide detailed insights into 

both the surface structure and compositional characteristics of the material. This makes FESEM 

an indispensable tool for high-resolution imaging and microstructural analysis of advanced 

materials. Among these, secondary electrons (SE) are most commonly used for imaging surface 

morphology because they originate from the top few nanometers of the sample and provide 

high-resolution surface details. The intensity of these emitted electrons is collected by detectors 

and converted into an image, which reflects the surface structure of the material. The entire 

system operates under high vacuum conditions to prevent scattering of electrons by air 

molecules and to ensure accurate signal detection [24,25]. The resolution of FESEM is mainly 

governed by the diameter of the electron beam and the efficiency of electron emission, which 

is significantly enhanced in field emission sources (Fig. 2.7). 

 

Figure 2.7: Schematic representation of FESEM instrumentation setup. 
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2.6.2 Electron-Matter Interaction in FESEM 

The interaction between the incident electron beam and the specimen in FESEM is a complex 

process that results in the generation of multiple types of signals. Each of these signals carries 

distinct information about the surface and compositional characteristics of the material. As 

illustrated in Fig. 2.X, the primary interaction leads to the emission of secondary electrons, 

backscattered electrons, characteristic X-rays, and Auger electrons. When the high-energy 

primary electron beam strikes the sample surface, it transfers energy to the loosely bound outer-

shell electrons of the atoms. If this transferred energy exceeds the binding energy, these 

electrons are ejected from the surface and are known as secondary electrons (SE). Due to their 

low kinetic energy and limited escape depth, secondary electrons originate from the near-

surface region of the specimen. As a result, they provide highly detailed information about 

surface morphology and are primarily used for high-resolution topographical imaging [26,27]. 

In addition to secondary electrons, backscattered electrons (BSE) are also generated as a result 

of elastic interactions between the incident electrons and the atomic nuclei of the specimen. 

These electrons are scattered back toward the detector with relatively higher energy. The 

intensity of the backscattered electron signal strongly depends on the atomic number (Z) of the 

elements present in the sample. Materials with higher atomic numbers produce a stronger BSE 

signal, enabling compositional contrast imaging. This makes BSE imaging particularly useful 

for distinguishing different phases in multi-component or heterogeneous materials. 

Another important signal generated during electron–matter interaction is characteristic X-ray 

radiation. This occurs when primary electrons displace inner-shell electrons from atoms in the 

specimen, creating vacancies. Electrons from higher energy levels subsequently fill these 

vacancies, releasing energy in the form of X-ray photons with element-specific energies. These 

characteristic X-rays are analyzed using energy-dispersive X-ray spectroscopy (EDX), 

allowing both qualitative and quantitative elemental analysis of the material (Fig. 2.8). 

In addition, Auger electrons are produced through a process similar to X-ray emission. 

However, instead of emitting an X-ray photon, the energy released during electronic transitions 

is transferred to another electron, which is then emitted from the atom. Auger electrons are 

highly surface-sensitive and provide valuable information about the elemental composition of 

the topmost atomic layers [28-30]. When combined with X-ray analysis, they enhance the 

overall accuracy of compositional characterization. 
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Figure 2.8: Interaction of electrons with the specimen in FESEM. 

 

2.6.3 Advantages and Applications of FESEM 

Field Emission Scanning Electron Microscopy (FESEM) is a highly advanced and versatile 

characterization technique that enables detailed investigation of surface morphology and 

elemental composition at extremely high magnifications. It provides high-resolution imaging 

by utilizing a finely focused electron beam, allowing precise visualization of nanoscale features 

such as grain boundaries, particle distribution, and surface irregularities. One of the most 

significant advantages of FESEM is its ability to achieve exceptionally high spatial resolution, 

often reaching values as fine as ~0.5 nm, which makes it particularly suitable for studying 

nanostructured materials. 

In addition to its superior resolution, FESEM offers an almost unlimited depth of field, which 

ensures that a larger portion of the sample surface remains in focus simultaneously. This feature 

is especially beneficial when analyzing samples with complex or uneven topographies, as it 

provides clear and well-defined images across varying surface heights. The enhanced depth of 

field, combined with high brightness and contrast, enables accurate interpretation of surface 

features without the need for extensive sample preparation. Furthermore, FESEM not only 

provides morphological information but also allows compositional analysis when integrated 
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with detectors such as energy-dispersive X-ray spectroscopy (EDX). This capability makes it 

a powerful tool for correlating structural and elemental characteristics of materials. Due to 

these advantages, FESEM has become an indispensable technique in fields such as materials 

science, nanotechnology, and semiconductor research, where precise analysis of surface 

features at the nanoscale is essential. Compared to conventional scanning electron microscopy, 

FESEM offers superior imaging performance due to the use of a field emission source, which 

produces a highly focused and stable electron beam. This results in sharper images with 

enhanced contrast and significantly reduced electrostatic distortions. These features make 

FESEM particularly suitable for investigating nanoscale structures and surface characteristics 

with high precision. Due to its versatility, FESEM finds wide applications across various 

scientific and engineering disciplines. It is extensively used in physics for structural analysis 

of materials, in chemistry for studying surface reactions, in biology for high-resolution imaging 

of cellular structures, and in materials science for examining the morphology of advanced 

nanomaterials. Additionally, it plays a crucial role in electronics for microchip inspection and 

failure analysis. The combination of high resolution, compositional sensitivity, and imaging 

accuracy makes FESEM an indispensable tool in both academic research and industrial 

applications, where detailed understanding of micro- and nanoscale structures is essential. 

2.6.4 FESEM Analysis in the Present Work 

In the present study, the surface morphology of the synthesized nanomaterials was examined 

using a Zeiss Gemini SEM 500. This analysis provided valuable insights into the surface 

features, morphology, and structural uniformity of the prepared samples. 

2.7 Atomic Force Microscopy (AFM) 

AFM is a high-resolution surface characterization technique widely used to study the 

topography and surface properties of materials at the nanometer scale. Unlike electron 

microscopy techniques, AFM does not rely on electron beams but instead uses a sharp probe 

to scan the surface of a specimen. This makes it particularly suitable for analyzing both 

conductive and non-conductive materials without requiring complex sample preparation 

[31,32]. 

Atomic Force Microscopy (AFM) provides three-dimensional surface information with 

exceptionally high spatial resolution, enabling detailed investigation of surface roughness, 

grain size, and various nanoscale features. By scanning a sharp probe across the surface of a 
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material, AFM can generate precise topographical maps that reveal subtle variations in height 

and texture at the nanometer or even sub-nanometer level. This capability makes it particularly 

useful for studying thin films, nanostructures, and layered materials, where surface 

characteristics play a critical role in determining functional properties. 

In addition to topographical imaging, AFM can also provide quantitative information about 

surface parameters such as roughness, particle distribution, and grain boundaries. These 

measurements are essential for understanding growth mechanisms, surface uniformity, and the 

influence of morphology on material performance. Furthermore, AFM operates under ambient 

or controlled environmental conditions and does not require conductive coatings or extensive 

sample preparation, which preserves the intrinsic properties of the material. Due to its 

versatility and non-destructive nature, AFM has become an indispensable tool in nanoscience, 

materials research, and surface engineering. It is widely employed for characterizing a broad 

range of materials, including semiconductors, polymers, biological samples, and two-

dimensional materials. Its ability to provide high-resolution, three-dimensional imaging along 

with quantitative surface analysis makes AFM a powerful technique for correlating surface 

morphology with physical and chemical properties in nanoscale materials research, and thin-

film characterization, especially for studying layered materials such as MoS₂. 

 

 

Figure 2.9: Instrumental set of Atomic Force Microscopy. 
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2.7.1 Working Principle of AFM 

The working principle of Atomic Force Microscopy (AFM) is based on the interaction forces 

between a sharp probe tip and the surface of the sample. The core component of the AFM 

system is a microfabricated cantilever with an extremely sharp tip, typically having a radius of 

curvature in the nanometer range, positioned at its free end. This tip is brought very close to 

the sample surface and scanned across it in a controlled manner to probe surface features at the 

nanoscale. As the tip approaches the sample surface, various intermolecular forces come into 

play, including van der Waals forces, electrostatic interactions, capillary forces, and short-range 

repulsive forces. The nature and magnitude of these forces depend strongly on the distance 

between the tip and the sample. At relatively larger distances, attractive forces dominate, while 

at very small separations, repulsive forces become significant due to the overlap of electron 

clouds. These interaction forces cause the cantilever to deflect either upward or downward 

depending on whether the force is attractive or repulsive. The deflection of the cantilever is 

detected with high precision using an optical detection system. A laser beam is focused onto 

the back surface of the cantilever, and the reflected beam is directed onto a position-sensitive 

photodetector. Any minute deflection in the cantilever results in a corresponding shift in the 

position of the reflected laser spot on the detector. This shift is converted into an electrical 

signal, which is then processed to determine the surface profile of the sample. As the tip scans 

the surface in a raster pattern, the variations in cantilever deflection are continuously recorded 

and translated into a high-resolution three-dimensional image of the surface. This enables 

detailed mapping of surface morphology, roughness, and nanoscale features with exceptional 

accuracy. The precise control of tip–sample interaction, combined with sensitive detection of 

cantilever deflection, allows AFM to provide reliable and quantitative surface characterization. 

As the probe tip scans the sample surface in a systematic raster pattern, the variations in 

cantilever deflection caused by tip–sample interactions are continuously monitored and 

recorded. These deflection signals are processed through a feedback control system, which 

adjusts the vertical position of the scanner to maintain a constant interaction force or oscillation 

amplitude, depending on the operating mode. The recorded data are then translated into a high-

resolution topographical image that represents the three-dimensional surface profile of the 

sample. This imaging process enables precise mapping of surface features, including height 

variations, grain boundaries, and nanoscale structures, with exceptional accuracy. Due to its 
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ability to detect extremely small changes in surface height, AFM can achieve spatial resolution 

at the nanometer and even sub-nanometer scale, making it a powerful tool for detailed surface 

characterization of advanced materials (Fig. 2.9). 

Atomic Force Microscopy (AFM) can be operated in several distinct modes depending on the 

nature of the interaction between the probe tip and the sample surface, with each mode offering 

specific advantages for different types of materials and applications. In contact mode, the 

probe tip remains in continuous physical contact with the sample surface throughout the 

scanning process. The interaction forces between the tip and the surface cause deflections in 

the cantilever, which are directly translated into topographical information. While this mode 

provides high spatial resolution and is effective for hard surfaces, it can introduce significant 

lateral forces that may damage soft, fragile, or loosely bound nanostructures. Additionally, 

prolonged contact may lead to tip wear or sample deformation, limiting its applicability for 

delicate materials. In contrast, non-contact mode operates by oscillating the cantilever at a 

small distance above the sample surface without making direct contact. In this mode, the tip 

primarily experiences long-range attractive forces such as van der Waals interactions. The 

variations in these forces alter the oscillation amplitude or frequency of the cantilever, which 

is used to generate surface images. Non-contact mode is particularly advantageous for studying 

soft or sensitive materials, as it minimizes the risk of surface damage. However, due to weaker 

interaction forces, it may offer lower resolution and reduced signal strength compared to 

contact-based techniques. A more commonly employed and versatile mode is the tapping mode, 

also known as intermittent contact mode. In this mode, the cantilever oscillates at or near its 

resonance frequency, and the tip intermittently makes brief contact with the sample surface 

during each oscillation cycle. This significantly reduces lateral forces and minimizes friction 

between the tip and the sample, thereby preserving the integrity of both the tip and the 

specimen. Tapping mode provides a balance between high resolution and reduced sample 

damage, making it particularly suitable for imaging nanostructured materials, thin films, and 

biological samples. Furthermore, it allows simultaneous measurement of additional properties 

such as phase contrast, which can provide insights into material composition and mechanical 

properties. 

Among these operational modes, tapping mode is most widely preferred for the 

characterization of nanomaterials due to its ability to deliver high-quality images while 
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minimizing surface damage and deformation. Its adaptability and reliability make it an essential 

technique for accurate nanoscale surface analysis in advanced material systems. 

2.7.2 Tip-Sample Interaction Forces and Image Formation 

In AFM, the interaction between the probe tip and the sample surface is governed by various 

intermolecular forces. These include van der Waals forces, electrostatic forces, capillary forces, 

and short-range repulsive forces. The nature and magnitude of these forces depend on the 

distance between the tip and the sample surface. 

At larger distances, attractive forces such as van der Waals interactions dominate, whereas at 

very small separations, repulsive forces arise due to overlap of electron clouds. The balance 

between these forces determines the operating mode of the AFM and influences the quality of 

the obtained images. 

During scanning, the cantilever deflection caused by these interaction forces is continuously 

monitored by the laser–photodetector system. In contact mode, the deflection is directly related 

to the surface height, while in tapping and non-contact modes, the oscillation amplitude or 

frequency of the cantilever is used as the feedback parameter [33,34]. 

The collected signal is processed through a feedback mechanism that adjusts the vertical 

position (z-direction) of the scanner to maintain a constant interaction between the tip and the 

surface. The recorded height variations are then converted into a three-dimensional 

topographical image, providing detailed information about surface morphology, roughness, and 

nanoscale features. 

2.7.3 AFM Analysis in the Present Work 

In the present study, Atomic Force Microscopy was employed to investigate the surface 

morphology and nanoscale features of the synthesized thin films. AFM analysis provided 

valuable information regarding surface roughness, uniformity, and grain distribution of the 

prepared samples. NTMDTNTEGRA-prima instrument was used to perform atomic force 

microscopy (AFM) for the roughness measurements of thin film surface. 

The measurements were carried out using a high-resolution AFM system under ambient 

conditions. The obtained topographical images enabled a detailed understanding of the surface 

characteristics, which play a crucial role in determining the gas sensing performance of the 
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material. In particular, the surface roughness and distribution of nanostructures influence the 

adsorption of gas molecules and the overall sensing efficiency. 

2.8 Raman Spectroscopy 

Raman spectroscopy is a powerful, non-destructive optical characterization technique widely 

used to investigate the vibrational, rotational, and structural properties of materials. It is 

particularly effective for studying crystalline and nanostructured materials, including two-

dimensional (2D) materials such as MoS₂. The technique provides detailed information about 

molecular bonding, crystal structure, phase identification, and lattice dynamics. 

One of the key advantages of Raman spectroscopy is its ability to probe materials without 

extensive sample preparation, while offering high sensitivity to subtle structural changes. In 

the case of layered materials like MoS₂, Raman analysis plays a crucial role in determining the 

number of layers, crystallinity, and presence of defects [35,36]. 

2.8.1 Working Principle of Raman Spectroscopy 

The working principle of Raman spectroscopy is based on the inelastic scattering of 

monochromatic light, typically generated from a laser source, when it interacts with the 

molecules or lattice vibrations (phonons) of a material. When a beam of incident photons 

strikes the sample, the majority of the light is scattered elastically without any change in energy 

or wavelength, a process known as Rayleigh scattering. However, a very small fraction of the 

incident photons—typically less than one in a million—undergoes inelastic scattering, resulting 

in a shift in energy due to interaction with the vibrational modes of the material. This 

phenomenon is referred to as Raman scattering and forms the basis of Raman spectroscopy. In 

Raman scattering, the energy difference between the incident and scattered photons 

corresponds to the vibrational energy levels of the molecules or the crystal lattice. This energy 

difference is known as the Raman shift and is commonly expressed in units of inverse 

centimeters (cm⁻¹). The Raman shift provides a unique spectral fingerprint of the material, as 

it reflects the specific vibrational modes associated with its molecular structure, bonding 

environment, and crystallographic arrangement. Based on the direction of energy transfer 

during the scattering process, Raman scattering is classified into two types: Stokes scattering 

and Anti-Stokes scattering. In Stokes scattering, the scattered photons possess lower energy 

(longer wavelength) than the incident photons because a portion of the photon energy is 

transferred to the material, exciting it to a higher vibrational state. In contrast, Anti-Stokes 

1
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scattering occurs when the scattered photons gain energy (shorter wavelength) from the 

material, which is initially in an excited vibrational state. As a result, the photon emerges with 

higher energy than the incident radiation. 

Among these two types, Stokes lines are generally more intense and are more commonly used 

for analytical purposes. This is because, at room temperature, most molecules exist in their 

ground vibrational state, making Stokes scattering more probable than Anti-Stokes scattering. 

Consequently, Raman spectroscopy primarily relies on the analysis of Stokes spectra to extract 

structural, chemical, and vibrational information about the material. 

2.8.2 Basic Instrumentation 

A typical Raman spectroscopy system consists of several key components that work together 

to generate, collect, and analyze the Raman signal, as illustrated in Fig. 2.10. The primary 

component is the laser source, which provides a monochromatic and coherent beam of light 

used to excite the sample. Commonly used lasers operate in the visible or near-infrared region 

and are selected based on the nature of the material and the desired depth of penetration. The 

laser beam is directed toward the sample through an optical system comprising lenses and 

mirrors, which focus the light onto a small spot on the sample surface and simultaneously 

collect the scattered radiation. The light scattered from the sample contains both Rayleigh 

(elastically scattered) and Raman (inelastically scattered) components. To isolate the weak 

Raman signal, optical filters are employed to effectively remove the intense Rayleigh scattered 

light, ensuring that only the inelastically scattered photons reach the detection system. The 

filtered light is then directed into a monochromator, typically equipped with a diffraction 

grating, which spatially separates the scattered light according to its wavelength. This 

separation is essential for resolving different Raman shifts corresponding to various vibrational 

modes of the material [8-11]. 

The dispersed light is subsequently detected using a highly sensitive charge-coupled device 

(CCD) detector, which converts the optical signal into an electrical signal for further 

processing. The CCD detector is capable of capturing weak Raman signals with high sensitivity 

and resolution, enabling accurate measurement of spectral features. The final output is a Raman 

spectrum, which represents the intensity of scattered light as a function of Raman shift (usually 

expressed in cm⁻¹). This spectrum serves as a unique fingerprint of the material, providing 

detailed information about its vibrational modes, molecular structure, bonding characteristics, 

and crystallinity. Thus, the integration of these components—laser source, optical system, 

8
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filters, monochromator, and detector—enables precise and reliable Raman measurements, 

making the technique a powerful tool for structural and chemical characterization of materials 

[12,17]. 

 

 

Figure 2.10: Instrumental set up of Raman Spectrometer. 

  

2.8.3 Raman Modes of MoS₂ and Structural Analysis 

Raman spectroscopy plays a crucial role in confirming the formation and evaluating the 

structural quality of MoS₂ thin films. It is a highly sensitive and non-destructive technique that 

provides valuable information about the vibrational properties of materials, making it 

particularly suitable for the characterization of layered transition metal dichalcogenides. The 

presence of characteristic Raman features in the recorded spectrum serves as clear evidence for 

the successful synthesis and crystallinity of MoS₂. In layered materials such as MoS₂, Raman 

spectroscopy reveals distinct vibrational modes associated with the movement of atoms within 

the crystal lattice. These vibrational modes arise from both in-plane and out-of-plane atomic 

motions, which are influenced by the bonding environment and interlayer interactions. The 

position, intensity, and shape of the observed Raman peaks are highly sensitive to structural 

parameters such as layer thickness, crystallinity, defects, and strain. Changes in peak positions 

or broadening of the Raman signals can indicate variations in lattice structure, presence of 

defects, or external influences such as stress and substrate interaction. Additionally, the relative 
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intensity of different vibrational modes can provide insights into the uniformity and quality of 

the thin films. As the number of layers increases, subtle shifts in the Raman features are often 

observed, reflecting changes in interlayer coupling and vibrational dynamics. 

Thus, Raman spectroscopy serves as an effective tool not only for confirming the formation of 

MoS₂ but also for assessing its structural integrity, layer-dependent characteristics, and overall 

material quality. Its ability to provide rapid, non-destructive, and detailed structural information 

makes it indispensable for the study of two-dimensional materials and their applications. 

Raman spectroscopy plays a crucial role in confirming the formation and structural quality of 

MoS₂ thin films. In layered transition metal dichalcogenides such as MoS₂, two prominent 

Raman-active vibrational modes are typically observed, namely the 𝑬𝟐𝒈
𝟏  (in-plane mode) and 

the 𝑨𝟏𝒈 (out-of-plane mode). 

• The 𝑬𝟐𝒈
𝟏  mode corresponds to the in-plane vibration of molybdenum and sulfur atoms 

in opposite directions.  

• The 𝑨𝟏𝒈 mode represents the out-of-plane vibration of sulfur atoms perpendicular to 

the basal plane.  

The positions of these peaks are sensitive to the number of layers, strain, and defects present 

in the material. Typically, the separation between these two peaks increases with an increase in 

the number of layers. Therefore, Raman spectroscopy provides a convenient and reliable 

method to estimate layer thickness and assess the structural integrity of MoS₂ [37-39]. 

In addition, variations in the position and shape of Raman peaks provide important insights 

into the structural condition of the material. Any noticeable shift in peak position or broadening 

of the Raman features may indicate the presence of lattice strain, structural defects, or 

interactions between the film and the underlying substrate. Such changes can arise due to 

factors such as residual stress during film growth, defects like vacancies or dislocations, or 

external influences including temperature and surface interactions. Peak broadening is often 

associated with reduced crystallinity or increased disorder within the lattice, while peak shifts 

can reflect alterations in interatomic spacing. Therefore, careful analysis of these spectral 

features enables a deeper understanding of the structural quality and integrity of the material. 

As a result, Raman spectroscopy serves as a powerful and reliable tool for assessing material 

quality, identifying defects, and evaluating the overall performance potential of the synthesized 

films. 
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2.8.4 Raman Analysis in the Present Work 

In the present study, Raman spectroscopy was employed to investigate the structural properties 

and confirm the formation of MoS₂ thin films. The Raman spectra were recorded using a 

suitable excitation laser under ambient conditions. 

The observed Raman peaks corresponding to the 𝑬𝟐𝒈
𝟏  and 𝑨𝟏𝒈 modes confirmed the successful 

synthesis of MoS₂. The peak positions, intensity, and separation between these modes were 

analyzed to evaluate the crystallinity, layer thickness, and structural quality of the films. 

This analysis provided essential insights into the material properties, which are directly related 

to its gas sensing performance. 
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Chapter 3 

Investigation of MoS2-hydrogen interaction using in-

situ X-ray diffraction studies 

3.1 Introduction 

In recent decades, the realm of nanomaterials has witnessed an extraordinary surge in interest, 

with researchers exploring the diverse and intriguing properties of two-dimensional (2D) 

materials. Among these materials, molybdenum disulfide (MoS2), a transition metal 

dichalcogenide (TMD), has emerged as a standout candidate for applications spanning 

electronics, optoelectronics, energy storage, photodetectors and catalysis.[1-5] This versatile 

2D material has attracted significant attention due to its unique structural and electronic 

characteristics, making it an exciting platform for cutting-edge research and technological 

advancement.[6,7] The interaction between 2D materials with various gases is an area of 

profound significance because it underpins their potential utilization in gas-sensing devices, 

catalytic reactions [8], and gas storage systems.[9,10] Understanding how gases interact with 

MoS2 at the atomic and structural level is also crucial for optimizing its performance in these 

applications. 

Globally, the matter of energy has become a cause for widespread apprehension, 

primarily driven by the depletion of fossil fuels. The escalation in energy demand is principally 

fueled by two paramount factors: the rapid expansion of the world's population and the 

concurrent elevation in the average standard of living.[11] In the contemporary context, the 

most urgent challenges faced by the society is navigating the endeavor to fulfill the growing 

energy requirements amid substantial limitations imposed by the diminishing reservoirs of 

traditional fuels such as coal, oil, and natural gas.[12] In addition, hydrogen gas (H2), in 

particular, has garnered immense interest as a clean and sustainable energy carrier. The global 

interest in H2 energy has grown substantially primarily attributed to its remarkably high heat 

combustion rate. Beyond its impressive combustion capabilities, H2 energy offers a crucial 

advantage by fostering independence from finite fossil fuel resources. Unlike nonrenewable 

energy sources, H2 combustion results in the generation of clean combustion products, 

contributing to a more environmentally sustainable energy landscape.[13,14,15] 
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Today, H2 gas is widely employed in various sectors, including oil refining, chemical 

industry, space transportation, medicine and aerospace. However, due to its high explosiveness 

and flammability when its concentration exceeds 4% of the environment volume (attributed to 

its low ignition energy of 0.017 mJ), even a minor H2 leakage poses serious risks.[14] To 

mitigate potential hazards and ensure safe H2 operations, there is a need for a highly sensitive, 

selective, fast-recovery, and responsive H2 gas sensor to detect leakages promptly. MoS2, with 

its unique surface properties and catalytic potential, can be used in various technological 

applications such as LDH-based heterostructures as electrode materials for water splitting, 

energy storage devices and H2-related technologies.[16,17] MoS2 can be prepared by various 

methods such as hierarchical NiCo-LDH@MoS2/CuS heterostructure (HS) was prepared by 

facile two-step hydrothermal synthesis, A facile chemically exfoliated combined microwave-

assisted method was used to synthesize MoS2·ZnO nanocomposites. [17, 18] Among them, 

preparation of MoS2 thin film by evaporation of Mo using e-beam technique followed by 

sulphuration in CVD techniques offers unique advantages such as this method provides high 

control over MoS2 film thickness and crystallinity, especially compared to simpler, more 

scalable methods like thermal decomposition. However, it is more complex and expensive than 

other methods. Much like graphene, MoS2 is composed of layers arranged in a vertical 

stack.[19] Each individual layer is created through covalent bonding between molybdenum 

(Mo) and sulfur (S) atoms. The cohesion between adjacent layers is facilitated by the presence 

of relatively weak van der Waals forces. This structural similarity highlights the layered nature 

of MoS2, where the combination of covalent bonds within layers and van der Waals forces 

between layers contributes to its unique properties and versatile applications.[19] The presence 

of weak van der Waals interactions in MoS2 enables gas molecules to easily infiltrate and 

diffuse between its layers. 

Consequently, the resistance of MoS2 can undergo significant changes as a result of the 

adsorption and diffusion of gas molecules within these layers. This property makes MoS2 

highly responsive to the presence of gases, offering potential applications in gas sensing and 

related fields where the material's electrical conductivity can be modulated by the interaction 

with different gas species. The interaction between MoS2 and H2 gas is governed by a multitude 

of factors, including temperature, pressure, and the structural integrity of MoS2.[20,21] These 

factors intricately influence the adsorption, diffusion, and subsequent chemical reactions of H2 

on the MoS2 surface.[22,37] To delve into the intricacies of this interaction and gain a 

comprehensive understanding, in-situ characterization techniques have become invaluable 
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tools. Among these techniques, in-situ X-ray diffraction (XRD) stands out as a powerful 

technique for monitoring structural changes in materials during gas-solid interactions.[23] By 

allowing real-time observation of atomic rearrangements and phase transformations, in-situ 

XRD offers unique insights into the dynamics and thermodynamics of these interactions.[24] 

To the best of our knowledge, there is no report on the structural properties of MoS2 on the 

exposure to the hydrogen gas.  

This chapter presents a systematic and detailed investigation into the MoS2-H2 gas 

interaction at different pressures using in-situ X-ray diffraction studies. In the case of 

nanostructured materials, there could be sample to sample variation during synthesis which 

leads to modification in the structural properties when they are exposed to hydrogen gas and 

later investigated using off-line XRD. Here, state-of-art in-situ XRD facility has been used in 

which all the studies has conducted in the same sample without changing experimental 

conditions. Our objective is to unravel the structural modifications that occur within MoS2 

under varying H2 pressures and to elucidate the underlying mechanisms that govern this 

intricate interaction. This research is a crucial step towards realizing how MoS2 behaves in the 

presence of H2 gas, offering fundamental insights into the design, engineering, and optimization 

of MoS2-based catalytic systems for H2-related applications. Throughout this chapter, we will 

explore the current state of knowledge regarding the interaction between MoS2 and H2 gas, 

laying the foundation for our in-depth investigation. The unique properties of MoS2, the 

significance of H2 gas as an energy carrier, and the key challenges in harnessing MoS2's 

potential for H2-related applications is also discussed. In the subsequent sections, we will delve 

into the experimental methodology, data analysis, and results obtained from our in-situ X-ray 

diffraction studies on MoS2- H2 gas interactions at different pressures. The findings of this 

research not only enhance our fundamental knowledge of MoS2's behavior but also provide 

valuable guidance for the design and development of advanced catalytic systems and H2 storage 

materials, contributing to the ongoing efforts towards a sustainable energy future. 

3.2 Experimental section  

3.2.1 Preparation of Mo films: 

The electron beam evaporation (e-beam) deposition method was employed for preparation of 

high-quality Mo thin films by using Mo target on Si/SiO2 substrate. The key advantages of this 

technique lie in its ability to produce high-purity Mo films with excellent control over thickness 

and microstructure, making it indispensable in various industries ranging from electronics to 
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thin-film coatings and beyond.[25,26] At first, the substrates were cleaned with 

trichloroethylene followed by acetone, and alcohol to remove contaminations and native oxide. 

The base vacuum of the order of 2 x10-6 mbar was maintained with the help of rotary vane and 

turbo-molecular pump. The deposition rate is kept at a slow rate of 0.7 – 0.8 nm/sec for the 

uniformed and to achieve desired thickness. Three different thicknesses (5 nm, 10 nm, 20 nm) 

of Mo film were obtained by keeping the same deposition rate. The film deposited at the RT 

having black color which may be due to oxygen deficiency and a large number of defects. 

Therefore, these films were further annealed in oxygen ambient at temperature of 400 

°C for duration of 1 hour. After annealing, the color of films changed and they become totally 

transparent.  

3.2.2 Sulfurization of Mo films: 

Sulfurization of Mo films is a fundamental process to transform deposited molybdenum (Mo) 

thin films into two-dimensional molybdenum disulfide (MoS2) layers. For this purpose, a 

double zone chemical vapor deposition (CVD) method was employed for the sulfurization. The 

sulfurization of thin film of 20 nm thickness were grown on Si/SiO2 substrates via double zone 

sulfurization using an ambient-pressure CVD technique as shown in figure 3.1.  

 

Figure 3.1: Sulfurization of Mo films using double zone CVD technique 

Flushing of the quartz tube using Argon gas stream, followed by continuous Ar flow for 15 

min, was performed. This reduces the oxygen content in the reactor prior to the sulfurization 

process. Before the experiment, a quartz boat containing 1.0 gm Sulphur powder (Sigma 

Aldrich, 99.999%) was placed upstream in the heating ring, and the Si/SiO2 substrate covered 

with pre-exfoliated Mo film was placed face up on another quartz boat and located in the middle 

of the tubular furnace, as shown in figure 3.1. The distance between the two quartz boats is 
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about 150 mm. After that, the tubular furnace was heated to 600 °C at a rate of 20 °C/min. 

When the temperature of the tubular furnace rose to 470 °C, the Sulphur powder was heated to 

200 °C through the heating ring at a rate of 20 °C/min. During this process, the Ar flow rate 

remained at 80 SCCM. After the growth time of 30 min, the furnace was cooled down naturally 

to room temperature with Ar flow of 100 SCCM.  

3.2.3 Characterizations 

XRD along with Raman spectroscopy was used to probe the structural properties of the as 

prepared and hydrogenated MoS2 films. XRD patterns have been recorded using Bruker AXS 

D8 Advanced in-situ XRD facility equipped with Cu Kα source with wavelength 1.54 Å (40 

kV and 40 mA power). The in-situ XRD setup has provision for creation of high vacuum using 

rotary vane pump and turbo-molecular pump.[24] A gas injection facility is also integrated to 

injection the H2 gas in the controlled manner which allows us to record diffraction pattern in 

the controlled gas atmosphere. A schematic diagram of the in-situ XRD setup is shown in the 

figure 3.2. First, the MoS2 films were mounted on sample holder and a high vacuum order of 

1x10-5 mbar was created. After that, diffraction pattern of the MoS2 films was recorded in the 

vacuum. Now, MoS2 films was exposed to different concentrations of H2 gas (3 %) mixed with 

noble gas Argon (Ar), one by one after different intervals of pressure ranging from 50 mbar to 

900 mbar and diffraction pattern of the same sample is recorded after each pressure without 

changing position of sample. Since, all diffraction patterns are recorded on the same sample so 

effect of the sample-to-sample variation is ruled out. This process also allows us to compare of 

intensity of the diffraction peaks with change in the pressure of the H2 gas. The data were 

recorded in locked coupled mode in the scan range of 2θ from 10º to 60º with step size of 0.02º 

at a scan speed of 0.25º/min.  
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Figure 3.2: Schematic diagram of the in-situ XRD setup 

 

Raman spectroscopy was performed on pure and MoS2 samples exposed with different H2 

concentrations using Renishaw Invia Raman microscope with Argon laser as source (514.5 nm 

wavelength) for the scan range of 100 – 3200 cm-1. The topography of the MoS2 films including 

pristine were studied using Digital Instruments Nanoscope IIIa atomic force microscope 

(AFM) in the tapping mode. 

3.3 Results and discussion 

3.3.1 Structural Properties of the as-prepared MoS2 thin film 

Glancing angle X-ray diffraction (GIXRD) studies was carried out to understand the effect of 

film thickness, molybdenum temperature and sulfurization temperature on crystallinity and 

phase formation in the molybdenum thin film deposited on Si/SiO2 substrate.   

3.3.1.1 Effect of Mo film thickness: 

Thin film of molybdenum having thickness of 5 nm and 10 nm films has been prepared using 

electron beam evaporation techniques. In order to understand the effect of film thickness on 

MoS2 phase formation, these films were exposed to various synthesis conditions of varied 

molybdenum and sulfur temperatures (molybdenum at 550 oC, 600 oC, 650 oC and sulfur at 

180 oC, 200 oC, 220 oC, 300 oC). Figure 3.3 shows the GIXRD pattern of MoS2 thin films of 

the different thickness of (a) 5 nm, (b) 10 nm and (c) 20 nm, prepared by keeping molybdenum 
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and sulfur at different temperature (molybdenum at 550 oC, 600 oC, 650 oC and sulfur at 180 

oC, 200 oC, 220 oC, 300 oC), respectively. It is clear from the GIXRD plot of Figure 3.3 (a) that 

MoS2 phase does not form in the case of 5 nm for all process temperatures except Mo 600 oC 

and Sulfur 200 oC. When film thickness is increased to 10 nm then sharp peaks are visible at 

2 value of 14.3, 25.4, 39.0 and 58.4 corresponding to (002), (004), (103) and (110) planes, 

respectively. The peaks well matched with JCPDS No. 37-1492, which confirms the successful 

synthesis of polycrystalline hexagonal-phase MoS2 in the case of 10 nm films. This also shows 

that crystallinity is improved with increase in the film thickness. It may be noted that crystalline 

phase was not formed when the sulfurization was done at 300 oC by keeping Mo at 600 oC.  

This could be due to suppress of Mo/S interaction at the elected temperature. When thickness 

of the Mo film was subsequently increased to 20 nm then high quality MoS2 phase was formed 

in all the experimental condition used in the present study. In addition, the GIXRD analysis 

clearly exhibits that the MoS2 thin film (20 nm) corresponding to synthesis parameter (Mo 

temperature 650 oC and sulfurization temperature 220 oC) is the optimum condition to get high 

quality film due to presence of all peaks related to MoS2 only. It may be noted that other 

synthesis condition of MoS2 thin film (20 nm) film also contains polycrystalline MoS2 phase 

but they have lesser intensity peaks as well as some impurity peaks.  

 

Figure 3.3: GIXRD analysis of MoS2 thin films having (a) 5 nm, (b) 10 nm and (c) 20 nm 

thickness 
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3.3.1.2 Effect of process temperature 

In order the understand the detailed investigation of process temperature on the structural 

properties and crystalline quality of the films, the XRD pattern of Mo (20 nm) synthesized at 

varying (a) Mo temperature and (b) sulfurization temperature are plotted in Figure 3.4. The 

process temperature effect can be studied by either varying the temperature of Mo film or the 

temperature of sulphur powder while keeping other at fixed temperature during synthesis of 

MoS2 thin film. In the first case, the sulfurization temperature was kept at 220 oC and Mo thin 

film temperature was varied from 550 oC to 650 oC. When the annealing temperature of Mo 

film was 550 oC then few peaks of the MoS2 can be clearly seen [Figure 3.4.a]. As the annealing 

temperature of Mo was subsequently increased to 600 oC then single phase MoS2 film was 

synthesized. It contains all the peaks corresponding to hexagonal phase of the MoS2. After that, 

the annealing temperature of the Mo was further increased to 650 oC then surprisingly all the 

peaks were disappeared and amorphous phase was formed. This indicates that the crystalline 

MoS2 phase does not formed due to less interaction of sulphur at elevated temperature. Thus, 

highly crystalline single phase MoS2 film can be synthesized by sulfurization at 220 oC by 

keeping Mo thin films at 600 oC. In order to understand the effect of sulfurization temperature 

on quality of the film, it was varied from 180 oC to 220 oC by keeping Mo thin films at the 

temperature of 600 oC. XRD pattern displayed in Figure 3.4(b) shows that intensity of the 

diffraction peaks are increasing with increase in the sulfurization temperature. Highly 

crystalline thin films of MoS2 can be synthesized at the sulfurization temperature of 220 oC by 

keeping Mo thin films at 600 oC. 

 

Figure 3.4: MoS2 thin film synthesis with varying (a) sulfurization temperature (b) Mo film 
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Thus, based on the results presented above, one can conclude that optimum process parameters 

such as film thickness (20 nm), Mo thin film temperaure (600 oC) and sulfurization temperature 

(220 oC) are required for getting good quality thin films of the MoS2.  

 

3.3.2 Surface Morphology 

Scanning electron microscopy (SEM) was used for determining the surface morphology of as-

prepared MoS2 thin films (20 nm) grown under optimized conditions. A typical SEM image of 

the MoS2 thin film is shown in Figure 3.5(a). As can be seen from the image, the MoS2 

nanosheets were uniformly grown on the substrate and it appears smooth, homogeneous and 

without topography contrast. The particle size from the SEM images is estimated using ImageJ 

software. The Figure 3.5(b) represents particle size distribution histogram which gives an 

estimation of average particle size. The calculated average particle size is 0.63± 0.20 μm. The 

compositions of MoS2 thin film were investigated using energy dispersive spectroscopy (EDS) 

and tabulated in the Figure 3.5(c). The elemental distribution shows that sample primarily 

consists of Mo, O, S and Si. The extra Si element is also observed due to the Si/SiO2 substrate.  

Page 74 of 111 - Integrity Submission Submission ID trn:oid:::3618:137510421

Page 74 of 111 - Integrity Submission Submission ID trn:oid:::3618:137510421



66 
 

  
 
 
 

RAMESH KUMAR Ch 3:  Investigation of Mos2-Hydrogen… 

  

 

Figure 3.5 (a) SEM image of MoS2 thin film prepared on Si/SiO2 substrate (b) size distribution 

histogram (c) elemental distribution of MoS2 thin film 

 

Atomic force microscope (AFM) technique was also used to compare and analyze the surface 

characteristics of Mo and MoS2 thin film with different thickness. Figure 3.6 shows the AFM 

images of Mo thin films of different thickness of (a) 5 nm, (b) 10 nm and (c) 20 nm. The surface 

roughness of these films was calculated using Nasoscope analysis 1.7 software and found to be 

0.85 nm, 21 nm and 4.1 nm for 5 nm, 10 nm and 20 nm thick films, respectively. From the 

AFM image, one can conclude that the 20 nm thin film is of superior quality as compared to 

other films. In addition, all the MoS2 thin film of different thickness have very low root-mean-

squared (RMS) surface roughness as shown in figure 3.6 d), e) and f). The low roughness 

minimizes surface defects, carrier scattering and ensuring a consistent and uniform interaction 

with analytes. The detailed of the film parameter has been shown in Table 3.1. 

 

Display name Standard data Quantification 

method

Result type

Spc_001 Standardless ZAF Metal

Element Line Mass% Atom%

O K 23.35 0.39 35.89

Si K 71.32 62.45

S K 0.56 0.43

Mo L 4.78 1.22

Total 100.00 100.00

Spc_001 Fitting ratio 0.0593
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Figure 3.6:  AFM image of Mo thin film with the thickness of, (a) 5 nm, (b) 10 nm, and (c) 20 

nm and MoS2 thin film with the thickness of (d) 5 nm, (e) 10 nm, (f) 20 nm 

 

Table 3.1: The variation in the roughness of MoS2 thin films with film thickness 

 

 

 

 

 

 

As one can be seen from the AFM image and Table 3.1, the roughness of the film having 5 nm 

thicknesses is lower than 20 nm thick film. Although, roughness of the 20 nm thick film is 

higher but it is used for further in-situ structural investigation because its crystallinity is very 

good and display all the characteristics peaks of MoS2, which can be seen from GIXRD.  

Formation of single phase MoS2 and presence of the short rang order is further probed by the 

Raman spectroscopy technique. It is a powerful technique used to analyze the vibrational 

modes of materials, providing valuable information about their structure and composition. In 

the case of MoS2 films, Raman spectroscopy not only offers insights into the quality and 

a) b) c)

d) e) f)

S.No. Thickness of film (nm) Roughness of film 

(nm) 

1 5 0.85 

2 10 2.1 

3 20 4.1 
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characteristics of the deposited material but also provides information about the phonon modes 

in MoS2, which are related to the vibrational motion of atoms within the crystal lattice.  

Raman spectrum of the MoS2 thin films (t = 20 nm) is shown in the Figure 3.7. It exhibits the 

distinctive signal of 2H-MoS2, with no apparent traces of polymer residue, carbon 

contamination or oxides. 

 

 

 

 

 

 

 

 

 

 

Figure 3.7: Raman spectra of the MoS2 thin films of 20 nm thicknesses grown by vapor phase 

sulfurization of Mo thin films. 

 

Raman spectrum comprises signature peaks E1
2g at the wavenumber of 385 cm-1 corresponding 

to the in-plane vibrational modes of the MoS2 lattice (in-plane vibration between Mo and S 

atom). and A1g  at the wavenumber of 405 cm-1 represents the out-of-plane vibrations of the 

MoS2 layers (out-of-plane expansion between S atom).[26,27,33] Generally, the A1g mode 

gives the significant information about the van der Waals force among the adjacent MoS2 

layers, because of out-of-plane interaction with the adjacent atoms.[28,34] In this context, the 

presence of two distinct Raman peaks suggests that the MoS2 film exhibits hexagonal 

coordination (2H) rather than the trigonal prismatic configuration (1T) as observed in 

mechanically exfoliated MoS2.[29,32] Additionally, the frequency difference of these two 

peaks is found to be 20 cm–1, which can be ascribed a few layers of MoS2 thin film.[30,32]  

The well-matched characteristics peaks is a clear evidence of the formation of the impurity free 

single phase MoS2.  

3.3.3 Hydrogenation of MoS2: Pressure Effect 

To understand MoS2-H2 kinetic, an in-situ XRD studies was performed on MoS2 thin film (20 

nm) by exposing it to pure H2 gas a pressure varying from vacuum to 1000 mbar. The 
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diffraction was recorded in the vacuum and different hydrogen pressure at the measurement 

parameters of the diffractometer and without changing position of sample.  Figure 3.8 (a) shows 

in-situ XRD patterns of as-prepared MoS2 thin films in the vacuum and on exposure to H2 

environment by varying its pressure between vacuum to 1000 mbar. It shows that few new 

peaks were appeared even on film exposed to a very low pressure of H2 (50 mbar). This clearly 

indicates very high sensitivity of MoS2 towards H2 gas at the room temperature. When the H2 

pressure is further increased from 50 mbar to 100 mbar, then intensity of the diffraction peaks 

are decreased. But, observation of new peaks and phase change was not observed event 

pressure of the H gas increased to 200 mbar.  As H2 gas pressure is subsequently increased up 

to 400 mbar then drastic reduction in the diffraction peaks is observed. This indicates that a 

large lattice strain and defects are produced by hydrogen if the pressure is P> 400 mbar. The 

production of the excessive defects generates structural distortion which leads to amorphization 

of the MoS2. As the H2 pressure is further increased to 1000 mbar, diffraction peak intensity 

corresponding to different planes tends to deteriorate and it vanishes completely at 1000 mbar 

pressure. On the basis of the diffraction data, one can infer that MoS2 remains predominantly 

stable within the H2 pressure range from vacuum to 400 mbar. However, beyond this pressure 

range, MoS2 thin films undergo significant and abrupt transformations and it completely loses 

it phase at 1000 mbar pressure. To understand the H2 pressure induced lattice micro-strain in 

the MoS2 films, the inter-planer spacing of pure and hydrogenated MoS2 was calculated. The 

variation in the inter-planer spacing (d) with H2 pressure is shown in figure 3.8 (b). It exhibits 

that the inter-planer spacing increases with increase in the H2 pressure which confirms the 

production of the lattice strain due to hydrogenation. Due to increase in hydrogen pressure from 

vacuum to 1000 mbar, the MoS2 (002) inter planar spacing was observed. It was noticed that 

inter-planar spacing is a function of in-situ hydrogen pressure. Before exposure to hydrogen 

gas the inter-planar spacing of (002) plane was observed c= 12.25Å such as khan et al.  XRD 

study shows hexagonal structure of few-layers of MoS2 with observed (0 0 2) plane, with 

lattice parameter is ≈12.28 A° [29,37]. Subsequently, in-situ hydrogen pressure was increased 

to 50 mbar and corresponding inter-planar spacing was observed d=11.87Å, which was 

measured using XRD technique. The in-situ hydrogen pressure was increased up to 1000 mbar. 

The inter-planar spacing at 800 mbar and 100 mbar hydrogen pressure are d=11.89Å and 13.58 

Å, respectively. This shows that the inter-planar spacing was almost constant up to 800 mbar 

hydrogen pressure. Further, there was a drastic increase in inter-planar spacing when pressure 

was increased from 800 to 1000 mbar which could leads to phase change in the MoS2. This 
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shows that there is a significant increase in inter-planar spacing due to hydrogen pressure. So, 

this threshold level of hydrogen pressure significantly affects the crystalline properties of MoS2 

structure. Thus, hydrogen pressure of 800 mbar can be considered as a transition pressure.  

Apart from that relative change in the inter planer spacing (dp- d0)/d0 was also calculated. Here, 

d0 and dP are inter planar spacing in vacuum and at a specific hydrogen pressure respective. 

The variation in the (dp- d0)/d0 with pressure is shown in figure 3.8c). The results indicates that 

as pressure in increasing the inter planar spacing is also increasing.  

 

Figure 3.8 (a) In-situ XRD pattern of MoS2 thin film (20 nm) recorded under vacuum and 

exposure to different H2 gas pressure. The variation of (b) interplaner spacing  and (c) relative 

change in the inter planar spacing (dp- d0)/d0  at different H2 gas pressure. 
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Figure 3.9: Change in the crystallite size vs partial pressure calculated for the diffraction peaks 

appeared at (a) 14.3o, (b) 25.4o and (c) 39.4o 

 

The crystalline size of MoS2 films exposed at various H2 partial pressures was estimated from 

the XRD data presented in the Figure 3.8. It was calculated using Scherrer equation which is 

expressed as: 

𝐷 =
𝐾𝜆

𝛽cos⁡(𝜃)
                                                                                                                          (3.3) 

Where, D is the average crystallite size., K is the shape factor, typically around 0.9, λ is the 

wavelength of the X-ray radiation used for the diffraction, 𝛽 is the full width at half maximum 

(FWHM) of the diffraction peak and 𝜃 is the Bragg angle. Figure 3.9 shows variation in the 

crystallite size with H2 partial pressure for diffraction peaks appeared at the (a) 14.3o, (b) 25.4o 

and (c) 39.4o, corresponding to (002), (004) and (103) planes, respectively. It is evident that the 

crystallite size of MoS2 thin films is increasing with H2 gas pressure for all three crystalline 

planes which may be due to hydrogen-induced recrystallization. Hydrogen being a reducing 

agent can promote the removal of oxygen-containing functional groups and defects from the 

MoS2 surface which leads to a more pristine and ordered atomic arrangement. Hydrogen 

induced reduction process may also facilitate the coalescence and growth of crystallites, 

promoting larger crystal sizes. Additionally, H2 exposure can influence the energetics of grain 

boundaries, encouraging the migration and coarsening of grains.[29,30,31]  
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In order to understand the influence of hydrogenation on the crystallinity of the MoS2 films, 

change of relative intensity (I/I0) of all the characteristics peaks of MoS2 with H2 gas pressure 

is determined. Here, I0 and I are the intensity of diffraction peak recorded in vacuum and at a 

particular pressure of H2. Figure 3.10 (a) shows the variation in the relative intensity (I/I0) with 

H2 gas pressure. It shows that relative intensity of three characteristics peaks is reduced as the 

pressure of the H2 gas is increased. This clearly shows that crystallinity of the MoS2 is 

deteriorating on the exposure to H2 gas. It may be noted that effect of hydrogenation on the 

peak appearing at the diffraction angle of 14.3o is negligible. The variation in relative intensity 

(I/I0) for peaks appearing at the 25.4o and 39.15o are fitted using exponential function.  

 

Figure 3.10 (a) XRD relative intensity vs pressure 14.3o,  25.4o  and 39.0o, (b) Relative plane 

intensity I(004)/I(103 vs pressure (mbar) 

 

Apart from this, to understand the H2 induced preferred orientation, change in relative intensity 

corresponding to (004) plane and (103) plane with the variation of the pressure is also 

calculated. Figure 3.10 (b) displays a change in the relative plane intensity I(004)/I(103) with 

partial pressure of H2 It displays that the I(004)/I(103) is decreased with increase in the pressure 

of H2 gas. This suggest that there is preferred orientation along the (103) plan of the MoS2. In 

order to validate H2 storage materials, a detail understanding comes from these studies 

[8,26,35]. This confirms that the H2 makes a great impact through interaction on the crystal 

structure of MoS2 thin film.  
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3.4 Conclusion 

In synthesis process parameters optimization and hydrogenation properties of the molybdenum 

thin films of different thickness prepared using e-beam deposition technique followed by 

sulfurization using CVD system are reported. Optimization of viz, film thickness, sulfurization 

temperature by keeping Mo thin film at fixed temperature and Mo film temperature by keeping 

fixed sulfurization temperature has been carried out for getting highly crystalline MoS2 film 

and confirmed its structural, micro-structural and compositional analysis using GIXRD, SEM, 

EDX, Raman spectroscopy techniques. The structural properties investigations confirms that 

crystalline MoS2 thin films having optimum thickness of 20 nm can be prepared by 

sulfurization at 220 oC while keeping Mo thin film at 600 oC. The pressure dependent 

hydrogenation of the MoS2 thin films investigated using in-situ XRD technique suggests that 

MoS2 thin film remains predominantly stable within the pressure range from vacuum to 400 

mbar. However, it undergoes significant and abrupt transformations when hydrogen gas 

pressure is subsequently increased.  The MoS2 thin films become completely amorphous at 800 

mbar pressure. Thus, observation of order-disorder phase transformation has not only depended 

the understanding of MoS2-H2 interactions but also important for utilization of the MoS2 thin 

films in the devices.  
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Chapter 4 

Influence of Temperature and NO2 Concentration on  

the Sensing Performance of Nanostructured MoS2 

4.1 Introduction 

Detection of toxic gases such as nitrogen dioxide (NO2) is essential for safeguarding human 

health, ensuring workplace safety, and monitoring environmental pollution. NO2, a by-product 

of combustion in vehicles and industrial processes, is harmful even at low concentrations (as 

low as 10–20 parts per million (ppm)) and can cause severe respiratory, neurological, and 

cardiovascular issues at higher exposures. Conventional gas sensors based on metal oxide 

semiconductors (e.g., SnO2, ZnO, WO3) offer low cost and robustness but often require high 

operating temperatures (>200 °C), suffer from poor selectivity, and show slow recovery times, 

particularly in humid or complex gas environments [1–3]. Two-dimensional (2D) transition 

metal dichalcogenides (TMDs), and in particular molybdenum disulfide (MoS2), have emerged 

as promising alternatives for next-generation gas sensors. MoS₂ offers a high specific surface 

area, tunable bandgap (1.2–1.8 eV), rich surface chemistry, and strong adsorption affinity for 

oxidizing gases such as NO2 [4,5]. Its layered structure provides abundant active sites 

(including edge defects and sulfur vacancies) that facilitate charge transfer upon gas adsorption, 

enabling detection at lower temperatures and with higher selectivity than many metal oxides 

[6].  

Furthermore, MoS2 demonstrates better chemical stability in oxidizing environments 

compared to other 2D materials such as black phosphorus or MXenes, which are prone to 

degradation in air [7]. Recent studies have explored MoS2 in both pristine and hybrid forms. 

For example, Park et al. (2022) demonstrated room-temperature NO2 detection using few-layer 

MoS2 with UV activation, achieving a detection limit of 50 ppb [8]. Zhang et al. (2023) reported 

MoS2–ZnO heterostructures with enhanced sensitivity and recovery speed due to synergistic 

band alignment effects [9]. Similarly, MoS2/graphene hybrids have been shown to combine 

high carrier mobility with strong adsorption, yielding ultrafast responses under ambient 

conditions [10]. The graphene/MoS2 hybrids also displayed an enhanced performance in 
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several applications, such as lithium-ion batteries [10], supercapacitors [11], field-effect 

transistors (FETs) [12], and photodetectors [13]. Enhancement in the sensing efficiency in 

MoS2/graphene hybrid materials is observed due to electric charge transport via 

heterojunction's structure and its unique electronic structure, which is mediated by band energy 

synchronisation [14]. The ultra-thin MoS2 sensor demonstrated an impressive 

reaction/recovery against NO2 gas with excellent stability and repeatability as compared to 

other target gases such as H2, NH3, SO2, CO2 [15].  

Compared to these binary and ternary systems, pure MoS₂ offers the advantage of simpler 

synthesis, well-controlled film quality, and fewer interfacial complications, while still 

achieving competitive performance when growth parameters and electrode design are 

optimized. In addition, it also requires an inert environment for gas detection due to MoS2's 

low stability and selectivity. Despite these advances, the influence of operating temperature 

and gas concentration on the intrinsic NO2 sensing properties of well-defined nanostructured 

MoS2 films remains insufficiently explored. Most prior works focus on room-temperature 

performance or hybrid material systems, leaving a gap in understanding the temperature-

dependent kinetics and stability of pure MoS2 in NO2-rich and potentially harsh environments.  

In this chapter, we systematically investigate the effect of both temperature (50–150 

°C) and NO2 concentration (1–100 ppm) on the sensing performance of CVD-grown MoS2 thin 

films with optimized interdigitated electrodes. The sensor exhibited high selectivity, fast 

response (102 sec) and recovery (94 sec) time at 20 ppm concentration of NO2 at 150 °C. In 

addition, significantly improvement in response at high temperature and structural defects at 

higher concentrations is also observed. The results provide insights into the trade-offs between 

response magnitude, speed, and long-term stability, offering guidance for designing MoS2-

based sensors for industrial and environmental monitoring. 

4.2 Experimental Sections 

4.2.1 Designing and Fabrication of Gas Sensor Platform 

The 0.5 mm thick alumina substrate was used to create the gas sensor platform. The electrode 

pattern was made of metallic Molybdenum (Mo) with a layer thickness of 200 nm. Sputter 

deposition was used to deposit a thin layer of molybdenum (Mo). The electrode pattern was 

defined using a physical mask. The spacing was kept at 300 μm, and the electrode line width 

was 300 μm. The heating element (resistor) and gas sensor electrode were combined into a 

single device platform. The dimensions of the sensor die were 3.0 mm by 3.0 mm. For gas 
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sensing, the sensor was installed on the header of the customised transistor outline (TO) 

packages. After process parameters optimization, gas sensing layer (MoS2) was coated on the 

interdigital transducer electrodes (IDT). Humidity strongly influences Chemiresistive gas 

sensing by competing with target gas molecules for surface adsorption sites. In this study, 

sensing measurements were conducted under controlled dry air conditions to suppress 

humidity-related interference and to isolate the intrinsic interaction between NO2 molecules 

and the MoS2 sensing layer, thereby enabling clear evaluation of temperature-dependent 

sensing behaviour. The schematic and optical image of the MoS2 gas sensor device shown in 

Figure 4.1. 

 

Figure 4. 1: Schematic and optical image of the MoS2 gas sensor device showing the 

interdigitated electrodes used for resistance measurements and the integrated micro-heater for 

temperature control. 

 

4.2.2 Preparation of MoS2 films: 

Figure 4.2 shows the schematic of three-zone tubular CVD furnace used to deposit the MoS2 

thin film on the alumina substrate having dimensions of 3.0 mm by 3.0 mm. The thickness of 

MoS₂ film was kept ~20 nm to ensure continuous film coverage, high crystallinity, and stable 

electrical contact with the interdigitated electrodes, while maintaining reliable controllability 
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of the CVD growth process. We have also deposited thinner films (5 nm and 10 nm) which 

displayed discontinuity and increased contact resistance that were not found suitable for 

sensing applications. Similarly, thicker films can reduce surface sensitivity due to dominant 

bulk conduction pathways. Before deposition, the alumina substrate was first ultrasonically 

cleaned with acetone and isopropyl alcohol (IPA), and then gaseous nitrogen was used to dry 

it. An extra cleaning procedure was performed prior to the alumina substrate being put into the 

CVD furnace's middle zone. The quartz boat was filled with high purity (99.999 %) of 

molybdenum trioxide (MoO3) and the alumina boat was filled with high purity (99.995 %) 

sulfur procured from the Sigma Aldrich. The three zones for alumina are kept at 800 °C for the 

substrate, 650 °C for MoO3, and 200 °C for sulfur. High-purity Ar gas flowed with a mass flow 

controller (MFC) at 200 sccm during the growth process [16].  

 

Figure 4.2: Synthesis of MoS2 films using three zone chemical vapour deposition (CVD) 

technique. 

 

4.2.3 Characterizations of MoS2 films: 

The Bruker AXS D8-advanced X-ray diffractometer (XRD equipment) equipped with a Cu Kα 

source with a wavelength of 1.54 Å (40 kV and 40 mA power), was used to record the XRD 

patterns. With a laser wavelength of 532.5 nm, the short-range ordering and molecular structure 

of pure MoS2 were examined using a Raman spectrometer (WITec alpha 300 RA). MoS2's 
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surface shape and elemental analysis were assessed using ZEISS EVO 40 energy dispersive 

spectroscopy (EDS) and scanning electron microscopy (SEM). NTMDTNTEGRA-prima 

instrument was used to perform atomic force microscopy (AFM) for the roughness 

measurements of thin film surface. 

4.3 Results and discussion 

4.3.1 Structural Analysis: 

X-ray diffraction (XRD) technique was used to determine the degree of crystallinity of the 

MoS2 thin film deposited on the alumina substrate. Figure 4.3(a) shows the XRD pattern of the 

MoS2 thin-film. The XRD peaks were appeared at the 2-theta values of 14.3, 25.4, 39.0, and 

58.4, which correspond to values of at (002), (004), (103) and (110) planes as confirmed from 

the JCPDS No: 75-1539. This clearly confirms the synthesis of impurity free polycrystalline 

MoS2 phase. 

 

Figure 4.3: (a) XRD pattern and (b) Raman spectrum of MoS2 thin films having of 20 nm 

thickness grown by CVD. 

To probe the short-range ordering in the MoS2 thin films, the Raman spectroscopy technique 

is considered as most suitable tool. Figure 4.3(b) displays Raman spectrum of the MoS2 thin 

films. It exhibits the distinctive signal of 2H-MoS2, with no observable evidence of carbon or 

oxides contamination. The characteristic peak appeared at the wavenumber of 385 cm-1, 

corresponding to E1
2g due to in-plane vibrational modes of the MoS2 lattice, where another 

peak appeared at the wavenumber of 405 cm-1, represents the out-of-plane vibrations of the 

MoS2 layers. The well-matched unique peaks clearly show the formation of impurity free single 

phase MoS2.  
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4.3.2 Micro-structural Analysis: 

The surface morphology of the MoS2 thin film (20 nm) was assessed using scanning electron 

microscopy (SEM). Figure 4.4 (a) displays a typical SEM picture of the MoS2 thin film 

deposited using the CVD technique on alumina substrate. It shows that the MoS2 nanosheets 

were evenly distributed throughout the substrate, giving the impression that there is no 

topographical contrast and that the surface is uniform. Initially, MoS2 thin film grew as 

nanoparticles until it reached a threshold thickness. The nucleation sites merged, forming MoS2 

thin films. The nucleation sites in the favoured curved direction progressively changed into 

vertically developed structures, resulting in a MoS2 flower-like structure as shown in Figure 

4.4(a). It may be noted that the film-like surface morphology of chemical vapour deposited 

MoS2 films differs significantly from films made using exfoliation or sputtering processes, 

which could improve gas sensing capability. Energy dispersive spectroscopy (EDS) was used 

to examine the composition of MoS2 thin films, as shown in below Table 4.1. This shows that 

Mo, O, S, and Al elements make up the majority of the MoS2 thin film, according to the element 

distribution. The alumina substrate also contributes to the presence of the additional aluminium 

and oxygen element. The particle size distribution histogram, shown in Figure 4 (b), provides 

an estimate of the average particle size was 0.63± 0.15 m. 

 
1 m

(a) 
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 Figure 4.4: (a) SEM micrograph and (b) size distribution plot of as-synthesized MoS2 thin 

films. 

 

Figure 4.5 shows AFM images of MoS2 thin films synthesized using chemical vapour 

deposition (CVD) method. The surface roughness of film was calculated using Nasoscope 

analysis 1.5 software. It shows that thickness of film is 20 nm and roughness was found 4.2 

nm.  

Display name Standard data Quantification 

method

Result type

Spc_001 Standardless ZAF Metal

Element Line Mass% Atom%

O K 23.35 0.39 35.89

Si K 71.32 62.45

S K 0.56 0.43

Mo L 4.78 1.22

Total 100.00 100.00

Spc_001 Fitting ratio 0.0593
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Table 4.1: Elemental composition obtained through EDS analysis of MoS2 deposited on 

alumina substrate 

Element Line Mass (%) Atom (%) 

O K 25.18±0.43 39.52±0.67 

Al K 63.89±0.54 57.12±0.49 

S K 0.95±0.19 0.74±0.15 

Mo L 9.98±0.60 2.61±0.16 
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Figure 4.5: AFM image of as-grown MoS2 thin films. 

4.3.3 Sensing Characteristics of MoS2 Thin Films: 

The sensing performance of MoS2 thin film was determined by electrical transport properties 

studies and measuring the response time, recovery time and sensitivity on the exposure to 

sensing gas. The predominant carrier in the sensing material and the kind of gas in the 

environment determine the change in the electrical resistance on the exposure to the NO2 gas. 

Although, NO2 is hazardous even at trace concentrations, the concentration range investigated 

in this work was intentionally selected to clearly resolve temperature-dependent sensing trends, 

response magnitude, and response–recovery kinetics under controlled laboratory conditions. 

The emphasis of this study is on understanding how operating temperature governs sensing 

behavior and performance trade-offs in pristine MoS₂ sensors, rather than on demonstrating 

trace-level detection limits. It has been reported that oxidizing gases act as acceptors, increasing 

resistance in n-type materials, whereas reducing gases act as donors, decreasing resistance in 

n-type materials [17]. In the case of p-type materials, the opposite pattern is observed. In the 

present study, the n-type MoS2 sensor displays an increase in the electrical resistance of the 

MoS2 thin film due to an oxidizing gas (NO2). For the MoS2-Al2O3 sample, electrical 

measurements were performed in two probe geometries to validate the MoS2 film's behaviour. 

Using a planar contact arrangement, I-V characteristics were measured. The two contacts were 

taken from interdigital electrodes. MoS2's n-type semiconducting behaviour is confirmed by 

80.2 nm 

-80.2 nm 
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the rectifying behaviour displayed by the I-V characteristic. The response of the sensor is 

defined as 

𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 (%) =
𝑅𝑔−𝑅𝑎

𝑅𝑎
100                                                                                             (4.1) 

Where, Ra and Rg are the electrical resistance of sensors in dry air and oxidizing gas 

atmosphere, respectively. Figure 4.6 (a) shows the relative response of MoS2 films towards 

NO2 gas taken at different temperatures ranging from 50 oC, 75 oC, 100 oC, 125 oC and 150 oC 

at 20 ppm. This plot indicates that the relative response of MoS2 films increases with an 

increase in the temperature. The highest response of 14.2 % was observed for 20 ppm 

concentration at 150 oC temperature.  When sensing gas is removed then the value of relative 

response was decreased. The value of the relative response after removal of the sensing gas 

highest at 50 oC. This is reduced when the temperature is increased from 50 oC to 100 oC. 

However, the minimum value of the relative response remained identical for 100 oC, 125 oC 

and 150 oC temperatures. This indicates that some permanent structural defects were created in 

the film which were not removed even the temperature was increased above 100 oC. In addition 

to temperature, concentration of the sensing gas also plays an important role in the 

determination of  the sensing properties of gas. Figure 4.6 (b) exhibits the electrical resistance 

versus time plot for NO2 gas sensing performed at 150 oC by exposing to the sensing gas at 

various concentrations starting from 1 to 100 ppm at concentrations of 1 ppm, 10 ppm, 20 ppm, 

50 ppm, and 100 ppm. The maximum value of the electrical resistance is the same for all the 

values of the concentration but the time required to attain the maximum value depends upon 

the concentration. The minimum value of resistance after unloading the sensing gas is 

continuously decreasing as the concentration increases. The lowest value is achieved for the 

sample exposed to the highest concentration (100 ppm) of the sensing gas. Figure 4.6 (c) 

displays the relative response of NO2 gas at various concentrations starting from 1 ppm to 100 

ppm at concentrations of 1 ppm, 10 ppm, 20 ppm, 50 ppm, and 100 ppm performed at 

150 oC.  The relative response of NO2 gas is increased as the concentration is increased from 1 

ppm to 100 ppm. The variation in the relative response for 20 ppm concentration at 150 oC is 

shown in Figure 4.6 (d). Figure 4.6 (e) shows the repeatability of 20 ppm concentration sensing 

at the same temperature and further, the response and recovery time of the as-prepared gas 

sensor were calculated for the sensing peak of 20 ppm and 150 oC. The calculated values of the 

response time and recovery time are 102 sec and 94 sec, respectively as shown in Figure 4.6(f). 

The response time is defined as the duration required to reach 90% of the total resistance change 
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upon NO2 exposure, whereas the recovery time corresponds to 90% restoration of the baseline 

resistance after gas removal. The comparatively faster recovery arises from temperature-

assisted desorption processes, which enhance the release of adsorbed NO2 molecules from the 

MoS2 surface. This kind of response is better than the early reported MoS2 gas sensor  for 

NO2 gas sensing as depicted in Table 4.2 as well. In addition, baseline drift si also observed 

during repeated sensing cycles, particularly at elevated operating temperatures.  This  arises 

from slow desorption kinetics and partial irreversible adsorption of NO2 molecules at defect-

rich or edge sites of MoS2. This behavior is characteristic of 2D material-based chemiresistive 

sensors exposed to oxidizing gases and primarily affects the absolute baseline rather than the 

relative sensing response. 
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Figure 4.6 : Represent sensing response of NO2 as (a) the relative response at different 

temperatures at 20 ppm concentration (b) the resistance versus time plot at 150 °C with varying 

concentrations (c) the relative response at 150 °C with varying concentrations, (d) the 

Page 96 of 111 - Integrity Submission Submission ID trn:oid:::3618:137510421

Page 96 of 111 - Integrity Submission Submission ID trn:oid:::3618:137510421



88 

 

  

RAMESH KUMAR Ch 4: Influence Of Temperature… 

 

repeatability of response at 20 ppm (e) its corresponding resistance plot and (f) the calculations 

of response and recovery time.  

 

Response and recovery periods for a 20 nm thick MoS2 sensor at 150 oC were measured for 

different NO2 concentrations. These data reveal that when NO2 gas concentrations increase, so 

do response and recovery times. As the quantity of exposed gas increases then the number of 

gas molecules that can interact with the detecting surface. Increased gas molecule adsorption 

increases response time while also increasing the electron concentration for exchange between 

sensing material and gas molecules. Many molecules must be desorbed from the surface during 

recovery, which increases the time required for the surface to restore its original resistance. As 

a result, the interaction kinetics of gas molecules at varied concentrations on the sensor surface 

generate varying response and recovery durations. Response and recovery time plot for NO2 

concentration is shown in Figure 4.7. This clearly shows that response and recovery time are 

increasing with an increase in the concentration of the NO2 gas. It is worth to mention here that 

the sensor temperature was controlled using a variable voltage controller, while a constant 3V 

bias was applied to the contact pad. The sensing performance was evaluated by monitoring 

resistance variations upon exposure to target gases NO₂ at a concentration of 1 %. During 

sensing measurements, the temperature and relative humidity (RH) witin the sensing chamber 

were continually monitored and adjusted using a digital hygrometer (HTC instrument HT-306) 

[18]. Relative response of MoS2 for NO2 gas at different concentration with error bars shown 

in Figure 4.8. 

 

Page 97 of 111 - Integrity Submission Submission ID trn:oid:::3618:137510421

Page 97 of 111 - Integrity Submission Submission ID trn:oid:::3618:137510421



89 

 

  

RAMESH KUMAR Ch 4: Influence Of Temperature… 

 

 

Figure 4.7 : Response and recovery time plot with respect to different gas concentration 

(NO2) at 150 C temperature. 

 

Figure 4.8 : Relative response of MoS2 for NO2 gas at different concentration. 
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The limit of detection (LOD) may be estimated using the standard relation LOD = 3σ/S, where 

σ represents the standard deviation of the baseline resistance noise and S denotes the slope of 

the calibration curve in the low-concentration regime. This approach provides an estimate of 

the sensor’s capability for detecting lower NO2 concentrations. The caclauted value of the limit 

of detection is 0.067 ppm. 

In MoS2 films, the sulfur vacancies and other flaws in the MoS2 film serve as the gas molecules 

active sites. Initially, partial oxidation of the MoS2 top layer is caused by oxygen gas molecules 

in the environment through the chemisorbing at the surface of the sensing film and forming 

oxygen species. Conduction band electrons are extracted from the MoS2 film by these ions 

acting as electron trap centres. Thus, initially electrical resistant of the sensor increases as the 

concentration of free electrons in the conduction band begins to drop. A significant factor in 

altering the sensing material's initial electrical resistant was the chemisorption of oxygen gas 

molecules. 

O2(gas) →  O2(ads)                                                                   

O2(ads) +   e-
MoS2 → O2(ads) 

When MoS2 film is exposed to NO2 gas then the electrons from the MoS2 conduction band are 

transferred to the NO2 molecules and get adsorbed on the film surface [18]. Conversely, NO2 

gas creates NO2 ions by reaction with oxygen ions (O2). This procedure raises the gas sensor's 

overall electrical resistant while lowering the concentration of electrons in the detecting 

material. Figure 4.9 shows the mechanism for the sensing of NO2 gas with MoS2.    

NO2(gas) + eMoS2 → NO2(ads)  

NO2(ads) + O2(ads) → NO2(gas) + 2O(ads)  
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Figure 4.9: Mechanism for the sensing of NO2 gas with MoS2 

During the recovery process, NO2 ions react to O2 ions in sensing chamber to release NO2 gas 

into the environment when the flow of NO2 gas stops. Oxygen ions once more approach the 

active surface to create native oxide. The sensor resistant returns to its starting value when the 

electrons that NO2 had trapped are released back into MoS2 conduction band.   

The adsorption and desorption of oxygen is also affected by the operating temperature. At 

relatively low operating temperatures, molecularly adsorbed oxygen species dominate the 

surface, whereas increasing temperature promotes the formation of more reactive oxygen 

species with enhanced electron withdrawal capability. This temperature-dependent evolution 

of surface oxygen species contributes to the observed enhancement in charge transfer and 

sensing response. Recent NO2 sensing studies based on MoS2 have employed diverse 

performance-enhancement strategies. UV-assisted heterostructure sensing in the MoS2/PtSe2 

system has been demonstrated high sensitivity towards NO2 gas at room temperature under UV 

illumination [22].  Edge-engineered heterostructures, such as the Mo2TiC2Tx/MoS2 platform 

reported by Zhao et al. [23], exploit enriched edge sites and interfacial coupling to improve 

sensing performance. Electrocatalytic and radical-assisted approaches have been explored by 

Li et al. [24] through CoP/MoS2 systems, where surface radical generation enhances the NO2 

response at room temperature. In addition, Bharathi et al. [25] reported edge-activated, 

solution-processed Ni–MoS2 nanosheets, highlighting the role of edge activation in achieving 

high sensitivity. In contrast to these approaches, the present work focuses on pristine CVD-

Page 100 of 111 - Integrity Submission Submission ID trn:oid:::3618:137510421

Page 100 of 111 - Integrity Submission Submission ID trn:oid:::3618:137510421



92 

 

  

RAMESH KUMAR Ch 4: Influence Of Temperature… 

 

grown MoS2 and systematically examines temperature-driven sensing behavior using an 

integrated micro-heater, providing complementary insight into performance tuning without 

additional material modification or external activation. The comparison of performance metrics 

for the MoS2-based gas sensors from several investigations, including the present one, is shown 

in Table 4.2.  

Table 4.2: Literature review MoS2 nanostructures for NO2 gas response. 

 

 

The performance metrics for MoS2-based gas sensors from several investigations show that 

sensing response critically depends upon various factors such as the surface morphology, 

methods for the preparation of film, concentration of sensing gas and operating temperature. If 

one compares the temperature dependent sensing response of CVD grown MoS2 films, it is 

observed that the response decreases with increasing temperature. Tthe response time improves 

significantly, decreasing from 678 sec at room temperature to 102 sec at 150 °C, confirming 

enhanced response speed at elevated temperatures. This clearly suggest that the operating 

Material Method Morphology NO2 

conc. 

T (◦C) Gas 

Response 

(%) 

Response/recovery 

time 

Ref. 

MoS2 CVD Flakes 100 ppm 100 21.56 71/310 sec [7] 

MoS2 One step 

hydrothermal 

Hollow sphere 20 ppb 150 40.3 79/225 sec [18] 

n-MoS2 p-

MoS2 

Chemical 

exfoliation 

Flakes 100 ppm 200 5.8 

1.15 

2460/2340 sec 

660/720 sec 

[19] 

MoS2 Mechanical 

exfoliation 

Five layer 100 ppm RT – 180/600 sec [20] 

MoS2 CVD Bilayer film 1 ppm RT 2.6 678/318 sec [21] 

MoS2 CVD Vertically aligned layers 800 ppb RT 13 344/581 sec [22] 

MoS2 CVD Flakes 50 ppm RT 19.25 33.5/140.1 sec [23] 

MoS2 CVD Nanosheet 100 ppm RT 20 15/180 sec [24] 

Ni-MoS2 CVD Flakes 200 ppm RT 45.2 28/250 sec [25] 

MoS2 CVD Film 100 ppm 150 14 102/94 sec This 

work 

Page 101 of 111 - Integrity Submission Submission ID trn:oid:::3618:137510421

Page 101 of 111 - Integrity Submission Submission ID trn:oid:::3618:137510421



93 

 

  

RAMESH KUMAR Ch 4: Influence Of Temperature… 

 

temperature plays a decisive role in controlling adsorption–desorption kinetics and charge 

transfer processes at the MoS₂ surface. Increasing operating temperature enhances the 

interaction between adsorbed NO₂ molecules and the sensing layer, resulting in improved 

response magnitude and faster recovery, while simultaneously introducing a trade-off with 

baseline stability. These observations highlight the importance of temperature optimization for 

achieving balanced sensor performance. Inspite all excellent sensing performance of MoS2 thin 

films at high temperature, it consumes higher power which can increase the cost of the device. 

Therefore, further research on the optimizing the operating temperature of MoS2 based sensor 

without compromising sensor performance is required. 

 4.4. Conclusion  

The effect of gas concentrations and temperatures on the sensing response of the CVD grown 

MoS2 thin films measured on exposure to NO2 gas display excellent response for MoS2 film 

thickness of 20 nm. The interdigitated contacts having improved shape also used to increase 

the gas sensing response of the sensor. The as-prepared MoS2 thin films were characterized 

using XRD, FESEM, EDS, AFM and Raman spectroscopy techniques. XRD analysis showed 

the formation of polycrystalline phases of MoS2. Structural and elemental analysis showed 

purity and uniformity of MoS2. The MoS2 sensor with a thickness of 20 nm results to reasonable 

responsivity (~14.2%), prompt response (~102 sec.), and recovered (~94 sec.) to 20 ppm NO2 

in dry air at 150 ℃. The sensing response is dominated by surface adsorption-induced charge 

transfer between NO₂ molecules and MoS₂, consistent with a surface-controlled chemiresistive 

mechanism. The sensor exhibited stable and repeatable responses over multiple consecutive 

sensing cycles, indicating reliable short-term operational stability under the tested conditions. 

The sensing response of MoS2-based gas critically depends upon various factors such as the 

surface morphology, methods for the preparation of the film, concentration of sensing gas and 

operating temperature.   
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Chapter 5 

Conclusion, Future Scope, and Social Impact 

 

5.1 Conclusion 

The present work provides a systematic investigation into the synthesis, characterization, and 

gas sensing performance of nanostructured MoS₂ thin films. The key conclusions drawn from 

this research are elaborated below: 

5.1.1 Key Findings 

This study highlights the increasing demand for reliable gas sensing technologies due to 

environmental pollution and industrial safety concerns. It establishes that two-dimensional 

materials like MoS₂ possess unique properties such as high surface area and enhanced 

adsorption capability, making them highly suitable for gas sensing applications. The limitations 

of conventional sensing technologies further justify the need for such advanced materials. 

5.1.2 Structural and Morphological Analysis 

The structural analysis confirmed the successful formation of polycrystalline MoS₂ with a 

hexagonal phase. Morphological studies revealed a uniform distribution of nanosheets and 

flower-like structures, which significantly increase the active surface area. These structural 

features play a crucial role in enhancing gas adsorption and improving sensing performance. 

5.1.3 Hydrogen Interaction Studies (In-situ XRD) 

The in-situ XRD investigation provided valuable insights into the interaction between MoS₂ 

and hydrogen gas. It was observed that hydrogen exposure leads to measurable changes in 

diffraction patterns, indicating structural modifications within the material. This real-time 

analysis helped in understanding the dynamic behavior of MoS₂ under gas exposure conditions. 

Page 106 of 111 - Integrity Submission Submission ID trn:oid:::3618:137510421

Page 106 of 111 - Integrity Submission Submission ID trn:oid:::3618:137510421



98 
 

  

RAMESH KUMAR Ch 5: Conclusion, Future Scope… 

 

5.1.4 NO₂ Gas Sensing Performance 

The gas sensing studies demonstrated that MoS₂ behaves as an n-type semiconductor, showing 

an increase in resistance upon exposure to NO₂ gas. The sensor exhibited improved 

performance with increasing temperature and gas concentration. Optimal sensing behavior was 

observed at elevated temperatures, with reasonably fast response and recovery times, indicating 

its potential for practical applications. 

5.1.5 Performance Limitations 

Despite the promising results, certain limitations were identified. At higher gas concentrations, 

structural defects were observed, which affected the recovery characteristics of the sensor. 

Additionally, the selectivity of the sensor toward specific gases remains a challenge, and the 

influence of environmental factors such as humidity requires further investigation. 

5.1.6 Overall Conclusion 

Overall, the study establishes a clear relationship between synthesis conditions, material 

properties, and sensing performance. The results confirm that nanostructured MoS₂ is a 

promising material for developing efficient gas sensors. The use of advanced characterization 

techniques has significantly contributed to understanding the sensing mechanism at a deeper 

level. 

MoS2 thin films were successfully synthesized using e-beam deposition followed by 

sulfurization via CVD. Structural and morphological characterizations confirmed the formation 

of highly crystalline, uniform, and continuous MoS2 thin films with optimized thickness (~20 

nm). Raman spectroscopy, XRD, SEM, EDEX, AFM, and analysis verified phase purity and 

nanosheet morphology suitable for gas sensing applications. 

In-situ XRD studies under hydrogen exposure revealed important insights into the structural 

stability of MoS2. The films remained stable up to 400 mbar hydrogen pressure but exhibited 

crystalline-to-amorphous transformation at higher pressures (800 mbar), indicating pressure-

dependent structural evolution. These findings contribute to the understanding of gas-material 

interaction mechanisms and device reliability under reactive environments. 

Gas sensing investigations demonstrated that nanostructured MoS2 exhibits strong sensitivity 

toward NO2 gas. The sensor resistance increased upon exposure to NO2, confirming n-type 
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semiconducting behaviour. The optimal sensing response (~14.2%) was achieved at 20 ppm 

NO2 concentration at 150 °C, with fast response and recovery times. The study further 

confirmed improved selectivity toward NO2 compared to other interfering gases. 

Overall, this work establishes MoS2 thin films as promising candidates for selective and 

efficient NO2 gas detection. The results highlight that careful optimization of synthesis 

parameters, thickness control, and operating temperature significantly enhances sensor 

performance. 

5.2 Future Scope of Work 

Although this research provides important insights, several areas can be explored further to 

enhance the performance and applicability of MoS₂-based gas sensors. 

5.2.1 Improvement in Selectivity 

Future research should focus on improving the selectivity of MoS₂ sensors toward specific 

gases. This can be achieved through doping, surface modification, or functionalization 

techniques, which can tailor the interaction between the sensing material and target gas 

molecules. 

 

5.2.2 Development of Heterostructures 

The formation of heterostructures by combining MoS₂ with other materials can significantly 

enhance sensing performance. Such hybrid systems can improve charge transfer mechanisms 

and provide better sensitivity and faster response times due to synergistic effects. 

5.2.3 Room Temperature Gas Sensing 

Achieving efficient gas sensing at room temperature remains a key objective. Future work can 

explore methods such as UV activation or catalytic enhancement to reduce the operating 

temperature, thereby making the sensors more energy-efficient and suitable for portable 

devices. 

5.2.4 Environmental Stability Studies 
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Further studies are required to evaluate the performance of sensors under real-world 

environmental conditions. The effects of humidity, pressure, and mixed gas environments need 

to be investigated to ensure long-term stability and reliability. 

5.2.5 Device Miniaturization and Integration 

The development of compact and integrated sensing devices is essential for practical 

applications. Future work can focus on integrating MoS₂ sensors into microelectronic systems, 

wearable devices, and IoT platforms for continuous monitoring. 

5.2.6 Advanced Characterization Techniques 

Advanced in-situ characterization methods can provide deeper insights into gas–material 

interactions at the atomic level. Techniques such as in-situ Raman spectroscopy and electron 

microscopy can help in understanding structural changes during sensing. 

5.2.7 Expansion to Other Gases 

The sensing capability of MoS₂ can be extended to other hazardous gases. This will broaden 

the application of these sensors in environmental monitoring, industrial safety, and healthcare 

sectors. 

5.3 Social Impact 

The development of advanced gas sensing technologies has wide-ranging benefits for society. 

5.3.1 Environmental Monitoring 

The sensors developed in this work can contribute significantly to monitoring air pollution by 

detecting harmful gases such as NO₂. This can help in controlling pollution levels and 

maintaining environmental sustainability. 

5.3.2 Public Health Benefits 

Early detection of toxic gases can prevent serious health issues. Continuous monitoring systems 

can reduce exposure to harmful pollutants and improve public health outcomes. 
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5.3.3 Industrial Safety 

Hydrogen detection is critical in industrial environments due to its flammable nature. The 

sensors can help in detecting leaks at an early stage, thereby preventing accidents and ensuring 

safety. 

5.3.4 Clean Energy Applications 

Hydrogen is considered a clean energy source, and safe handling of hydrogen is essential for 

its widespread use. This research supports the development of reliable sensing systems for 

hydrogen-based energy technologies. 

5.3.5 Smart Cities and IoT Integration 

Integration of gas sensors into smart systems can enable real-time monitoring of environmental 

conditions. This supports the development of smart cities with improved air quality 

management. 

 

 

5.3.6 Economic and Technological Impact                                                                            

The use of cost-effective materials and scalable techniques makes these sensors economically 

viable. This can promote industrial growth and technological advancements in sensor 

development. 

5.3.7 Scientific Contribution 

This research contributes to the scientific understanding of gas sensing mechanisms in 2D 

materials. It provides a strong foundation for future research in nanotechnology and advanced 

sensing applications. 

In conclusion, this thesis demonstrates the potential of MoS₂ as an efficient gas sensing 

material. The findings of this work not only enhance the understanding of gas sensing 

mechanisms but also pave the way for future advancements in sensor technology. The research 
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holds significant promise for addressing real-world challenges related to environmental 

monitoring, industrial safety, and sustainable energy. 
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