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Abstract 

Air pollution, originating predominantly from human activities, has become a major global 

challenge, raising concerns about its widespread impact on both the environment and human 

health. The World Health Organization (WHO) emphasizes the severity of this issue, linking it 

to various adverse effects on a global scale, with millions of premature deaths attributed to 

anthropogenic air pollution. The primary culprits responsible for this pollution are particulate 

matter (PM), nitrogen dioxide (NO2), ammonia (NH3), sulfur dioxide (SO2), carbon monoxide 

(CO), ozone (O3), and various volatile organic compounds (VOCs). These pollutants emerge 

from diverse sources such as industries, vehicular emissions, agricultural practices, and energy 

production. The consequences of exposure to these pollutants are severe, leading to respiratory 

diseases like asthma and chronic obstructive pulmonary disease, cardiovascular diseases, and 

other health conditions. 

Delving into specific pollutants, each plays a unique role in deteriorating both human health 

and the environment. NO2 is a red-brown oxidizing gas primarily generated from industrial 

combustion processes and automobile industries. Its adverse effects include contributing to 

ground-level ozone formation, acid rain, and inorganic ambient particulate matter. Prolonged 

exposure to NO2 can lead to respiratory issues, chronic bronchitis, asthma, and various heart 

and lung diseases. Regulatory bodies like the Occupational Safety and Health Administration 

(OSHA) have set safe exposure limits to mitigate its impact. NH3, another hazardous gas, is 

emitted from sources like animal and human activities, as well as agricultural practices. NH3 

poses risks to human health, with its pungent odor and potential harm to the skin, eyes, and 

respiratory system. The National Institute of Occupational Safety and Health (NIOSH) sets 

indoor concentration limits to safeguard against its detrimental effects. Additionally, NH3 is 

flammable and explosive, posing threats to human life in the event of a substantial release into 

the atmosphere. 

SO2, mainly originating from chemical fertilizers, chemical plants, and mining processes, 

contributes to adverse health effects such as speech disorders, vomiting, pulmonary edema, 

and, in extreme cases, asphyxiation or death. Moreover, elevated levels of SO2 in the 

environment contribute to the formation of acid rain, causing harm to river and lake 

ecosystems, soil quality, vegetation, and the corrosion of metals and structures. CO, a colorless, 

odorless, and tasteless gas primarily derived from the combustion of fossil fuels, is both a 

contributor to global warming and a significant health risk. Its strong bond with haemoglobin 
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poses a severe threat to vital organs, including the brain, heart, liver, kidneys, and lungs. 

Regulatory standards set by organizations like OSHA and the NIOSH aim to limit human 

exposure to CO. 

Volatile organic compounds (VOCs), including ethanol, acetone, toluene, xylene, and 

formaldehyde, are prominent indoor air pollutants known for their harmful effects on human 

health, attributed to their poisonous, teratogenic, and cancer-causing properties. Exposure to 

air containing VOCs has both short and long-term implications on human health and the natural 

ecosystem. Among these, ethanol serves as a crucial industrial raw material with diverse 

applications in medical and healthcare, as well as solvents. However, prolonged exposure to 

ethanol gas poses discomfort, and its flammability introduces potential hazards. Also, the ever-

increasing demand for sustainable and clean energy sources has positioned hydrogen (H2) as a 

leading contender for the next generation of energy. With its abundance in nature, H2 holds the 

potential to replace fossil fuels, offering a pathway to significantly reduce greenhouse gas 

emissions through water production upon combustion. However, H2's inherent explosiveness 

and flammability, particularly in air mixtures above 4%, necessitate cautious storage and 

handling practices. Even minor hydrogen leakage poses a serious safety threat. 

Given the potential risks associated with the mentioned pollutants, threats associated with H2 

leaks, continuous surveillance is crucial for maintaining public health and ecological balance. 

Timely and accurate detection of these gases is vital for implementing effective mitigation 

strategies. The obtained data not only aids in formulating targeted interventions but also 

contributes to the development of comprehensive policies aimed at reducing emissions, 

improving air quality standards, and also saving lives and property from H2 leaks related 

explosions. Taking a proactive approach to monitor gases could lead to creating a healthier and 

more sustainable living environment for both current and future generations. This has resulted 

in a notable increase in the demand for gas sensors, propelling substantial growth in the gas 

sensor industry, and anticipations point towards continued exponential increase in the years to 

come. 

Chemoresistive sensors stand out as the most commonly used gas sensors for monitoring 

various pollutants and VOCs. However, semiconducting metal oxides, the predominantly used 

materials in gas sensing applications, exhibit significant drawbacks, including high power 

consumption, poor long-term stability, limited selectivity, and notably, high sensitivity to 

humidity. Recent efforts have been concentrated on developing gas sensors that work at lower 
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temperatures to cater to consumer electronics, wearables, and wireless sensing networks. Two-

dimensional (2D) Transition-metal dichalcogenides (TMDs) have emerged as promising 

candidates for gas sensing applications, offering potential enhancements in sensitivity, 

selectivity, stability, and response-recovery time. The unique properties of TMDs, such as 

nanoscale thickness, large specific surface area, abundant active edge sites, and high sensitivity 

to gas molecules even at lower temperatures, make them valuable for gas sensing.  

The focus of this thesis centers on the transition from metal oxide gas sensors to gas sensors 

based on transition metal dichalcogenides. The aim is to avoid the need for high operating 

temperatures and address issues related to selectivity and cross-sensitivity in sensing 

applications. The focus lies on optimizing sensitivity, selectivity, and stability in gas detection 

while operating under near ambient conditions. The synthesis of 2D layered materials is crucial 

for gas sensing applications, and this doctoral thesis focuses on developing an edge-enriched 

morphology to enhance their effectiveness as chemoresistive gas sensors. A facile synthesis 

route is presented, utilizing aerosol-assisted chemical vapor deposition (AACVD) method to 

deposit WO3 films of different morphologies on commercial alumina transducers. Also, a novel 

atmospheric pressure chemical vapor deposition (APCVD) method is presented to synthesize 

WS2 in powder form with yield in hundreds of milligrams. 

The first chapter of this thesis delves into the current state-of-the-art, providing a 

comprehensive overview of gas sensors and the traditional gas-sensitive materials. The focus 

extends to metal oxides and 2D materials, emphasizing on their distinct advantages in the realm 

of gas sensing applications. A particular emphasis is placed on inorganic analogues of 

graphene, Transition Metal Dichalcogenides (TMDs), unravelling their unique properties and 

advantages. Different synthesis methods of the sensing materials are also discussed by carefully 

studying the methods described in existing literature. Towards the end of the chapter, potential 

applications of these next-generation materials are explored in the areas like electronics, 

photovoltaics, and detecting biomolecules. 

The second chapter discusses the synthesis of WO3 nanowires with different morphologies 

using AACVD. The nanowires were drop-casted with CeO2 nanoparticles to investigate their 

sensing behavior towards one of the main VOCs, ethanol. The results indicate that the AACVD 

process, influenced by the flow of carrier gas, results in different morphologies of WO3 

nanowires. Gas sensing studies of the CeO2-decorated WO3 nanowires reveal an exponential 

increase in gas sensing responses. The gas sensing characteristics of pristine and CeO2-
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decorated WO3 sensors towards oxidizing gas (NO2) as well as reducing gases (CO, ethanol, 

H2) were analyzed, and the sensor responses were calculated accordingly. The sensors exhibited 

good responses to ethanol under both dry and humid conditions, although the response 

decreased in humid atmospheres. Specifically, the response of the CeO2-decorated WO3 

nanowires with floral tops sensor was 10-fold higher than that of pristine WO3 and 5-fold 

higher than that of randomly oriented CeO2-decorated WO3 nanowires at an operating 

temperature of 250ºC. The optimal response to ethanol was observed at 250ºC, with no 

responses detected at temperatures below 100ºC. Stability tests of the sensors were conducted 

over approximately one year. 

Keeping in view the high working temperature, selectivity issues related to the CeO2 decorated 

WO3 nanowires, we transitioned from metal oxides to transition metal disulfide-based sensors. 

Chapter 3 discusses the novel APCVD technique developed to synthesize WS2 sheets/plates 

in powder form. In this work, we present for the first time the synthesis of large-scale 2D 

tungsten disulfide (WS2) sheets through a simple sulfurization process of commercially 

available tungsten trioxide (WO3) powder in an APCVD reactor. The resulting powders offer 

versatile applications, suitable for various printing and coating techniques on substrates like 

ceramics, silicon, and flexible polymers. Structural and chemical analysis confirms the 

successful growth of edge enriched WS2 sheets, which were then deposited as sensing layers 

on alumina substrates using a home-made airbrushing tool for chemoresistive gas sensors. Gas 

sensing studies, particularly towards NH3, exhibited exceptional responses, with reproducible 

and stable results at 150°C. The sensors demonstrated high selectivity for NH3 against 

interfering gases, and the edge-enriched growth contributed to remarkable resilience against 

high humidity levels (50% RH at 25oC). Atomistic simulations using density functional theory 

(DFT) and Bayesian optimization provided insights into the stable adsorption of ammonia on 

WS2, revealing a predominantly physisorption-based interaction between gas molecules and 

WS2. 

Chapter 4 of this thesis introduces an outstanding hybrid sensing material designed for the 

detection of ultra-low concentrations of NO2. The methodology involves the fabrication of 

WS2-graphene hybrid thin films through a simple airbrushing technique, with WS2 grown using 

the APCVD technique. The resulting hybrid films with different WS2 and graphene ratios are 

precisely deposited onto the transducer substrate, allowing for controlled thickness. In depth 

characterization, including morphology, microstructure, phase, and chemical composition, was 
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conducted on the hybrid sensing films. Gas sensing properties were studied, specifically 

towards ultra-low concentrations of NO2, at varying operating temperatures (room temperature, 

100°C, and 150°C) in both dry and humid environments. Additionally, the sensors exhibited 

excellent selectivity against interfering species such as NH3, CO, H2, and C6H6. Interestingly, 

the sensors displayed exceptional responses towards ultra-low concentrations of NO2, with an 

experimental limit of detection (LoD) of 10 ppb. 

Chapter 5 introduces a facile approach to integrating heterojunctions comprising Transition 

Metal Dichalcogenides (TMDs), specifically WS2 synthesized through a two-step process 

involving Aerosol-Assisted Chemical Vapor Deposition (AACVD) and Atmospheric Pressure 

Chemical Vapor Deposition (APCVD), along with metal oxides (ZnO) grown via AACVD atop 

WS2. This combination not only enhances the sensor's sensitivity but also facilitates a 

significant reduction in the operating temperature. By exploiting the unique properties of both 

the materials, this study demonstrates gas sensing results towards 500 ppb of NO2. The 

influence of WS2 material on the ZnO gas sensing performances is significant. The operating 

temperature was shifted towards lower values from 300°C to 150°C. Besides, the ZnO/WS2 

sensor was able to detect such a small concentration of NO2 at room temperature. 

Chapter 6 discusses the Pd decorated multilayered MoS2 sheets capability to detect hydrogen 

with high sensitivity. The focus was on the fabrication and characterization of MoS2-based gas 

sensors. MoS2 was airbrushed onto alumina transducers and decorated with Pd nanoparticles 

using AACVD at 250°C. Detailed characterization using various techniques confirmed the 

successful decoration of MoS2 with Pd nanoparticles, showcasing a multilayered crystalline 

structure. Gas sensing experiments demonstrated a maximum response of 55% for Pd-

decorated MoS2 at 150°C when exposed to 100 ppm of H2, well below the explosive limit in 

air. The heigh sensitivity attributed to Pd decoration was attributed to a spillover effect. This 

study revealed that the sensitivity of the sensors is highly dependent on the amount of Pd 

decoration. Also, a slight increase in responses was recorded when sensors were exposed to the 

analyte gas at 50% relative humidity conditions (at 25°C).  

 Chapter 7 details synthesizing ZnO-piezoelectric polymer composites. This chapter 

demonstrates developing high-performance flexible piezoelectric nanogenerators (PENGs) for 

energy harvesting and sensor applications. The research underscores the growing interest in 

self-powered nanogenerators within the scientific community and charts the progress in 

piezoelectric nanogenerator research since its inception in 2006. Through the fabrication and 
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optimization of ZnO-based PENGS, this work contributes to the advancement of efficient and 

cost-effective energy harvesting technologies, aiming to cater to the increasing demand for 

flexible and wearable electronics in various fields. The maximum output voltage obtained was 

760 mV and 1500 mV for 12 ml NaOH and 30 ml NaOH reaction conditions respectively. The 

maximum power output recorded was 450µW/m2 in PENG fabricated using ZnO synthesized 

using 30 ml NaOH. It was also found that because of the presence of H3PO4 in the polymer, 

around 50% of the ZnO reacts to form hopeite (Zn3(PO4)2.4H2O). 
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LIST OF ACRONYMS 

AACVD Aerosol Assisted Chemical Vapor Deposition 

APCVD Atmospheric Pressure Chemical Vapor Deposition 

CVD Chemical Vapor Deposition 

MOX Metal Oxide 

SMOX Semiconductor Metal Oxide 

MOS Metal Oxide Sensors 

TMDs Transition Metal Dichalcogenides 

SEM Scanning Electron Microscope 

FESEM Field Emission Scanning Electron Microspcope 

TEM Transmission Electron Microscope 

HR-TEM High Resolution Transmission Electron Microscope 

PL Photoluminescence 

NFs Nanoflowers 

NTs Nanotriangles 

2D Two Dimensional 

WHO World Health Organization 

CeO2 Cerium Oxide 

WO3 Tungsten Trioxide 

ZnO Zin Oxide 

WS2 Tungsten Disulfide 

MoS2 Molybdenum Disulfide 

VOC Volatile Organic Compound 

XRD X-Ray Diffraction

XPS X-Ray Photoelectron Spectroscopy
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DFT Density Functional Theory 

ppm Parts per million 

ppb Parts per billion 

O2 Oxygen 

H2 Hydrogen 

MFC Mass Flow Controller 

LoD Limit of Detection 

TLV Threshold Limit Value 
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1.1. State of the art 

Anthropogenic air pollution, a prevalent global issue, stems primarily from human activities. 

According to World Health Organization (WHO), this type of pollution is a significant global 

health concern contributing to a wide range of adverse effects on environment and human 

health [1]. As per the alarming data provided by WHO, anthropogenic air pollution is 

responsible for millions of premature deaths worldwide [2]. These figures highlight the severe 

impact of human-generated air pollutants on public health and environment. Particulate matter 

(PM), nitrogen dioxide (NO2), ammonia (NH3), sulfur dioxide (SO2), carbon monoxide (CO), 

ozone (O3) and various volatile organic compounds (VOCs) are the main pollutants leading to 

air pollution [1,2]. The main sources of these pollutants are industries, vehicular emission, 

agricultural practices, and energy production. Exposure to these pollutants has been linked to 

a range of health problems, including respiratory diseases (such as asthma and chronic 

obstructive pulmonary disease), cardiovascular diseases, and other conditions [3]. The impact 

is particularly pronounced in densely populated urban areas with high levels of industrial and 

vehicular activities. Efforts to address anthropogenic air pollution involve implementing 

policies and regulations to reduce emissions from various sources, promoting cleaner 

technologies, and encouraging sustainable practices [4]. The WHO's emphasis on the 

significant number of premature deaths underscores the urgency of tackling anthropogenic air 

pollution to safeguard public health and create a sustainable environment for future generations 

[5]. 

When discussing the pollutants, each one plays a distinct role in the degradation of both the 

human health and the environment. NO2 is an irritating red-brown oxidizing gas with its main 

sources being combustion reactions in industrial processes and automobile industries [6]. 

Naturally, NO2 is produced from N2 in air during thunderstorms [7,8]. NO2 is a direct 

contributor to the formation of ground level ozone in stratosphere, acid rain and inorganic 

ambient particulate matter [9–11]. This hazardous pollutant has the potential to induce 

respiratory issues, chronic bronchitis, asthma, as well as a range of heart and lung diseases, 

depending on the length of exposure. The Occupational Safety and Health Administration 

(OSHA) stipulates the safe limit for the human exposure to NO2 is 5 ppm [12]. As per the U.S. 

Environmental Protection Agency, the quality standards for NO2 in ambient air is 53 ppb for 

the annual average [13]. 
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Also, being a noxious and hazardous gas, ammonia (NH3) gas presents a significant risk owing 

to its pungent odor and the potential to cause harm to human skin, eyes, and the respiratory 

system [14]. NH3 is emitted from animal and human activities, agricultural activities, waste 

handling [15]. The National Institute of Occupational Safety and Health specifies that the 

allowable indoor concentration of NH3 is limited to only 25 ppm [16,17]. NH3 is flammable 

and explosive, posing a substantial threat to human life in the event of a serious release into the 

open air [18]. In addition, NH3 is reactive and can generate aerosols upon reaction with nitric 

or sulfuric acids in the air [15]. One more colourless toxic gas harmful to human health and 

environment is sulfur dioxide (SO2). The main sources of SO2 gas are chemical fertilizers, 

chemical plants and mining process [19]. Exposure to elevated concentrations of SO2 can result 

in various adverse effects on humans, including speech disorders, vomiting, acute pulmonary 

edema, and the extreme consequences of asphyxiation or death [20]. In the natural 

environment, elevated levels of SO2 gas contributes to the formation of acid rain (H2SO4), 

inflicting substantial damage on river and lake ecosystems [20]. This includes detrimental 

effects on soil quality, vegetation, and the corrosion of metals and structures [19]. Carbon 

monoxide (CO) is one of the most perilous gases, it not only contributes to global warming but 

also poses a significant health risk by forming a strong bond with haemoglobin [21–23]. It 

poses a severe threat to the human body, causing significant toxicity and placing vital organs 

such as the brain, heart, liver, kidneys, and lungs in serious jeopardy [24]. It is a colorless, 

odorless and tasteless gas at room temperature and is mainly derived from the combustion of 

fossil fuels [25]. According to the US Occupational Safety and Health Administration (OSHA), 

the permissible exposure limit for CO is set at 35 ppm (10-hour ceiling limit), while the US 

National Institute for Occupational Safety and Health (NIOSH) recommends a limit of 50 ppm 

(8-hour ceiling limit) [26]. 

Given the potential risks associated with the pollutant gases such as respiratory issues, damage 

to vital organs, and environmental degradation, their continuous surveillance is crucial for 

maintaining public health and ecological balance. Timely and accurate detection of these gases 

allows for the implementation of effective mitigation strategies, ensuring the protection of 

human well-being and the sustainability of the environment. The data obtained from gas 

monitoring will not only aid in formulating targeted interventions, but also contribute to the 

development of comprehensive policies aimed at reducing emissions and improving air quality 

standards. The proactive monitoring of gases will serve as a foundational step in fostering a 

healthier and more sustainable living environment for present and future generations. This has 
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led to an ever-increasing demand for use of gas sensors and the gas sensor industry has grown 

tremendously over years with anticipations of exponential growth in the future, Figure 1.1. This 

necessitates the development of gas sensors that are highly selective, sensitive, and ensure 

repeatability in detecting gases. 

Figure 1.1 Global gas sensor market trends, Source: www.precedenceresearch.com 

 Table 1.1 shows the threshold limit values (TLV) of some common pollutant species defined 

by various regulatory bodies.  

Table 1.1 Threshold limit values of some common pollutant species. 

Pollutant Threshold Limit Value (TLV) References 

NO2 5 ppm (OSHA) 100 ppb (EPA) [27] 

NH3 25 ppm (NIOSH) [16,17] 

SO2 5 ppm (ACGIH) [28] 

CO 35 ppm (OSHA) 50 ppm (NIOSH) [26] 

CO2 1000 ppm (ASHRAE) [29] 

O3 100 ppb (WHO) [30] 

H2S 20-100 ppb [31] 

OSHA: The Occupational Safety and Health Administration, NIOSH: National Institute 

for Occupational Safety and Health, EPA:  U.S. Environmental Protection Agency, 

ACGIH: American Conference of Governmental Industrial Hygienists, ASHRAE: The 

American Society of Heating, Refrigerating and Air-Conditioning Engineers, WHO: 

World Health Organization 

UNIVERSITAT ROVIRA I VIRGILI 
BRINGING TRANSITION METAL DICHALCOGENIDES TO THE FOREFRONT: ADVANCEMENTS IN GAS SENSING BEYOND METAL OXIDES 
Shuja Bashir Malik 



6 

A significant milestone was achieved in 1962 when Seiyama et al. at Kyushu University in 

Japan demonstrated that the resistance change of a metal oxide (ZnO) could detect variations 

in the surrounding atmosphere [32]. Around the same time, an innovator, Naoyoshi Taguchi 

filed a patent for a tin oxide (SnO2) based sensor activated with palladium oxide [33,34]. The 

use of liquefied petroleum gas (LPG) for cooking gained popularity in Japan in 1960s, leading 

to a surge in domestic gas explosions. Taguchi founded Figaro Engineering Inc. in 1968 and 

introduced the Taguchi Gas Sensor (TGS) 109, designed for residential gas alarms. These 

alarms, employing the TGS109 sensor, were cost-effective, approximately one-third of the cost 

of their catalytic-type sensor predecessors [35]. The widespread adoption of detection systems 

significantly reduced the occurrence of domestic gas explosions [35]. The resurgence of 

interest in semiconductor metal oxide (SMOX)-based sensors in 1980s for monitoring air 

intake in the car passenger cabins. These sensors were used to detect nitrogen oxide (NOx), 

carbon monoxide (CO), and various other hydrocarbons [36]. SMOX-based sensors proved 

highly efficient in monitoring these gases. There has been a tremendous development in SMOX 

based sensors. Nowadays, all the new constructions including offices, buildings, and industries 

are installed with gas sensors to detect the presence of toxic and harmful gases. The gas sensor 

industry has witnessed significant growth over the past few decades and is anticipated to 

continue evolving in the years ahead as is demonstrated in Figure 1.1. 

1.1.1. Gas sensors 

A gas sensor employs physical or chemical reactions to transform the concentration of different 

gases into electrical or optical signals and subsequently provides an output signal [37]. Gas 

sensors are extensively utilized for detecting toxic gases, harmful substances, and natural gas 

leaks. The devices serve the purpose of monitoring the presence or levels of gas in stationary 

environments. They find applications in various industries such as coal mining, petroleum, 

chemicals, municipalities, healthcare, transportation, and households. Gas sensors are versatile 

tools capable of measuring the presence and concentration of combustible, flammable, toxic 

gases, as well as monitoring oxygen consumption. Numerous types of gas sensors are available, 

and to select the most appropriate one, it is essential to understand the distinct characteristics 

of each sensor. According to different gas types, sensors can be divided into combustible gas 

sensors, toxic gas sensors, harmful gas sensors and oxygen sensors. Combustible gas sensors 

often use catalytic combustion, infrared, thermal conductivity, and semiconductor type sensors. 

At the same time, toxic gas sensors generally use electrochemical, metal-semiconductor, 
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photoionization, flame ionization type sensors. Also, harmful gas sensors often involve infrared 

and ultraviolet sensors.  

Moreover, gas sensors are classified based on their different working principles and 

applications.  

a) Semiconductor gas sensors: devices that use a semiconductor element as a measuring unit.

The operational principle involves the gas undergoing a redox reaction on the

semiconductor, resulting in a change in resistance value [38]. As the gas passes the

measuring cell, it adsorbs onto its surface and reacts. Gas levels are measured by inducing

a change in conductivity or potential, which is characterized by the motion of carriers.

b) Electrochemical gas sensors: react with the measured gas and generate an electrical signal

proportional to the respective gas concentration [39]. Most electrochemical gas sensors are

current sensors, producing a current that is linearly proportional to the gas concentration

[40]. The gas diffuses through a diaphragm (membrane) designed to prevent condensation,

which also serves as a dust-proof barrier. Subsequently, gas molecules diffuse through a

filter, reaching the working electrode. The gas undergoes oxidation or reduction, initiating

an electrochemical reaction that leads to a modification in the current flowing through the

external circuit.

c) NDIR (non-dispersive infrared) gas sensors [41]: emit infrared light to make the gas

molecules vibrate. The working principle is that different gases can absorb different infrared

wavelengths. The more gas there is, the less infrared light can pass through. When infrared

rays pass through the gas in the measurement area, the infrared rays resonate with the gas

molecules and are absorbed by the gas molecules when the molecules vibrate. This weakens

the transmitted infrared rays. Gas molecules vibrate at different frequencies. Some atoms

are very small and light, so they vibrate at high frequencies. One of the main advantages of

this type of sensor is the non-requirement of oxygen to start the reaction unlike other type

of sensors. The most commonly measured gases for NDIR are CH4 and CO2.

d) Catalytic gas sensors: are actually gas detectors based on a platinum resistance temperature

sensors. A high temperature resistant catalyst layer is prepared on the surface of the platinum

resistor, and at a certain temperature, the combustible gas is catalytically burned on the

surface [42]. Therefore, the platinum resistance temperature increases, resulting in a change

in the resistance value. Since the catalytic gas sensor platinum resistance is usually wrapped

by porous ceramic beads, this sensor is also called a catalytic bead gas sensor. In theory, this
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sensor can detect all combustible gases, but there are many exceptions in practical 

applications. This sensor can usually be used to detect combustible gases such as methane, 

LPG, acetone in the air but lacks selectivity. 

e) Magnetic gas sensors: are mostly magnetic probes with relatively strong measurement

capabilities. After the magnetic gas sensor senses heat, light, radiation and pressure in the

environment, its magnetic properties will also change accordingly [43]. The working

principle of magnetic gas sensors involves detecting changes in the magnetic properties of

materials when exposed to gas molecules. This can be achieved through various methods

such as the Hall effect, Kerr effect, and ferromagnetic resonance (FMR) [43]. The sensors

can exploit phenomena like perpendicular magnetic anisotropy (PMA) induced at the

interface between ferromagnetic and non-magnetic layers, as well as the effects of

hydrogenation on the magnetic properties of thin films. These changes in magnetic

properties upon gas exposure are then used to identify and quantify the presence of specific

gases. Commonly used are thermal magnetic convection oxygen analysis sensors and

magneto-mechanical oxygen analysis sensors [43].

f) Photoionization gas sensors (PID): work by using photo-ionized gas to detect gas [44].

The gas is irradiated with ultraviolet light generated by an ion lamp, and the gas will be

ionized after absorbing enough ultraviolet light energy. The measured gas level is calculated

by detecting the tiny current generated by the gas ionization. It can detect volatile organic

compounds and other toxic gases from 10 ppb to 10000 ppm. Many hazardous substances

contain volatile organic compounds, and PID is highly sensitive to volatile organic

compounds [45]. It is the most sensitive device for detecting organic volatiles, especially

for those gas leaks with very low concentrations, which has incomparable advantages

compared to other detectors. However, the problem of selectivity persists in these sensors

as well.

g) Thermal conductivity gas sensors: are devices that can sense a certain gas in the

environment by converting gas concentration information into electrical signals for

detection, monitoring, analysis and alarming [46]. Thermally conductive gas-sensitive

materials measure their concentration based on the difference in thermal conductivity

between different gases and air. Usually, a change in thermal conductivity is translated into

a change in resistance through the circuit. The gas type and level are calculated from the

change in resistance value. These gas sensors are widely used in chemical, coal, military,

environmental only to better optimize the sensor performance.
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h) Gas chromatograph analyzers: are based on chromatographic separation and detection

technology. A certain gas sample is periodically taken from the sampling device. The

chromatographic column is carried by a pure carrier gas (mobile phase) with a certain flow

rate, and the chromatographic column is filled with a solid or liquid called a stationary phase.

The components are repeatedly distributed in the two phases, and flow out of the

chromatographic column according to time and enter the detector for quantitative

determination. These detectors are bulky, however efforts for miniaturization have been

quite successful. These sensors are mostly used for laboratory analysis, and are not suitable

for field gas monitoring.

While each sensor type has its unique advantages, they also come with their own set of 

limitations. Electrochemical sensors are widely preferred for their selectivity, wide operating 

temperature range, and cost-effectiveness [47]. Nevertheless, they do have drawbacks, 

including a relatively short life, limited storage period, and humidity dependent sensitivity 

rendering them unsuitable for numerous applications. Chemoresistive gas sensors have 

garnered significant attention due to their numerous advantages over alternative sensors, 

including ease of fabrication, user-friendly simplicity, and cost-effectiveness. Chemoresistors 

comprise a gas-sensitive material that interacts with the analyte, generating an electrical signal 

as a response. This signal corresponds to change in the electrical resistance or conductance. 

The change in resistance occurs because of changes in the concentration of charge carriers 

prompted by the interaction between the sensing layer and gas molecules [48]. An example of 

a typical chemoresistive gas sensor employed during this research work is demonstrated in 

Figure 1.2. 
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Figure 1.2 Alumina transducer substrate used to deposit different sensing materials. 

The performance of a sensor is governed by a number of parameters; selectivity, response, 

sensitivity, limit of detection (LoD), response and recovery times and long-term stability [49]. 

Selectivity pertains to the characteristics of a gas sensor that ascertain its ability to differentiate 

and react to a specific gas within a mixture of various gases [50]. This attribute is crucial for 

air quality sensors, as multiple gaseous species can induce changes in the sensor's electrical 

resistance at parts per billion (ppb) or parts per trillion (ppt) levels, much like the desired target 

gas [49]. The gas sensor response is the percentile change in the baseline resistance of the 

sensor when exposed to the target gas. Response of a p-type material-based gas sensor towards 

an oxidizing gas is calculated by using equation (1), while as for a reducing gas, the sensor 

response is calculated using the equation (2). 

Response % =  
Rair−Rgas

Rair
*100 Equation 1 

Response % =  
Rgas−Rair

Rair
* 100 Equation 2 

Rair is the sensor resistance in air, while as Rgas is the sensor resistance when exposed to

analyte gas. Furthermore, the characteristic properties of a sensor to distinguish and respond to 

a target gas amid a mixture of various gases is referred to as selectivity [51]. Selectivity is one 

of the most important criteria to determine the performance of a sensor. One of the other crucial 

parameters defining sensor performance is limit of detection (LoD) [52]. In simple words, it is 

defined as the lowest concentration of analyte gas a sensor can detect. LoD holds significant 
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importance for sensor performance in real-world applications, especially considering that 

environmental agencies establish exposure limits for pollutant gases. The threshold limits of 

various pollutant gases as mentioned in Table 1.1. Also, response time (tres) is the time it takes

for the sensor to achieve 90% of the total resistance change when exposed to the target gas, 

while the recovery time (trec) is the time it takes for the sensor to regain 90% of the total

resistance change upon the removal of the target gas [53,54]. And finally, a sensor’s long-term 

stability or repeatability, of a sensor is associated with its capability to consistently produce the 

same signal over time when subjected to identical quantities of a target gas. 

1.2. Gas sensing measurements 

Throughout this thesis, the gas sensing measurements were conducted using a homemade 

detection system in a Teflon® chamber with a volume of 35 mL. The chamber is designed to 

accommodate four sensors simultaneously. The chamber consists of an inlet connected to the 

gas delivery system and an outlet which is connected to the exhaust. Commercial alumina 

substrates with interdigitated platinum electrodes (300 µm electrode gap) on the front side and 

a platinum resistive meander on the back side were used to deposit the sensing material, Figure 

1.2 (above schematic). The sensor responses were recorded by monitoring the sensing material 

resistance using an Agilent-34972A data acquisition system. Calibrated cylinders of NO2 (total 

concentration, 1 ppm), H2 (total concentration, 1000 ppm), NH3 (total concentration, 100 ppm), 

CO (total concentration, 100 ppm), and benzene (total concentration, 10 ppm) were mixed with 

pure synthetic air using Bronkhorst mass-flow controllers. A constant flow rate of 100 mL 

min−1 was maintained during all the experiments. The sensors were exposed to the analyte gas 

for 10 min and subsequently cleaned in dry air for 60 min. The cleaning time to recover the 

baseline was adapted according to the sensor operating temperature; 60 min for 50°C, 100°C, 

and 150°C and 120 min for room temperature operation. The operating temperature of the 

sensor was controlled by connecting its heater to an external power supply (Agilent U8002A). 

Prior to gas sensing measurements, sensors were kept under a constant flow of dry air for a 

minimum of 5 h to completely stabilize their initial baseline resistance. The humidity effect on 

the sensing performance was evaluated by humidifying (at room temperature) the gas stream 

through a controller evaporator mixer from Bronkhorst. The schematic of the homemade gas 

sensing measurement system is shown in Figure 1.3. 
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Figure 1.3 Schematic of homemade gas sensing system. 

1.3. Semiconductor metal oxide gas sensors 

Extensive research efforts have been devoted towards the testing of gas-sensing materials in 

the development of advanced gas sensors. A diverse range of materials, including 

semiconductor metal oxides [55,56], carbon nanomaterials [57], conducting polymers [58], and 

two-dimensional nanostructured materials (2DNMs) [59,60], have been tested for their ability 

to quantitatively and/or qualitatively detect specific gases. Notably, semiconductor metal-oxide 

gas sensors have achieved successful commercialization, attributed to their cost-effectiveness, 

high sensitivity, and easy fabrication processes [61–63]. Semiconducting metal oxide-based 

sensors are primarily categorized into two types: n-type, where the majority carrier is an 

electron, and p-type, where the majority carrier is a hole. The operational principle of 

semiconductor metal oxide (SMOX) gas sensors revolves around inducing an equilibrium shift 

in surface reactions associated with the targeted analyte, or a change in electrical resistance 

when the sensor is exposed to the target gas [64]. Typically, reducing gases like NH3, CO, H2, 

result in increased conductivity for n-type semiconductors and decreased conductivity for p-

type semiconductors [65,66] Conversely, oxidizing gases like NO2, O3, Cl2 exhibit the opposite 

effect. Despite n-type SMOX sensors garnering more attention in studies, research indicates 

that p-type SMOX-based gas sensors have distinct advantages, including lower humidity 

dependence and high catalytic properties [67]. The fabrication of gas sensors involves intricate 
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processes involving the selection and preparation of sensing materials, as well as the integration 

of materials into the sensor. The sensing properties of semiconductor metal oxides towards 

specific gases depend on the fabrication process, including material types, microstructures of 

sensing materials, and integration modes for the sensing materials and devices. To address 

contemporary demands for SMOX-based sensors with enhanced sensitivity, excellent 

selectivity, and robust stability, researchers are increasingly emphasizing the understanding of 

sensing mechanisms, morphological structure manipulations, and defect structure 

manipulations. Figure 1.4 shows different synthesis techniques used to synthesis, properties 

and sensing mechanism of semiconductor metal oxide sensors. Also, Figure 1.5 illustrates the 

four different bottom-up approaches for nanomaterial synthesis for gas sensor applications. 

Figure 1.4 Synthesis methods, properties, and sensing mechanism of metal oxide gas sensors 

in brief [68]. 

A quick search about “Metal Oxide Gas Sensors” in Scopus yields more than 9800 results as 

of January 2024. Despite a humongous amount of attention being given to alternative materials, 

researchers are still reaping the benefit of the excellent gas sensing properties of metal oxides 

as sensing materials. Agarwal et al. [69] reported hydrothermal synthesis of flower-shaped ZnO 

nanostructures and their morphology-dependent gas sensing properties. The sensors showed 

excellent response towards 250 ppb of NO2 at 200oC. At 200°C, the flower shaped ZnO showed 

the highest sensitivity to nitrogen dioxide. In contrast, the ZnO nanorods demonstrated their 

highest response at 200°C (although it was lower than that of nanoflowers), and their least 
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responsive state was observed at 250°C. Navarrete et al. [70] reported the direct growth of ZnO 

nanowires (NWs) on commercially available alumina substrates having screen-printed, 

platinum interdigitated electrodes and a heating meander. ZnO NWs were synthesized via a 

catalysed CVD process that results in a vapour-liquid-solid (VLS) growth mechanism. ZnO 

NWs show high sensitivity of 50 towards 1 ppm of NO2 when operated at 250°C. Ding and co-

workers [71] demonstrated oxygen vacancies defective WO3 nanosheets with (002) exposed 

facets for highly sensitive acetone detection. WO3 nanosheets were obtained by a simple 

hydrothermal-hydrogenation process. The sensors show a response of 48 towards 100 ppm of 

acetone at 340oC. 

Figure 1.5 Illustration of the four different bottom-up approaches for nanomaterial synthesis 

[68]. 

Although, metal oxide gas sensors show high responses towards various pollutant gases. 

However, the challenges associated with metal oxide gas sensors are evident when considering 

their high operating temperatures [56], which result in substantial power consumption, 

rendering them less than ideal for integration into Internet of Things (IoT) devices [72] and 

other real-world applications. The elevated temperatures not only lead to increased power 

consumption but also pose a significant obstacle to the efficient and sustainable use of these 

sensors in various applications [56,72,73]. Additionally, the high operating temperatures lead 

to a shortened sensor lifespan [73,74], reducing their overall reliability for extended use. 

Moreover, another notable drawback is the lack of selectivity in metal oxide gas sensors [74], 
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limiting their ability to differentiate between various gases with precision. These issues 

underscore the pressing need for further modifications in metal oxide sensor technology to 

enhance power efficiency, reduce operating temperatures, and improve selectivity, ensuring the 

viability of metal oxide gas sensors for broader and more diverse applications. 

Although chemoresistive metal oxide-based gas sensors require a high operational temperature 

of approximately 300°C, successful strategies have been devised to mitigate power 

consumption. These include i) light activation [75], ii) noble metal decoration [76], iii) 

heterojunction engineering [56], and iv) the incorporation of non-oxide materials. However, it 

is noteworthy that noble metal decoration and heterojunction engineering prove more effective 

in enhancing the selectivity of metal oxide gas sensors, enabling robust detection at 

comparatively lower temperatures [76].  

Duan et al. [77] reported WO3/WS2 heterostructure for NO2 detection. The WS2 was 

synthesized via a simple hydrothermal method. A facile low-temperature in-situ oxidation 

method was used to fabricate WO3/WS2 heterostructure. The heterostructures responded 

highest at 79oC towards 5 ppm NO2. Lee et al. [78] fabricated a SnO2/NiO nanoparticle based 

heterostructure for high response formaldehyde sensing. A facile one-step blending process 

with a low operating temperature of 80oC was used for the fabrication of SnO2/NiO 

heterostructure. The sensors were extremely sensitive towards 10 ppm of formaldehyde with a 

response of 9121.74. The response time of the sensors was 3 seconds. Cho et al. [79] 

demonstrated fast responding ethanol gas sensors composed of p-type SrTi1-xFexO3 (STF) with 

various Fe compositions deposited over vertically aligned SiO2 nanorods. The fabricated STF 

on SiO2 NRs exhibited gas responses ranging from 74 to 528 for 50 ppm ethanol gas depending 

on the Fe content with fast response and recovery time. The sensors were fabricated via a lift-

off process based on photolithography. Malik et al. [56] reported gas sensors based on 

CeO2:WO3 nanowires grown via aerosol assisted chemical vapor deposition (AACVD) and 

drop casting. The sensors showed an excellent response of ~ 100 towards 20 ppm of ethanol at 

250oC. Kim et al. [80] reported p-n SnO/SnO2 heterostructure as a promising gas sensing 

material for NO2 sensing. The sensors show excellent response towards 100.86 towards 50 ppm 

of NO2 at 150oC. The sensing materials were synthesized via a facile hydrothermal method at 

180oC for 18 hours. Cai and co-workers [81] demonstrated porous Au nanoparticles (NPs) 

decorated with In2O3 NPs embedded in ZnO nanofibers for NO2 sensing. The sensing material 

was synthesized using a facile electrospinning method followed by calcination at 400oC. The 

sensors showed a high response of 90 towards 5 ppm of NO2 at room temperature (RT) in 
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presence of 80% relative humidity (RH). All these reported scientific works are published in 

2023-2024. This makes it clear that the zeal of exploring the metal oxides with tremendous gas 

sensing potential continues. Consequently, there is a need to explore alternative materials that 

operate selectively and with high sensitivity at room temperature as substitutes for the currently 

employed metal oxide gas sensing materials.  

In this thesis work, metal oxide sensors were fabricated using aerosol assisted chemical vapor 

deposition (AACVD). Pristine WO3 NWs were grown directly on a commercial alumina 

substrate consisting of a pair of screen-printed interdigitated Pt electrodes (with 300 µm 

electrode gap) on one side and a platinum resistive heater meander on the back side. In a typical 

synthesis procedure, 50 mg of tungsten hexacarbonyl W(CO)6 (Sigma Aldrich) was dissolved 

in a solution of acetone (CAS: 67-64-1) and methanol (CAS: 67-56-1) (3:1). The solution was 

ultrasonicated to ensure full solubilization. The solution was placed in an ultrasonic bath to 

generate aerosol. N2 gas with a flow of 0.5 L/min and 1 L/min was used as a carrier to transport 

the aerosol to the alumina substrate preheated to 400oC in a hot wall reactor. Different gas flows 

are used to obtain different morphologies of WO3 NWs. The growth process takes 

approximately 40 minutes. The chamber is left to cool down naturally. The substrates with WO3 

NWs are annealed at 500oC for 2 hours in a Carbolite CWF 1200 muffle furnace within a 

synthetic air environment. Annealing helps in removing any carbon residues from the solvents 

and results in fully oxidized WO3 NWs. Furthermore, our work provides additional insights 

into nanowires in gas sensing [82]. 

Moreover, metal nanoparticle decoration on a plethora of materials was carried out using 

AACVD. Palladium nanoparticles were incorporated onto MoS2 sensors using aerosol-assisted 

chemical vapor deposition (AACVD). The reaction was performed at comparatively low 

temperature of 250°C. To study the effect of Pd concentration on the sensor responses, two 

amounts of the palladium precursor were used to decorate MoS2 sensors. In a typical synthesis 

procedure, 1 mg and 2 mg of Palladium (II) acetylacetonate (Sigma Aldrich, Spain Spain CAS: 

14024-61-4) were dissolved in 5 mL methanol (CAS: 67-56-1). The solution was ultrasonicated 

to ensure full solubilization. The solution was placed in an ultrasonic humidifier to generate 

aerosol. N2 gas with a flow of 0.5 L/min was used as a carrier gas to transport the aerosol to 

the MoS2 sensors preheated at 250°C in a hot wall reactor. The deposition time was about 5 

min; after that, the chamber was left to cool down naturally.  
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1.4. Transition Metal Dichalcogenides (TMDs) 

The discovery of graphene marked a transformative chapter in science. Graphene stands out as 

the pioneer among two-dimensional (2D) materials that have captivated the interest of 

researchers and scientists [49,83]. Graphene's remarkable properties, such as exceptional 

electrical conductivity [84], mechanical strength [85], and flexibility [86], have spurred 

intensive research efforts toward its integration into various applications, including gas sensors 

[87]. In comparison to traditional gas sensors based on metal oxide (MOX) nanostructures, 

graphene offers several advantages, including a large specific surface area in its atomically thin 

2D form [88], high conductivity [84], moderate operating temperatures, and minimal electrical 

noise [49]. Despite the exciting properties, its zero-bandgap nature limits its application in 

some areas such as in semiconductor electronics. The exploration of advanced two-dimensional 

(2D) materials has expanded, leading to a focus on transition metal dichalcogenides (TMDs) 

for gas sensing applications [89].  

TMDs are commonly denoted by the formula MX2. Here, M refers to a transition metal (TM) 

atom from group IV to V, and X signifies a chalcogen atom (S, Se, or Te) [90]. Figure 1.6 shows 

the transition metals (highlighted in blue) and chalcogenides (highlighted in green). 

Figure 1.6 In the periodic table, sixteen transition metals and three chalcogen elements 

(building blocks of the 40 different TMDCs) that form crystalline in 2D layered structures. 

Partial highlights for Co, Rh, Ir and Ni, because only a few layered structures are observed. 
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Notable examples of TMDs include molybdenum disulfide (MoS2) [91–94], molybdenum 

diselenide (MoSe2) [95–98], tungsten disulfide (WS2) [66,99,100], and tungsten diselenide 

(WSe2) [101,102]. Figure 1.7 illustrates the schematic representation of graphene and typical 

MX2 structures.  

 

Figure 1.7 The schematic representation of graphene and some TMDs [103]. 

The layered TMDs adopt the X–M–X configuration, in which the plane of metal atoms 

separates the two hexagonal planes of chalcogenides [103]. The TMD family comprises over 

forty different combinations of multi-layered elements, formed through various combinations 

of transition metals (TMs) and the three chalcogen atoms [103], see Figure 1.6. Due to different 

coordination spheres of TM atoms, TMDs exhibit different structural phases, commonly 

defined by trigonal prismatic (2H) or octahedral (1T) TM atom coordination. The diverse 

electronic behavior of TMDs arises from the gradual filling of the nonbonding d bands by TM 

electrons, enabling them to exhibit insulating to metallic and semiconducting properties 

[104,105]. Unlike graphene, single-layered TMDs possess a bandgap. In semiconducting 

TMDs, transitioning from bulk to monolayer can shift the bandgap from indirect to direct [106]. 

For example, in the case of MoS2, a widely studied 2D TMD with the Mo atom sandwiched 

between two sulfide layers (S–Mo–S) [107,108], the transition from bulk to monolayer changes 

the indirect band gap (1.9 eV) to a direct one (1.2 eV) [109]. The variable electronic properties, 

combined with mechanical flexibility and optical sensitivity, make TMDs suitable for diverse 

applications such as novel semiconductor systems, lightweight wearables, and flexible devices. 

Hence, these 2D materials offer the potential to overcome selectivity challenges faced by 
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traditional metal oxide-based sensors, opening new avenues for the development of highly 

sensitive and specific gas sensing technologies [49,60].  

Considering the advantages of TMDs, numerous synthesis techniques have been developed to 

tailor their properties [110]. Various synthesis methods yield distinct TMDs with diverse 

properties and applications. These methods fall into two categories: top-down and bottom-up, 

illustrated in Figure 1.8. The former involves mechanical and chemical exfoliation [111,112], 

while the latter includes chemical vapor deposition (CVD) [49,66,113] and chemical synthesis 

[114]. In the top-down approach, MX2 layers are derived from their bulk form, where intralayer 

strong covalent bonds and interlayer weak van der Waals (vdW) interactions exist in bulk TMD 

crystals [115]. This method overcomes vdW forces by applying external energy, such as peeling 

and ultrasonication, of the bulk crystals, resulting in the development of thin layers. In the 

Bottom-up method, MX2 layers are formed on specific substrate materials from elemental 

precursors. Both techniques have their advantages and disadvantages.  

Figure 1.8 Schematic showing the synthesis methods of TMDs, top–down and bottom–up 

approaches [103]. 

1.5. Synthesis of TMDs 

Mechanical exfoliation 

Mechanical exfoliation is a commonly employed technique for creating single or a few layers 

of nanomaterials from their bulk counterparts. In this method, bulk crystals are either peeled 

or cleaved using adhesive tape [112]. The "scotch tape method" for thin-layered compounds 

was initially introduced in 1966 by Frindit, who generated MoS2 flakes with thickness in the 

range of a few nanometers [116]. The successful exfoliation of graphene from bulk graphite 
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opened the door for producing other similar 2D layered materials through the straightforward 

Scotch tape method [117]. Typically, this method is utilized for synthesizing common 

monolayer TMDs such as MoS2 and WS2 on specific substrates like SiO2/Si [118,119]. In this 

process, adhesive tapes peel off the MX2 layers from their bulk crystals, followed by 

transferring these layers onto suitable substrates for further device fabrication [120,121]. 

However, this method is not suitable for massive production because of its poor production 

yield and its inability to control the thickness, shape, and size of the isolated flakes [115,122]. 

Chemical exfoliation 

Chemical exfoliation (CE) has the potential to overcome the limited production yield 

associated with mechanical exfoliation. This technique involves ion intercalation and solvent-

based techniques [123]. In the CE approach, effective exfoliation of bulk materials is achieved 

by introducing intercalators into the intermediate layers of the bulk crystal, facilitated by 

ultrasonication in water [124]. Typically employed intercalators include organometallic 

compounds such as butyl lithium, naphthyl, and sodium. Jensen et al. used ion intercalation 

(Morrison method) to exfoliate MoS2 into monolayers by intercalating with lithium followed 

by a reaction with water [125]. Also, Zhang et al. proposed a simple yet efficient, rapid, and 

easily controllable technique for exfoliating semiconductor layers through an electrochemical 

lithiation discharge process in 2011 [126]. 

Chemical vapor deposition (CVD) 

Chemical Vapor Deposition (CVD) is a highly efficient approach for producing high-quality, 

thin 2D transition metal dichalcogenides (TMDs) with precise control over morphology, 

crystallinity, and defects, essential for successful device applications [127]. At elevated 

temperature and pressure, the substrate is exposed to the reaction precursor.  The reaction 

precursor provides the necessary transition metals (TMs) and chalcogen atoms. After the 

reaction, the resulting product is deposited onto the substrate material [66,113], yielding 

atomically thin layered MX2, such as MoS2 [128,129], WS2 [66], MoSe2 [130], and MoTe2 

[131]. CVD is a facile and a straightforward synthesis of 2D TMDs. Various CVD-based 

synthesis techniques have been applied to prepare different 2D TMDs. However, a challenge 

associated with the CVD method is the need to transfer nanosheets from the deposited 

substrates for further analysis. Additionally, the higher production cost presents another 

limitation. 
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To address the limitations of the Chemical Vapor Deposition (CVD) process in synthesizing 

Transition Metal Dichalcogenides (TMDs), this thesis introduces an in-house CVD reactor 

designed to operate at atmospheric conditions without the need for hydrogen. The atmospheric 

pressure CVD system not only enables the direct growth of TMDs on substrates but also 

facilitates their synthesis in powder form, which can subsequently be deposited onto any 

desired substrate. A hydrogen-free Atmospheric Pressure Chemical Vapor Deposition 

(APCVD) technique was utilized to produce WS2 with a yield in the range of hundreds of 

milligrams, demonstrating the potential for scalability through an innovative synthesis 

approach. The process involved use of commercially available tungsten trioxide powder from 

Sigma Aldrich (CAS: 1314-35-8), which was sulfurized to yield edge enriched WS2 

nanostructures in powder form. The sulfurization reaction took place at 900°C for 60 minutes, 

employing metallic sulfur from Sigma Aldrich (CAS: 7704-34-9) in a custom tube-in-tube 

setup with a temperature gradient. The schematic of the setup is depicted in Figure 1.9. 

Figure 1.9 Schematic of APCVD furnace. 

The furnace, with a bright orange-colored heater coil indicating the set temperature of 900°C 

in the middle zone, was programmed to heat up from room temperature with a ramp of 

40°C/min. Three corundum boats were strategically placed in different temperature zones: one 

boat contained 100 mg of WO3 precursor powder, and the other two boats each containing 1 g 

of sulfur. The boat with WO3 and a sulfur-containing boat were positioned inside a semi-sealed 

secondary quartz tube within the 900°C temperature zone. The boat outside the secondary 

quartz tube was placed upstream of argon flow within the larger quartz tube. 

Before the sulfurization process, the quartz tube was flushed with 100 mL/min of Ar to 

eliminate oxygen. The Ar flow rate during the reaction was maintained at 30 mL/min. Once the 

furnace reached 900°C, the external quartz tube was carefully positioned so that the sulfur boat, 

initially located outside the furnace, entered the 400°C temperature zone of the furnace. This 

strategic arrangement of the boats created a sulfur-rich environment, ensuring the complete 
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sulfurization of WO3. The parameters of argon flow rate, ramp-up temperature, reaction time, 

and sulfur quantity were crucial considerations. After the reaction, the furnace was allowed to 

cool naturally. 

Molecular Beam Epitaxy (MBE) 

Molecular Beam Epitaxy (MBE) is used for production of large-area and high quality epilayers 

of TMDs. This is owed to ultra-high vacuum used during the MBE process [132,133]. MBE 

stands out for its ability to provide crucial capabilities, allowing for meticulous control over 

the composition, thickness, structural phases, and other characteristics of TMDs. The precision 

makes MBE an ideal technique for exploring new investigating technological applications and 

dig deeper into basic properties of TMDs that hold the potential for intriguing practical uses. 

The production of epitaxial TMDC films using MBE initiated approximately two decades ago 

[130]. Despite its precision in controlling material characteristics, molecular beam epitaxy 

(MBE) has limitations due to slow deposition rates, making it less suitable for large-scale 

production. Additionally, the ultra-high vacuum requirements and complexity of the MBE 

system can lead to increased operational and maintenance challenges. 

Solution based methods 

Solution-phase techniques exhibit potential for the scalable production, functionalization, and 

hybridization of 2D transition metal dichalcogenides and nanosheets, leading to an extensive 

exploration of 2D materials for various applications [134,135]. These methods are employed 

to fabricate large lateral-sized 2D TMDs nanomaterial flakes, such as MoS2, MoSe2, WS2, 

WSe2, with precise layer-to-layer control [125,136]. Solution-based methods offer several 

advantages compared to alternative approaches for generating 2D material nanosheets, 

including the use of cost-effective precursors, scalability for large-scale production, 

straightforward sorting and separation, easy adjustment of size and thickness, and excellent 

solubility. This creates a versatile platform for chemical functionalization, enhancing electrical, 

mechanical, and chemical properties when combined with other materials in solution, and 

facilitating the convenient transfer of 2D nanosheets in solution [137,138]. 

1.6. Properties of TMDs 

1.6.1. Structural properties 

Layered transition metal dichalcogenides share structural similarity with graphite, exhibiting 

individual monolayers with thicknesses ranging from 0.6 to 0.7 nm. The layers in the TMDs 
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are held together by an interlayer covalent bond and intralayer weak van der Waals force, 

forming stacked sandwiched X-M-X layers. 

The length of the M-X bond depends on the sizes of both the transition metal and chalcogen 

ions, ranging approximately from 3.15 Å to 4.03 Å [139]. The TMDs formed can either be 

layered or non-layered, depending on whether the transition metal belongs to group IV-VII or 

VIII-X, respectively, in the periodic table [140]. The structural phases of 2D TMDs are

classified as tetragonal-1T (octahedral) or hexagonal-2H (trigonal prismatic) based on the 

arrangement of atoms [140]. 

The 1T and 2H phases can be further categorized according to the stacking order of each 

monolayer. In the 2H phase, the top view displays hexagonal symmetry, and the monolayer 

adopts the X-M-X form, with each transition metal atom covalently bonded to six neighbouring 

X atoms. In the T phase, the chalcogen atom forms trigonal and triagonal antiprism 

arrangements at the top and bottom single layers, resulting in a hexagonal arrangement of atoms 

when viewed from the top. Distortion or dimerization of transition metal atoms in the z 

direction modifies the displacement of X atoms in the same direction, giving rise to the T' 

phase. 

Thermodynamically stable TMDs formed by the combination of transition metals (from group 

4, 5, 6, 7, 9, and 10) with chalcogen atoms (S, Se, and Te) can exist in either 2H or 1T phases, 

while all others are considered metastable phases. The selection of specific phases by 2D TMDs 

is determined by the number of electrons in the d-orbital [141,142]. 

1.6.2. Electronic and optical properties 

The most interesting and attractive aspects of 2D TMDs lie in their diverse electronic 

properties, ranging from semiconductor to superconductor based on their chemical 

composition. Depending on the material, monolayer TMDs exhibit a broad spectrum of 

bandgaps extending from the visible to the infrared range [143,144]. Figure 1.10 illustrates the 

crystal structures and bandgaps of 2D materials [145]. Due to the quantum mechanical 

confinement of atoms and variations in the hybridization of atomic orbitals of transition metals 

(TMs) and chalcogenides, reducing the bulk form into a thin monolayer leads to a 

corresponding change in the electronic band structure from indirect to direct bandgap [146] 

(e.g., MoS2, MoSe2, and MoTe2, while some, like GaSe, ReSe2, and a few others, exhibit certain 

exceptions [147].  
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Figure 1.10 Selected family of 2D materials and their bandgaps [145]. 

2D TMDs such as MoSe2, MoS2, and WS2 formed specifically by group 6 TMs are 

semiconductors in the 2H phase of these monolayers (hexagonal space group: p6m2), 

possessing hexagonal symmetry in both real and reciprocal space, akin to graphene [148]. 

Compared to the TMs of 2D TMDs, the influence of the chalcogen atom on the electronic 

structure is relatively small. Nevertheless, an increase in the atomic number of chalcogens can 

reduce the broadening of the d band [149]. In 2D materials, electronic properties and 

applications are defined by the bandgap. Altering thickness [150], doping [151], mechanical 

deformations [152], and defects engineering [153] are commonly employed methods to modify 

their bandgap. First principle calculations [154] predict that doping with TMs (such as Ti, Pt, 

Ni, and Pd) changes the Fermi level of MoS2. If the shift is towards the positive (or negative) 

side, the TM + MoS2 transforms into an n-type (or p-type) semiconductor. Similarly, the 

creation of a metal vacancy in pure 2D MoSe2 changes its semiconducting nature to metallic 

[155]. 
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The electronic band structure dictates the optical characteristics of TMDs. 2D TMDs 

possessing direct bandgaps find extensive use in the production of optical components and 

optoelectronic devices, primarily owing to their band gap falling within the visible region of 

the electromagnetic spectrum [156]. Techniques such as UV–Vis spectroscopy, 

Photoluminescence (PL), and Raman spectroscopy are employed to explore the optical 

attributes of TMDs. The interaction between intermediate layers induces a transition from an 

indirect bandgap to a direct one. This shift is instrumental in reducing the TMDs from multiple 

layers to a single layer, rendering them optically active [157]. Notably, TMDs like MoS2 and 

MoTe2 exhibit robust PL properties in the visible and near-infrared regions [157]. The optical 

absorption spectra of TMDs are characterized by strong excitonic peaks due to the Coulomb 

interaction between electrons and holes [158]. The presence of spin-valley coupling in these 

materials results in valley-specific optical transitions, offering potential in valleytronics [159]. 

Additionally, TMDs display remarkable nonlinear optical properties, such as second-harmonic 

generation and two-photon absorption, enhancing their utility in nonlinear optics and 

photodetection [160]. The ability to tune their optical properties by varying the thickness and 

composition further expands the potential applications of TMDs in optoelectronic devices, 

including photodetectors, light-emitting diodes, and solar cells. 

1.6.3. Mechanical properties 

Similar to graphene, TMDs exhibit remarkable mechanical strength and flexibility. In the realm 

of 2D materials, the mechanical properties are significantly influenced by crystal defects and 

synthesis techniques [161,162]. The strong covalent bond between atoms within the same plane 

of 2D TMDs imparts robust mechanical characteristics to these materials. Assessing the 

mechanical properties of 2D materials is challenging due to their non-equivalent deformation. 

Atomic Force Microscopes (AFM) are crucial tools widely utilized to investigate the 

mechanical features of 2D materials, including parameters like Young’s modulus, pretension, 

and strain. The pretension of 2D materials depends on both intrinsic mechanical properties and 

fabrication methods. Semiconducting TMDs, particularly those with metal atoms from group 

6, show promise for flexible optoelectronic devices [163]. Studies indicate that increasing the 

number of layers in MoS2 reduces the material's Young’s modulus due to interlayer stacking 

errors [161]. Bertolazzi et al. [118] experimentally determined a single-layer's stiffness and 

breaking strength using AFM, yielding values of 270 ± 100 GPa and 23 GPa, respectively. DFT 

simulations [163] reveal a linear relationship between mechanical properties and charge 

transfer, confirming the influence of chemical composition. Chalcogens paired with tungsten 
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exhibit greater strength than those with molybdenum, attributed to strong hybridization 

between the vacant p-orbital of chalcogen and the d-orbital of the metal. 

1.7. TMDs applications 

Given the remarkable electronic, mechanical, and optical properties exhibited by Transition 

Metal Dichalcogenides (TMDs), their applications extend beyond conventional materials. 

TMDs have garnered significant attention in various fields, owing to their unique combination 

of properties. From advanced semiconductor devices to cutting-edge optoelectronic 

components, the versatility of TMDs is harnessed to push the boundaries of innovation. Their 

exceptional electronic conductivity, mechanical strength, and optical characteristics pave the 

way for applications in electronic devices, sensors, and even emerging technologies like 

quantum computing. As researchers delve deeper into the potential of TMDs, the range of 

applications continues to expand, showcasing their pivotal role in shaping the landscape of 

modern materials science and technology. 

1.7.1. Optoelectronic devices 

TMDs are a promising candidate for optoelectronic applications owing to their broad range of 

bandgap energy (1.1 to 2.1 eV), and high charge transfer [164]. One of the main domains of 

TMDs based optoelectronic devices is photodetectors. TMD-based photodetectors take 

advantage of the strong light-matter interaction in these materials [165]. The direct band gap 

in monolayer TMDs enhances their sensitivity to light, making them suitable for high-

performance photodetectors. Photocurrent is generated when TMDs absorb photons, and this 

can be utilized in applications such as imaging, communication systems, and light sensing 

[166]. Hu et al. [167] reported electret/TMD hybridized devices by vertically coupling a MoS2 

channel and the PTFE film, which reveals an optimized photodetection behavior. Utilizing the 

corona charging method, negative charges were induced in the PTFE layer, mirroring the effect 

of applying a negative bias to the MoS2 channel rather than using the conventional voltage-

driven back gate. With a charging voltage of −6 kV, PTFE/MoS2 devices exhibit enhanced 

photodetection performance and a faster recovery speed compared to their bare MoS2 

counterparts. 

1.7.2. Energy storage devices 

Monolayered 2D transition metal dichalcogenides (TMDs) are commonly employed in 

electrochemical energy storage devices such as Li-ion batteries and supercapacitors. However, 
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certain pristine TMD nanosheets face limitations in supercapacitor applications due to their 

low conductivity and specific capacitance. In addressing this challenge, heterostructures or 

hybrids incorporating 2D TMDs emerge as promising candidates for energy storage 

applications [168,169]. Given that electrochemical reactions are highly reliant on surface and 

interface properties, the layered structure, substantial surface-to-volume ratio, and numerous 

active sites make 2D TMDs and their heterostructures preferable materials. A notable example 

involves the use of a heterostructure consisting of vertically aligned MoS2 and 

electrochemically exfoliated graphene, serving as an anode material for Lithium-ion batteries 

[170]. An electrode composition named EG-MoS2, comprising 95 wt% MoS2, demonstrated 

exceptional performance, achieving an ultrahigh specific capacity of 1250 mAhg−1 after 150 

stable cycles at 1 Ag−1. It also exhibited remarkable rate performance, delivering 970 mAhg−1 

at 5 Ag−1.  

1.7.3. Photovoltaic applications 

Atomically thin two-dimensional materials are favoured for their robust light-matter 

interactions, adjustable optical bandgaps, and exceptional surface, structural, and electronic 

characteristics [171]. Moreover, they exhibit high efficiency in solar energy conversion while 

requiring only a minimal amount of active absorber material. The variable band gap of 

transition metal dichalcogenides (TMDs), spanning from metallic to insulator in the visible 

region, facilitates the creation of innovative photovoltaic devices. Semiconducting single-layer 

TMDs like MoS2, MoSe2, and WS2, each with a thickness less than 1 nm, absorb approximately 

1–5% of incident sunlight [172], closely aligning with organic-organic solar cell interfaces 

[173]. Significantly, these materials surpass traditional semiconductors like Ga, As, and Si in 

sunlight absorption capability. In the context of a typical solar cell, comprising a junction of 

two materials with opposing charge carriers, the separation of photogenerated electron-hole 

pairs occurs, leading to the manifestation of the photovoltaic effect [174]. 

1.7.4. Biosensing applications 

Biosensors, crucial for detecting biological elements or biomolecules, find extensive 

applications in industries, medicine, and agriculture. The growing demand for biomolecule 

sensing, spanning nitrobenzene, catechol, ammonia, and volatile organic chemicals, has 

prompted the development of new nanomaterials as sensing substrates. Transition metal 

dichalcogenides (TMDs), renowned for their exceptional properties, are emerging as prime 

materials for sensing, particularly in biosensing applications [175,176]. Their high surface area 
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and interplanar weak van der Waals (vdW) interactions are pivotal characteristics that render 

them efficient biosensors. Furthermore, the tunability of their surface leads to variations in 

structural and electronic properties. 

In 2017, Yan et al. [176] pioneered the development of highly sensitive MoS2 nanosheets 

through ultrasound exfoliation for detecting DNA molecules. Other TMDs, such as MoSe2, 

WS2, and TiS2, have also been employed for the rapid detection of DNA [177]. The sensing 

capabilities of 2D TMDs can be enhanced through various methods [103], including doping, 

defect induction, and hybridization. DFT calculations predict that biomolecules like 

nitrobenzene and catechol exhibit negligible adsorption on the surface of pristine 2D MoS2 

substrates. However, when MoS2 is doped with transition metals, its sensing ability increases 

[178]. This can be owed to effective charge transfer between the biomolecule and the decorated 

metal d-orbitals. Research indicates that Ti-doped MoS2 holds promise as a potential biosensor. 

Similarly, Li-doped MoS2 is well-suited for the detection of nucleobases [103]. TMDs have 

proven successful as optical, electrochemical, and electronic biosensors, enabling the detection 

of various biomolecules such as nucleic acids, proteins, and glucose. A recent study focused on 

four common TMD nanosheets (WS2, MoS2, WSe2, and MoSe2) and devised a sensitive, label-

free colorimetric sensing approach for DNA detection based on TMD nanosheet’s distinctive 

affinity for single-strand and double-strand DNA [103]. 

1.7.5. TMDs based gas sensors 

With the continuous expansion of the economy, there is an ever increasing need to develop 

sensors that are not only energy-efficient, inexpensive, and compact but also possess high 

reliability and portability. These sensors must exhibit a heigh sensitivity and selectivity to align 

with the requirements of emerging technologies like the Internet of Things (IoT) and smart 

devices in the next generation. The increased demand for small, cost-effective gas sensors has 

instigated a surge in the exploration of innovative materials. Transition metal dichalcogenides 

(TMDs), with graphene like properties, have emerged as promising candidates for the next 

wave of gas-sensitive materials. Notably, recent demonstrations of the scalable synthesis of 2D 

TMDs have revealed the potential to produce low-cost sensors. Moreover, these materials have 

ignited a research zeal for the advancement of flexible and wearable electronics in the future. 

For chemoresistive gas sensors, 2D edge-enriched, vertically oriented TMDs exhibit excellent 

gas sensing properties [49][102]. However, their synthesis in an out-of-plane direction presents 

a daunting challenge. Indeed, the complex process of growing gas sensitive TMDs materials 
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demands innovative and precision-based synthesis techniques. One of the main obstacles lies 

in achieving uniform, reproducible and continuous deposition [49]. To overcome these 

challenges, Alagh et al. [66] reported hydrogen and alkali halide free direct growth of 

continuous and vertically oriented WS2 nanotriangles on standard ceramic transducers. The 

authors reported a two-step CVD process by combining AACVD and APCVD for the direct 

growth of WS2 to be used in chemoresistive sensors. Concurrently, the authors reported the 

occurrence of WO3 impurities suggesting an incomplete sulfurization.  

Duesberg and team synthesized MoS2 patterns showcasing a high-sensitivity detection of NH3 

with a limit of detection (LOD) at the parts per million (ppm) level [179]. Zhou and colleagues 

reported a Schottky-contact MoS2 chemical sensor responsive to NO2 and NH3, demonstrating 

detection capabilities down to 20 parts per billion (ppb) and 1 ppm, respectively [180]. Zhang 

and team investigated the performance of MoS2 gas sensors concerning NO based on their 

thickness, revealing insights into the sensor's behavior [111]. At room temperature (RT), the 

MoS2 p-n junction sensor displayed superior sensitivity and selectivity to NO2 compared to 

sensors based on individual n-type or p-type MoS2 [10]. Zhou et al. [181] explored the impact 

of the number of WS2 layers on the ability to detect gases by examining the layer-dependent 

sensing performance of WS2-based gas sensors. The fabricated gas sensors were based on WS2 

in both monolayer and multilayer configurations and methodically evaluated their response to 

various gases, including NO2, CO, NH3, and CH4 at room temperature and 50oC. 

However, despite all the above-stated sensing properties, pristine TMDs show poor gas sensing 

response at room temperature, this is due to the strong adsorption of gas molecules on the 

TMDs surface which leads to partial desorption of these molecules during the recovery cycle, 

resulting in much longer response time with low sensing response. Hence, limiting the practical 

applications of pristine TMDs based gas sensors in the real environment [65]. To overcome the 

challenges associated with pristine TMDs, researchers have turned to heterostructures of 

transition metal dichalcogenides (TMDs) for gas sensing applications. The combination of 

multiple TMD layers or the integration of TMDs with other materials creates a platform that 

can overcome limitations such as low stability, limited operating temperature range, and 

reduced selectivity. The utilization of TMD heterostructures presents a promising avenue for 

advancing the capabilities of gas sensors, paving the way for more efficient and versatile 

sensing technologies. Alagh et al [65] reported PdO and PtO loaded tungsten disulfide growth 

on alumina substrates. The sensing material was fabricated through a two-step process. 
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Initially, metal oxides (PtO, PdO and WO3) were grown using AACVD, followed by the second 

step involving APCVD to sulfurize WO3 into WS2. The metal oxide loaded sensors showed 

reproducible, ultrasensitive and enhanced responses towards NO2 with LoD of 25 ppb. Liang 

et al. [182] reported the flower-like composites of MoS2/WS2 synthesized through a 

straightforward one-pot hydrothermal method, demonstrating effective NO2 detection at room 

temperature. The WS2 molecules prefer to grow on the edge of as- nucleated MoS2 to form the 

MoS2/WS2 nanosheets, and then they can grow by layer-by-layer self-assembly to form the 

MoS2/WS2 heterostructure. The optimized MoS2/WS2 heterostructure composite displayed 

remarkably high sensitivity to NO2 at room temperature, showcasing a combination of elevated 

response, reliable reproducibility, exceptional selectivity, and long-term stability. Notably, the 

MoS2/WS2 composite exhibited responses (ΔR/Rg) of 6.1% and 23.1% to 5 ppb and 100 ppb 

NO2, respectively. Table 1.2 summarizes recent developments and results in transition metal 

dichalcogenide based gas sensors. 

The challenges associated with TMDs synthesis methods as mentioned above, such as direct 

growth at high temperatures leading to low yields and impracticality for flexible substrates. 

The techniques are promising for developing gas sensors at the laboratory scale; however, the 

techniques may not be scaled up to industrial level. This prompted the development of an 

alternative approach during this thesis: the airbrushing method. The advantage lies in the 

precision with which the material can be deposited onto various surfaces, including flexible 

substrates. TMDs sensing films were deposited, via a home-made airbrush system, onto 

commercial alumina transducer substrates (Ceram Tech GmBH, Germany), which have Pt-

interdigitated electrodes with a gap of 300 µm on the front side and Pt-resistive heater meander 

on the back side. The electrode area was 2.5 mm × 5.1 mm. Prior to their coating with TMDs, 

substrates were cleaned by sequential sonication in acetone, ethanol, and deionized water 

followed by blow drying with nitrogen. After that, the cleaned substrates were placed in the 

hotplate of our home-made airbrushing system, which is composed of a commercial air brush, 

a hotplate, a multimeter and connectors. Figure 1.11 illustrates our in-house built airbrushing 

system. 
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Figure 1.11 In-house built airbrushing system. 

Desired TMDs powder was sonicated in absolute ethanol (Scharlab, CAS: 64-17-5) for a 

particular time to yield a suspension. It is worth noting that the airbrushing technique allows 

us to use the solvent of choice, during this thesis, absolute ethanol was used to keep the thin 

film deposition temperature to the minimum possible value, owing to its low boiling point.  

Next, the obtained solution was transferred to the airbrush container, the electrodes of the 

substrate transducers were connected to the multimeter, in order to control the resistance of the 

deposited films and the hotplate was turned on and set at 55 ºC. Finally, the solutions were 

airbrushed onto the alumina substrates using N2 gas as a carrier. It is worth mentioning that this 

technique allows us to deposit thin films of the functional material over virtually any type of 

application substrate. Airbrushing deposition was tested over polymethyl methacrylate 

(PMMA), Kapton, silicon and glass substrates. The adhesion and quality of the deposited films 

on the substrates was found to be excellent. 

In order to decorate the sensing films deposited via airbrushing system with palladium 

nanoparticles, AACVD was used at low temperatures. Palladium nanoparticles were 

incorporated onto the fabricated MoS2 sensors using aerosol-assisted chemical vapor 

deposition (AACVD). The reaction was performed at comparatively low temperature of 250°C. 

To study the effect of Pd concentration on the sensor responses, two amounts of the palladium 

precursor were used to decorate MoS2 sensors. In a typical synthesis procedure, 1 mg and 2 mg 

of Palladium (II) acetylacetonate (Sigma-Aldrich, Madrid, Spain CAS: 14024-61-4) were 

dissolved in 5 mL methanol (CAS: 67-56-1). The solution was ultrasonicated to ensure full 

solubilization. The solution was placed in an ultrasonic humidifier to generate aerosol. N2 gas 
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with a flow of 0.5 L/min was used as a carrier gas to transport the aerosol to the MoS2 sensors 

preheated at 250°C in a hot wall reactor. The deposition time was about 5 min; after that, the 

chamber was left to cool down naturally.  

Table 1.2 Recent developments in Transition Metal Dichalcogenides based gas sensors. 
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Abstract 

The search for a highly selective ethanol sensor is still an open challenge. Metal oxides still 

face selectivity issues when it comes to gas sensing especially in case of ethanol. Keeping this 

in sight, in this work we explore the sensing properties of WO3 nanowires grown via the aerosol 

assisted chemical vapour deposition and decorated with CeO2 nanoparticles by drop casting. 

The nanocomposites were characterized by X-ray diffraction, field emission scanning electron 

microscopy, energy dispersive X-ray, photoluminescence, Raman and X-ray photoelectron 

spectroscopies. Upon exposure to different gas analytes, the electrical characterization showed 

that sensors responded well to ethanol both under dry and humid conditions (RH= 50%, 25oC), 

though the response towards ethanol decreased in humid atmospheres. The long-term stability 

was studied, and a gas sensing mechanism is introduced and discussed. 

Keywords: metal oxide nanowires, gas sensors, nanoparticle decoration, AACVD, WO3, CeO2 
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2.1. Introduction 

Air pollution as a result of rapid population boom and industrialization is a leading contributor 

to heart and lung diseases and premature deaths[1]. NO2 is one of the main air pollutants among 

others like sulfur dioxide (SO2), and ozone (O3). The prime sources of NO2 being burning of 

fossil fuels in automobiles, and industries. Volcanic eruptions and lightening are the natural 

sources of NO2. On the other hand, carbon monoxide (CO) is a highly toxic, odourless, 

tasteless, and colourless gas. CO is a leading ecological pollutant in developing and developed 

nations[2]. Exposure to CO over extended periods leads to decreased oxygen-carrying capacity 

of blood as the affinity of the human blood to CO is 250 to 300 times higher than oxygen[3]. 

Moreover, the discharge of chemical contaminants from industries has received considerable 

attention as it is associated with the release of volatile organic compounds (VOCs)[4]. The 

presence of VOCs in our environment adversely effects human’s health[5]. Even though 

ethanol is not among the most dangerous VOCs, it has received a wide attention for its 

multifarious applications. Ethanol is colourless and transparent at room temperature and 

pressure and highly volatile. It is widely used in the chemical industry, for example as a solvent 

in the synthesis of other organic chemicals or in paints, produced from agricultural products, 

ethanol is used as an additive to automotive gasoline, present in alcoholic beverages, food 

industry products and pharmaceuticals [6,7]. While ethanol consumption can lead to driving 

accidents, the exposure to ethanol vapours can lead, in the long term, to vomiting, eye irritation 

and drowsiness[8]. Furthermore, ethanol is also an inhibitor of central nervous system[9]. 

Additionally, ethanol vapours can form an explosive mixture in the air, thus making it 

potentially dangerous among other VOCs[4]. All these aspects make it mandatory for the 

development of sensitive and cost-effective ethanol sensors that can be widely used. 

Chemoresistive sensors, especially metal oxide gas sensors (MOS) have been reported for 

monitoring pollutant gases and VOCs[10].  MOS have been commercially available for over 
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60 years[11]. Owing to their robustness, cost-effectiveness, sensitivity and small size, MOS 

sensors are attractive for a wide range of applications[12]. However, it is difficult to apply a 

single MOS in practical applications as they need high operating temperatures and are poorly 

selective. 

To overcome these challenges, heterojunctions of metal oxides have been explored as a way to 

improve sensing performance, particularly selectivity [13–15] The heterojunctions are found 

to be enhancing the sensor performance[16,17]. Noteworthily, a variety of methods have been 

devised to fabricate different heterojunctions to enhance the ethanol gas sensing properties of 

MOS for example, InO2 nanoparticles (NPs) modified GaN composites have been reported for 

detecting nitrogen dioxide [18], CeO2 modified WO3  for detecting n-Butanol [19] or 

ZnWO4/WO3 composites for the trace detection of H2S[20]. Zhang et al. [21] reported bimetal-

organic framework (BMOF)-derived porous Co3O4-ZnO heterojunction nanofibers. The 

sensors recorded a response of Ra/Rg of 101.5 at 275oC for 100 ppm of ethanol. Similarly, Li 

et al. [22] reported CeO2-TiO2 porous heterojunction nanosheets derived from BMOFs. The 

porous nanosheets exhibited response of 41.72 towards 50 ppm of ethanol at 250oC. On the 

other hand, Doan et al. [23] reported heterojunctions of n-ZnO/p-Co3O4. The sensors showed 

high response, outstanding selectivity, and good repeatability for low concentrations of ethanol 

(1 ppm) at 300oC. Fang et al. [24] used indium containing MOFs as sacrificial templates for 

preparing hollow structured metal oxides (In2O3 hollow microtubes). The In2O3 microtubes 

were decorated by the Pr-doped SnO2 NPs. The heterojunctions showed a response of 75 

towards 50 ppm ethanol at the optimum temperature, 240oC. Cao et al. [25] reported double-

layer nanofilm by sputtering SnO2 and co-sputtering SnO2/ZnSnO3 porous top layer with SnO2 

and ZnO targets. The sensors showed a response of 11.5 towards 50 ppm ethanol at 290oC. 

Wang et al. [26] reported ethanol gas sensors based on p-Bi2O3 and n-ZnO heterostructures. 

The sensors exhibited a response of 21.6 towards 100 ppm ethanol at 175oC. Moreover, the 
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sensors were able to detect ethanol concentration ranging from 1 to 500 ppm. Li et al. [27] 

reported 3D SnO2-ZnO aerogels by two step reactions and annealing process. UV irradiation 

in coordination with SnO2-ZnO was used to detect very low concentration of ethanol, 10 ppb 

at 300oC. 

N-type semiconducting metal oxides (ZnO, WO3, SnO2, CeO2) show stable physicochemical

properties and response towards targeted gases, thus have been investigated in gas sensing 

applications[28–30]. Owing to its wide band gap, CeO2 films exhibit a large baseline resistance 

at room temperature, thus requiring high operating temperatures[31]. CeO2 shows excellent 

stability and quick response and recovery times, which are essential for enhancing the gas-

sensing behaviour of CeO2-based nano and microstructures[32]. Making efficient 

heterostructures with an efficient surface/interface charge transport mechanism for achieving 

good gas-sensing qualities at low operating temperatures is the most challenging problem for 

developing novel CeO2-based sensors. Moreover, CeO2 exhibits the oxidation-reduction 

(Ce4+/Ce3+) capabilities making it one of the desired materials for gas sensors, photocatalysis 

and electrochemical sensors. Owing to its unique electronic structure and lower tendency to 

form a hydrogen bond with interfacial water molecules, resulting in humidity independent gas 

sensing performances. Also, decorating WO3 nanowires with CeO2 significantly improves the 

ethanol sensing performance and excellent selectivity [33]. Employing CeO2 nanoparticles 

with a size below 10 nm with WO3 nanowires synergistically enhances the overall sensing 

performance of the sensors.Herein, WO3 NWs were first synthesized via aerosol assisted 

chemical vapour deposition (AACVD) and then CeO2 NPs were decorated onto the NWs by 

drop casting method. The sensing nanocomposites were characterized by field emission 

scanning electron microscopy (FESEM), X-ray diffraction (XRD), Raman spectroscopy, 

photoluminescence (PL) and X-ray photoelectron spectroscopy (XPS). The gas sensing 

properties of the pristine WO3 NWs and CeO2 decorated WO3 NWs were analysed towards the 
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detection of ethanol vapours under dry and humid conditions. To check their selectivity, sensors 

were exposed towards different analytes such as CO, NO2, and H2. 

2.2. Experimental section 

2.2.1. WO3 NWs synthesis 

Pristine WO3 NWs were grown directly on a commercial alumina substrate consisting of a pair 

of screen-printed interdigitated Pt electrodes (with 300 µm electrode gap) on one side and a 

platinum resistive heater meander on the back side. In a typical synthesis procedure, 50 mg of 

tungsten hexacarbonyl W(CO)6 (Sigma Aldrich) was dissolved in a solution of acetone (CAS: 

67-64-1) and methanol (CAS: 67-56-1) (3:1). The solution was ultrasonicated to ensure full

solubilization. The solution was placed in an ultrasonic bath to generate aerosol. N2 gas with a 

flow of 0.5 L/min and 1 L/min was used as a carrier to transport the aerosol to the alumina 

substrate preheated to 400oC in a hot wall reactor. Different gas flows are used to obtain 

different morphologies of WO3 NWs. Randomly oriented WO3 NWs with pointed tips are 

obtained with high carrier gas flow of 1 L/min. On the other hand, WO3 NWs with floral tops 

are obtained with low carrier gas flow of 0.5 L/min. The growth process takes approximately 

40 minutes. The chamber is left to cool down naturally. Keeping in view our previous studies 

with WO3 nanowires of similar morphology [34–36], we decided to proceed with the 

morphology studied in the manuscript, because our previous results have shown that this one 

leads to better sensing performance. The substrates with WO3 NWs are annealed at 500oC for 

2 hours in a Carbolite CWF 1200 muffle furnace within a synthetic air environment. Annealing 

helps in removing any carbon residues from the solvents and results in fully oxidized WO3 

NWs. 
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2.2.2. CeO2 NPs synthesis. 

The CeO2 NPs were synthetized according with the reported method by Berestok et al.[37]. In 

a 3-necked flask connected in a Schlenk line, 1 mmol of cerium (III) nitrate hexahydrate 

(Ce(NO3)3
.6H2O, 99%, Sigma -Aldrich), 6 mmol of Oleylamine (OAm, 90%, Sigma -Aldrich) 

and 4 ml of 1- octadecene(ODE, 90% Sigma-Aldrich) were added. The reaction mixture was 

degassed at 80°C for 30 min with an argon flux. After degassing, the mixture was heated at 

300°C for one hour and then cooled to 160°C. Once at 160°C, 2 ml of toluene (analytical grade, 

Panreac) were added. The reaction mixture was dried under vacuum at 60°C. In order to 

eliminate the organic residues, the dried solid obtained was washed with 25 ml of acetone and 

subsequently centrifuged at 6500 rpm for 6 minutes. The solid was then washed three more 

times with 25 mL of chloroform followed by a final wash with acetone. All the washing steps 

were followed by a centrifugation step at 6500 rpm for six minutes. The final product was dried 

in vacuum for 40 minutes at room temperature. Finally, the product was placed in an oven 

under air flux with a ramp of 5oC /min at 400°C for 4 hours. 

2.2.3. CeO2 NPs deposition on WO3 NWs 

The homogeneous suspension of 10 mg of CeO2 NPs in 15 ml of chloroform was prepared by 

mixing in a 20 mL glass. 20 µl of the suspension was drop casted onto the WO3 NWs substrates 

over a hot plate at 40oC. Finally, the substrate was heated in an oven under air flux with a ramp 

of 5oC /min at 400°C for 4 hours. 

2.2.4. Characterization techniques 

The morphology of the WO3 NWs decorated with CeO2 NPs was examined using FESEM from 

Thermo Scientific Scios 2. Energy-dispersive X-ray (EDX) was performed in the same FESEM 

equipment. XRD measurements were made using a Bruker-AXS D8-Discover diffractometer 

equipped with parallel incident beam (Göbel mirror), vertical θ-θ goniometer, XYZ motorized 

stage and with a GADDS (General Area Diffraction System). Samples were placed directly on 
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the sample holder for reflection analysis. An X-ray collimator system allows to analyze areas 

of 500 μm. The X-ray diffractometer was operated at 40 kV and 40 mA to generate 

Cukα radiation. The GADDS detector was a VÅNTEC-500 (silicon strip technology) placed 

at 15cm from the sample. Three frames were collected (2D XRD pattern) that covered at such 

distance a range from 18 up to 80º 2θ. The exposition time was 300 s per frame. The resulting 

images were 2θ integrated to obtain a 2θ conventional diffractogram.  The elemental and 

chemical composition was studied via XPS with a PHI 5500 Multitechnique System equipped 

with a monochromatic X-ray radiation source of Al Kα (1486.6 eV) at 350 W. The sample was 

placed perpendicular to the analyser axis and calibrated using the 3d5/2 line of Ag with a full 

width at half maximum (FWHM) of 0.8 eV. The diameter circle of the analysed area was 0.8 

mm. The resolution for the general and depth profile spectra were 187.5 eV of pass energy at

0.8 eV/step, and 23.5 eV of pass energy at 0.1 eV/step, respectively. All measurements were 

made in an ultra-high vacuum (UHV) chamber with pressure (5·10-9 and 2·10-8 torr). The 

binding energies (BE) values are referred to the 1s BE at 284.8 eV. Component analysis has 

been performed by constructive curve joint Shirley and Tougaard functions to determine the 

peak background, and the line shape of the curves was fitted with mixed Lorentzian-Gaussian. 

The Raman spectroscopy measurements were obtained using a Renishaw laser 514 nm, ion 

argon-Novatech, 25 mW. The PL measurements at room temperature were made using a 

chopped Kimmon IK Series He-Cd laser (325 nm and 40 mW). Fluorescence was dispersed 

with an Oriel Corner Stone 1/8 74000 monochromator, detected using a Hamamatsu H8259-

02 with a socket assembly E717-500 photomultiplier, and amplified through a Stanford 

Research Systems SR830 DSP. A filter of 360 nm was used against stray light. All spectra 

were corrected for the response function of the setups. 
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2.2.5. Gas sensing tests 

The gas sensing characteristics of pristine and CeO2 loaded WO3 sensors were measured 

using a homemade detection system. Figure S1 shows the schematic of the homemade 

measurement setup. The sensors were placed inside an inert, airtight Teflon® chamber 

(35 mL in volume) under a continuous gas flow of 100 sccm. The chamber can 

accommodate up to 4 sensors simultaneously. Calibrated gas bottles of hydrogen, 

ethanol, nitrogen dioxide and carbon monoxide balanced in dry air were employed. The 

carrier gas was zero-grade dry air. The gas analysis was set as pulses consisting of target 

gas concentrations with intercalated steps of dry air to recover to the baseline at a 100 

ml min-1 constant flow. Reproducible concentrations of different gases were delivered 

into the chamber with the help of a computer-driven automated mass-flow control 

system. 5, 10, 15, and 20 ppm of ethanol, 1, 5, 7.5, 10, 15, and 20 ppm of carbon 

monoxide, 50 and 100 ppm of hydrogen and 100, 250, 500 and 1000 ppb of nitrogen 

dioxide concentrations were tested. After exposing the sensors to different gases, the 

baseline was recovered under dry air. The electrical resistance of the sensors was 

measured using an Agilent-34972A multimeter data acquisition system. The sensors 

were exposed to a particular analyte for 10 minutes and in order to recover the initial 

baseline, the chamber was purged with dry air for 60 minutes. The sensors were tested 

at various operating temperatures from 100oC to 250oC in intervals of 50oC to 

understand the effect of the temperature on the sensor responses. Prior to the deposition 

of the sensing layer on the transducer, the sensor heater was electrically characterized by 

applying a bias voltage to the heater and the corresponding current was analysed. The 

respective voltage and current values were plotted in a graph depicting relationship between 
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temperature and heater power consumption as a function of voltage. To analyse the effect 

of humidity and moisture cross-sensitivity on the sensing performance of the sensors, a 

liquid mass flow was employed for specific measurements in humidified backgrounds. 

2.3. Results and discussion 

2.3.1. Structural and morphological characteristics 

Bare tungsten trioxide (WO3) nanowires were successfully grown and directly integrated onto 

MEMS-based gas sensor substrates. Bare WO3 nanowires were decorated with CeO2 

nanoparticles via drop casting technique. The colour of as deposited films was dark blue, which 

is an indication of having partially reduced tungsten oxide (WO3-x)[38], and also amorphous 

carbon from burnt organic solvents. The as-grown samples were annealed for 2 hours at 500oC 

in a muffle furnace under synthetic air. This annealing treatment at 500oC changes the thin film 

colour to pale yellow greenish, indicating the removal of most of the carbon impurities and that 

a nearly stoichiometric tungsten trioxide is achieved. Field emission scanning electron 

microscopy (FESEM) images give a good impression of the size and morphology of the CeO2 

decorated WO3 nanostructures and are displayed in Figure 2.1. WO3 nanowires with floral tops 

are obtained with low carrier gas flow of 0.5 L/min. The average diameter of the flowers is 

calculated as 798 nm. On the other hand, randomly oriented nanowires with pointed tips are 

obtained with high carrier gas flow of 1 L/min. The average length of the nanowires is higher 

than 1 µm. Nanowires show a tendency to grow vertically aligned to the substrate and are 

homogeneously dispersed across the entire electrode area of the commercial alumina 

substrates. Owing to the low loading of the CeO2 nanoparticles, the CeO2 nanoparticles were 

not seen in FESEM. However, EDX analysis of the thin films reveals the presence of CeO2 

decorations, Figure S2(b and c). Peaks attributed to Al in the EDX diffractogram comes from 

the commercial alumina substrate Figure S2 (c). More details about morphology of the 
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nanowires are detailed in Table S1 and TEM details of CeO2 nanoparticles are illustrated in 

Figure S3. 

Figure 2.1 FESEM images (a) pristine WO3 nanowires, (b) CeO2 decorated WO3 nanowires, 

and (c) CeO2 decorated WO3 floral tops nanowires. 

The nanowires were analysed by XRD to investigate the crystallographic structures of pure and 

CeO2 decorated WO3 as depicted in Figure 2.2. The diffraction patterns of WO3 in all the 

samples were indexed to ICDD card number 83-0951. It can be concluded from characteristic 

peaks that WO3 has a monoclinic crystal structure and matches the space group of P21/n with 

lattice parameters, a= 7.301 Å, b= 7.538 Å, and c= 7.689 Å. WO3 shows an intense diffraction 

peak at 2θ = 24.36o with preferred orientation in the (200) direction. The WO3 nanowires 

synthesized are single crystalline. The diffraction patterns of CeO2 were indexed to ICDD card 

number 89-8436. From the diffraction pattern of CeO2, it can be concluded that CeO2 has a 

cubic crystal structure matching the space group Fm-3m with the lattice parameters a= 5.41120 

Å. At 2θ=28.54, the peaks of WO3 and CeO2 almost coincide, hence in Figure 2.2 (b) and (c), 

the peak is intense than Figure 2.2 (a), pristine WO3. 
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Figure 2.2 XRD diffractograms recorded of (a) WO3, (b) CeO2 decorated WO3 randomly 

oriented and (c) CeO2 decorated WO3 with floral tops. 

The PL spectra measured at room temperature are presented in Figure 2.3. The intensity of each 

spectrum was normalized to the maximum emission intensity for relative comparison. By 

pumping at 325 nm, we observed an emission peak of the WO3 nanowires at around 450 nm 

(2.75 eV) with a FWHM of 370 meV. When decorating the WO3 nanowires with the CeO2 NPs, 

the emission peak is shifted to 490 nm (2.53 eV) and 530 nm (2.34 eV) and the FWHM are 

around 1150 and 950 meV, respectively. This broadening observed on the FWHM indicates 

that the quantity of intrinsic defects is higher when decorating the WO3 nanowires with the 

CeO2 nanoparticles [39].  
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Figure 2.3 PL spectra of (a) WO3, (b) CeO2 decorated WO3 randomly oriented nanowires, and 

(c) CeO2 decorated WO3 nanowires with floral tops.

Figure 2.4 shows the survey XPS spectra of the CeO2/WO3 NWs and CeO2/WO3 floral tops 

NWs. The analysis by XPS of the samples were performed using internal charge reference to 

C 1s at binding energy (BE) of 284.8 eV. Besides the C 1s peak corresponding to adventitious 

carbon, a low intensity peak at BE of 287-290 eV region was assigned to the presence of 

carbonate species. These carbonate species could be formed from CO2 when the samples are 

exposed to ambient conditions. Figure 2.4(b) shows the spectra corresponding to the O1s core 

level, which can be deconvoluted into two components. The main contribution is by the band 

centred at around 530.3 eV BE, which could be related to lattice oxygen (OL). The broad band 

centred at around 531.9 eV binding energy indicates the presence of hydroxyl groups (OH). 

Hydroxyl contribution in the CeO2/WO3 NWs sample is higher than in the CeO2/WO3 floral 

tops NWs sample. The W4f BE shows two main peaks assigned to W6+ at 35.9 and 38.2 eV 

corresponding to W4f7/2 and W4f5/2, respectively. There are two minority peaks assigned to 

W5+ species at 34.9 and 36.5 eV corresponding to W4f7/2 and W4f5/2, respectively. The Ce 3d 

BE shows a complicated spectrum due the mixture of Ce3d5/2 and Ce3d3/2 species at 882.3 eV 
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and 900.7 eV in the samples and their satellites. As per the spectra, the atomic concentration of 

the exposed Ce is increased, and the W atoms reduced in CeO2/WO3 NWs sample (Ce 15%, W 

55%, O 37%) with respect to the CeO2/WO3 floral tops NWs sample (Ce 8%, W 48%, O 37%). 

These results suggest that CeO2/WO3 ratio could be responsible for the different sensing 

behaviour of the samples. The XPS results are in line with the XRD results. 

 
Figure 2.4 XPS spectra of the CeO2/WO3 floral tops NWs and the CeO2/WO3 NWs (a) full 

spectra, (b) O1s, (c) W4f and (d) Ce3d BE. 

Raman spectra of as prepared samples is presented in Figure 2.5. The spectrum indicates that 

all the samples have similar spectra. As can be seen from the Raman spectrum, three main 

regions appear at 600-900, 200-400 and below 200 cm-1 for WO3 vibrations. The regions 
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respectively correspond to stretching, deformation and lattice modes [40]. The WO3 nanowire 

films exhibited well-defined Raman bands at 272, 326, 715 and 805 cm-1. These bands are 

characteristic of the four intense vibrational modes of monoclinic WO3 [41] confirming the 

XRD results that the WO3 deposited by AACVD belongs to monoclinic phases. Also, the peak 

at 133 cm-1 is attributed to the relative translational or rotational motions of WO6 octahedral 

units in the same unit cell (lattice models) [42]. The intense bands at 272 and 326 cm-1 are due 

to the bending modes of the bridging oxygen (W-O-W), whereas the bands at 715 and 805    cm-

1 are assigned to the stretching modes (W + 6-O) [41]. There are no visible peaks directly 

corresponding to CeO2 which is because of the low quantity of the CeO2. 

Figure 2.5 Raman spectra, (a) WO3, (b) randomly oriented CeO2 decorated WO3 nanowires 

and (c) CeO2 decorated WO3 nanowires with floral tops. 

2.3.2. Gas sensing response analysis 

Gas sensing tests were carried out at different concentrations of ethanol by using direct-current 

resistance measurements. The gas sensing characteristics of pristine and CeO2 decorated WO3 

sensors towards oxidising gas (NO2) as well as reducing gases (CO, ethanol, H2) has been 

analysed and the sensor responses are calculated for oxidising gases as R =
Rgas

Rair
and R =

Rair

Rgas
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for reducing gases. Pristine and CeO2-decorated WO3 nanowires were tested at temperatures 

ranging from room temperature up to 250oC in order to understand the effect of the temperature 

on the sensor responses. More than three replicates of the measurements were performed to 

assess the reproducibility of the results. Figure 2.6 displays the response of the different sensors 

tested towards 20 ppm of ethanol as a function of the operating temperature. None of the 

sensors responded to any concentrations of ethanol when operated below 100oC, especially at 

RT or at 50oC. Also, the response suddenly dropped beyond 250oC and became unreproducible. 

This is because at too high temperatures the gas molecules start to desorb from the surface of 

the metal oxides[43]. Furthermore, at high temperatures, the oxidation of the surface of WO3 

proceeds faster than the reduction caused by the ethanol[44,45]. Therefore, 250oC is the optimal 

working temperature for the pristine and CeO2 decorated WO3 nanowires and is adopted for all 

the investigations in case of ethanol sensing hereinafter. 

Figure 2.6 Sensor response to 20 ppm of ethanol as a function of operating temperature (a) 

WO3, (b) randomly oriented CeO2 decorated WO3 nanowires and (c) CeO2 decorated WO3 

nanowires with floral tops. 

Figure 2.7 illustrates the resistance changes of pristine and CeO2 decorated WO3 nanowires 

towards ethanol pulses with concentrations ranging from 5 to 20 ppm at the working optimum 
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temperature (250oC). When exposed to the reducing gas ethanol, the sensors displayed an n-

type semiconducting behaviour, which is characterized by a decrease in the electrical resistance 

when exposed to ethanol vapours. The response of the sensors was stable as was demonstrated 

by full baseline resistance recovery. To check the reproducibility of the sensor responses, the 

sensors were re-exposed to 5 ppm of ethanol as is shown in Figure S4. The sensors showed 

reproducible behaviour. The corresponding gas-sensing responses calculated from the change 

in resistance of pristine WO3 and CeO2 decorated WO3 nanowires are plotted as a function of 

the ethanol concentration as shown in Figure 2.8. The results of the pristine WO3 are similar to 

the ones reported in our previous works [35]. As is evident from the results, the decoration of 

WO3 nanowires with CeO2 has greatly enhanced the sensitivity towards ethanol. At the lowest 

concentration of ethanol used (5 ppm), the response of CeO2 decorated floral top WO3 

nanowires is 72 times higher than the pristine WO3. The sensitivity of the pure WO3 sensor 

towards ethanol was very small as compared to the CeO2 decorated WO3 sensors especially the 

ones with floral top nanowires. The response and concentration follow the power law. The 

details are illustrated in Figure S5. The sensor’s corresponding resistance changes towards the 

lowest concentration of ethanol (5ppm) at 250oC are shown in Figure S4. The variation of 

baseline resistance as a function of temperature in is shown in Figure S6. 

Figure 2.7 Film resistance changes (a) WO3, (b) randomly oriented CeO2 decorated WO3 

nanowires (c) CeO2 decorated WO3 nanowires with floral tops towards various ethanol 

concentrations at 250oC. 
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Figure 2.8 Sensor responses towards various ethanol concentrations at 250oC (a) WO3, (b) 

CeO2 decorated WO3 randomly oriented nanowires, and (c) CeO2 decorated WO3 nanowires 

with floral tops. 

2.3.2.1. Nitrogen dioxide (NO2) 

The gas sensors were exposed towards different concentrations of NO2 ranging from 100 ppb 

to 1 ppm. In our previous research[35], it was found that the response of WO3 nanowires 

towards NO2 decreases beyond 200oC. We found the same trend in case of CeO2 decorated 

WO3 nanowires as well. Figure S7 shows the resistance change of the CeO2 decorated WO3 

nanowires towards 500 ppb of NO2 at 150oC for pristine WO3 and at 200oC for CeO2 decorated 

WO3 nanowires. The response of the sensors towards various NO2 concentrations is shown in 

Figure 2.9. 
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Figure 2.9  Sensor responses towards various NO2 concentrations at 150oC (a) WO3, and at 

200oC for (b) CeO2 decorated WO3 randomly oriented nanowires, and (c) CeO2 decorated WO3 

nanowires with floral tops. 

Loading of tungsten trioxide with CeO2 results in an increased responsiveness towards NO2. 

In case of CeO2 decorated WO3, the maximum response was recorded at 200oC while as the 

response of pristine WO3 is maximum at 150oC and starts to decrease with the increase of the 

temperature as is shown in Figure 2.10. The same trend was recorded in our previous 

research[36] for pristine WO3 nanowires. Gas sensing results towards CO and H2 are in 

presented in the supporting file. 

UNIVERSITAT ROVIRA I VIRGILI 
BRINGING TRANSITION METAL DICHALCOGENIDES TO THE FOREFRONT: ADVANCEMENTS IN GAS SENSING BEYOND METAL OXIDES 
Shuja Bashir Malik 



85 

Figure 2.10  NO2 sensing results for 1 ppm (a) WO3, (b) CeO2 decorated WO3 randomly 

oriented nanowires, and (c) CeO2 decorated WO3 nanowires with floral tops. 

2.3.3. Selectivity test 

Selectivity is an important parameter to be considered in gas detection, since it demonstrates 

the ability of the sensor to discriminate the target gas from interfering gases. Herein, we chose 

H2, NO2 and CO as interfering gases; their concentrations were equal or higher than that of 

ethanol, except for NO2, where its concentration was 1 ppm, which is actually a very high 

concentration (e.g., the EPA has set the annual average NO2 standard of 53 ppb), OSHA PEL 

recommendations for CO (25 ppm) and NO2 (1 ppm) for eight-hour average exposure. Figure 

2.11 illustrates the obtained results. It is clear that incorporating CeO2 in the WO3 host matrix, 

enhances the responses towards ethanol especially in case of CeO2 decorated WO3 nanowires 

with floral tops. Indeed, at an operating temperature of 250ºC, the response of this sensor was 

10-fold higher than that of pristine WO3 and 5-fold higher than that of CeO2 decorated WO3

randomly oriented nanowires. Moreover, its responses towards the interfering gases, at the 

250ºC, were negligible and very weak compared to the one of ethanol. Therefore, CeO2 
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decorated WO3 nanowires with floral tops exhibit excellent sensitivity and selectivity towards 

ethanol.  

Figure 2.11  Selectivity histogram of (a) WO3, (b) CeO2 decorated WO3 randomly oriented 

nanowires, and (c) CeO2 decorated WO3 nanowires with floral tops. 

2.3.4. Humidity measurements 

The impact of water vapour on the sensing performance is one of the most crucial aspects to 

consider while developing chemoresistive metal oxide gas sensors. The electrical properties 

and sensitivity of the metal oxide sensors is dramatically influenced by the presence of 

moisture.  To study the effect of humidity on the sensor responses, the influence of 50% relative 

UNIVERSITAT ROVIRA I VIRGILI 
BRINGING TRANSITION METAL DICHALCOGENIDES TO THE FOREFRONT: ADVANCEMENTS IN GAS SENSING BEYOND METAL OXIDES 
Shuja Bashir Malik 



87 

humidity (RH) at RT on the sensor performance was also analysed. There is a 69% decrease in 

the sensing response in case of pristine WO3 nanowires, 73% drop in the sensing response in 

case of CeO2 decorated WO3 floral nanowires and 76% decrease in case of CeO2 decorated 

randomly oriented WO3 nanowires under humid atmosphere. However, the baseline recovery 

in humid environment is more promising than in the dry conditions in case of CeO2 decorated 

WO3 nanowires as can be seen in Figure S12. There is comparatively less noise in the measured 

values under humid conditions than under dry conditions. The decrease in the response can be 

owed to the competition between the water molecules (formation of hydroxyl groups) and 

ethanol active sites[46]. Upon removal of the humidity, the sensors baseline resistances are 

recovered and so are the responses towards ethanol. 

Table 2.1 summarizes the comparison of sensing properties of CeO2 decorated WO3 and 

previously published works. Compared to the majority of the works shown in the table, our 

sensors exhibit great sensitivity to the target gases at lower working temperatures. Also, our 

sensors can detect ethanol at low concentrations. Some studies do not report the humidity cross-

sensitivity effects, despite ambient moisture significantly influences the electrical 

characteristics of gas sensors and impacts their sensitivity. Most reported results lack of data 

about the long-term stability of sensors. In our work, sensor responses have been gathered for 

more than 40 weeks, which has enabled assessing this aspect. 
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Table 2.1 Comparison of ethanol gas sensing performance of various sensors based on WO3 

and/or CeO2 reported in literature. 

Structure Host 

Matrix 

Nps$ Top 

(oC) 

Conc. 

(ppm) 

Response Selectivity 

test 

Humidity 

effect 

studied 

Reference 

CeO2-WO3 WO3 CeO2 250 20 97.6 Yes Yes This work 

CeO2-ZnO ZnO CeO2 310 100 90 Yes No [47] 

CeO2-TiO2 TiO2 CeO2 270 500 3.5 Yes No [48] 

CeO2-

ZnSnO3 

ZnSnO3 CeO2 200 100 219.2 No Yes [49] 

MoS2/CeO2 MoS2 CeO2 RT 50 7.5 Yes Yes [50]   

CeO2/ZnO ZnO CeO2 310 100 90 Yes No [51] 

WO3 WO3 - 250 50 20.5* Yes Yes [12] 

WO3 WO3 - 320 100 7.6 Yes No [52] 

$ Nps: nanoparticles, Top = operating temperature, * R =
𝐺𝑔𝑎𝑠−𝐺𝑎𝑖𝑟

𝐺𝑎𝑖𝑟

2.3.5. Gas sensing mechanism 

The interaction of the gas molecules with the semiconductor surface includes adsorption onto 

the surface, electronic charge transfer and reduction/oxidation process of the semiconductor 

[53,54].  The atmospheric molecular oxygen reacts with the oxygen vacancies in the film 

chemisorbing oxygen in the form of  O2
−, O−, O2−  depending on the sensor’s operating

temperature [55,56]. The reactions are depicted in equation 1, 2 and 3.  The interactions create 

oxygen adsorbates and deplete electrons from the conduction band of the n-type semiconductor. 

The chemisorbed oxygen species on the metal oxide semiconductor surface generate extrinsic 

surface acceptor states immobilizing conduction band electrons leading to the formation of a 
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depletion layer. When ethanol gas interacts, these chemisorbed oxygen species serve as charge 

carriers and are then extracted from the surface when the chemisorbed oxygen is consumed. 

𝑂2 (𝑔𝑎𝑠) + 𝑒− →  𝑂2 (𝑎𝑑𝑠)
− (80 ℃ − 150 ℃) Equation 1 

𝑂2 (𝑎𝑑𝑠)
− + 𝑒− → 2𝑂 (𝑎𝑑𝑠)

−  (150 ℃ − 260 ℃), Equation 2 

𝑂 (𝑎𝑑𝑠)
− + 𝑒− → 𝑂 (𝑎𝑑𝑠)

2−  (300 ℃ − 500℃) Equation 3 

With the exposure of sensors to ethanol, reaction takes place between ethanol and the oxygen ions 

releasing the electrons back to the heterojunction. This leads to the generation of more electrons in the 

material leading to the narrowing of the electron depletion layer and the potential barrier between CeO2 

and WO3 gets reduced significantly [57]. The thickness of the depletion layer gets reduced due to the 

release of more electrons into the conduction band of the nanowires as described in equation 4.  

C2H5OH + 6O− → 2CO2 + 3H2O + 6e−         Equation 4 

This leads to the decrease in the resistance of the sensing layers in the ethanol environment. Moreover, 

when exposed to a reducing gas like ethanol at a temperature (optimum working temperature) providing 

sufficient thermal energy for surface reactions, the reactive gas oxidizes due to oxygen ions, releasing 

trapped electrons to the conduction band in turn leading to the decrease in the sensor resistance. There 

is a possibility of intermediate reaction products like ethylene and water [58,59] due to the dehydration 

of WO3 [12] as described in equation 5. The gas sensing mechanism is illustrated in Figure 2.12. 

C2H5OH → C2H4 + H2O Equation 5 

Upon being exposed to synthetic air, oxygen molecules adsorb onto the active sites of the CeO2 

decorated WO3. This leads to the extraction of electrons from the nanowire’s conduction band, 

leading to the formation of 𝑂− species as dictated by the operating temperature (250oC). An

electron depletion layer is generated on the nanowires reducing the conduction band channel 

and increasing the resistance of the sensors. This also alters the depletion layer thickness and 
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improves the material conductivity. The potential barrier of the CeO2-WO3 heterojunction gets 

is increased due to the generation of thicker electron depletion layer when the sensors are 

exposed to air [57]. During the ethanol free environment (recovery cycle), the removed oxygen 

species are replenished, immobilizing the surface conduction electrons leading to the increase 

of the sensor resistance back to the original values. The CeO2 is known to possess high-mobility 

oxygen vacancies, contributing to increasing the number of ionosorbed oxygen species at the 

surface, thus trapping electrons injected via the conduction band of the WO3. This leads to an 

increase in the baseline resistance of the sensitive film. Also, CeO2 acts as a sensitizer material 

while as the WO3 provides a high work function. The work function of WO3 (4.8 eV) surpasses 

that of CeO2 (4.69 eV) [33]  leading to an electron transfer from conduction band of CeO2 to 

that of WO3. This results in a higher resistance of CeO2-WO3 hybrid compared to pristine WO3 

nanowires. Due to the small size of the CeO2 nanoparticles (average size 3 nm), the electron 

accumulation layer beneath the surface of WO3 present at the CeO2-WO3 interface would easily 

be occupied by O2 molecules. This leads to an increase in the number of electrons trapped by 

O2 and in turn leads to generation of more chemisorbed oxygen species on the nanowire 

surfaces [29]. Increased number of oxygen species react with more ethanol molecules, leading 

to release of more electrons back to the conduction band of the WO3. Also, at the interface of 

CeO2-WO3 hybrid, the hole accumulation layer of CeO2 would further increase the number of 

electrons releasing from the oxygen species when the hybrid is exposed to ethanol vapours. 

These combined effects enhance the release of more electrons back to CeO2-WO3 hybrid than 

pristine WO3 nanowires, ultimately responding strongly to ethanol. 
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Figure 2.12 Proposed sensing mechanism of ethanol detection by CeO2 decorated WO3 

nanowires. 

2.3.6. Stability results 

The sensor responses were checked over a period of 40 weeks. During this period sensors were 

regularly exposed to ethanol and to changing humidity backgrounds. Figure 2.13 shows the 

long-term stability of responses towards 5 ppm ethanol at 250oC. There is a 47.28% decrease 

in the response from week 1 to week 19 in case of pristine WO3 nanowires. This decrease is 

56.04% and 57.69% for CeO2 decorated WO3 nanowires with floral tops and for randomly 

oriented CeO2 decorated WO3 nanowires, respectively. However, from week 19 to week 40, 

the responses of CeO2 decorated WO3 clearly stabilize, which is not the case for pristine WO3. 

The sensors were not subjected to any sort of ageing prior to starting the gas sensing 

measurements. Also, the sensors were exposed towards different gas species for selectivity 

tests. We perceive that the decrease in the sensor response from week 1 to week 19 is due to 
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the ageing of the surface and around week 19 the surface is already aged and hence shows 

stable responses. 

Figure 2.13  Long term stability study for the responses (a) WO3, (b) CeO2 decorated WO3 

randomly oriented nanowires, and (c) CeO2 decorated WO3 nanowires with floral tops towards 

5 ppm ethanol at 250oC. 

2.4. Conclusions 

WO3 nanowires have been successfully deposited onto alumina substrates by a one-step 

AACVD method. CeO2 decorated WO3 makes a desired heterojunction which demonstrates an 

effective route to bring functionality to WO3. Pristine and CeO2 decorated WO3 nanowires 

show high purity and crystallinity, as determined by XRD, FESEM and Raman techniques. The 

gas sensing experiments showed that the optimum working temperature is lower than in most 

metal oxide-based gas sensors. The sensors produced and studied show highly repeatable 

results with good long-term stability. These results clearly show the impact of decorating the 

WO3 nanowires with CeO2 for detecting ethanol. 
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High-yield synthesis of WS2 via novel 
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Abstract 

Transition metal dichalcogenides (TMDs) have garnered extensive research interest for 

physical and chemical sensing applications due to their crystal structure and large effective 

surface area. However, it is quite challenging to synthesize these novel materials with high 

yield, on different substrates, and in the form of continuous films, which hinders their real-

world applications. Herein, we demonstrate, for the first time, the synthesis of two-dimensional 

(2D) tungsten disulfide (WS2) sheets, in hundred milligram scale, from a simple sulfurization 

of tungsten trioxide (WO3) powder using an atmospheric pressure chemical vapor deposition 

(APCVD) reactor. The synthesized powders can be employed for developing ink formulations 

in the solvents of choice to be screen or inkjet printed, spin coated, drop casted or airbrushed 

onto a broad range of application substrates such as ceramic, silicon-based or flexible 

polymeric. The structural, morphological, and chemical composition analysis reveals the 

successful growth of edge-enriched WS2 sheets. The sensing layers were deposited on alumina 

substrates to be used as chemoresistive gas sensors. Gas sensing analysis of edge-enriched WS2 

sheets were investigated towards NH3 at different operating temperatures. The results revealed 

exceptional gas sensing responses, from WS2, towards 5 ppm of NH3. The sensors showed 

reproducible and stable responses of 100% towards 5 ppm of NH3 at 150oC. The sensor 

detection limit was experimentally verified; it was below 1 ppm of NH3 at 150oC. Selectivity 

test towards NH3 was performed by using CO, benzene, H2 and NO2 as interfering gases. The 
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results showed that edge-enriched WS2 films were highly selective to NH3 at a moderate 

operating temperature of 150oC, while they exhibited little or no response towards the 

interfering species. Furthermore, the edge-enriched growth of the WS2 imparts the sensors with 

remarkable resilience against high levels of humidity. The sensor response was slightly 

decreased (R= 93%) in humid environment compared to dry ambient (R=100%) towards 5 ppm 

of NH3 at 150oC. In atomistic simulations, stable ammonia adsorbates on WS2 were identified 

using density functional theory (DFT) and Bayesian optimization —a machine learning-driven 

approach. DFT studies revealed that the interaction between gas molecules and WS2 is mainly 

based on physisorption.  

Keywords: WS2, APCVD, sulfurization, gas sensor, NH3, 2D materials, TMDs, DFT 

3.1. Introduction 

The discovery of graphene in 2004 marked the onset of research on two dimensional (2D) 

materials owing to its distinctive and excellent physical, chemical, and electronic properties 

[1–3]. However, the zero bandgap of graphene limits its electronic applications [4–6]. The 

search for a material with desired electronic properties led researchers to transition metal 

dichalcogenides (TMDs). 2D TMDs have garnered tremendous attention driven by their 

tunable bandgap, high carrier mobility and environment friendliness [7–9]. TMDs are 

characterized by their X-M-X (or MX2) structure, where a transition metal (M) is sandwiched 

in between two chalcogen atoms (X) with strong interlayer covalent bond and weaker 

interplanar van der Waals bonds [10]. Moreover, absence of dangling bonds on the TMDs 

surface helps them in maintaining stability and their pristine quality [11]. Owing to these 

excellent electronic properties, TMDs materials such as MoS2, WS2, SnS2, GeSe, InSe, and 

WSe2 are being extensively studied for gas sensing applications [12].  

WS2 is one of the most important members of the TMDs family which has captured the close 

attention of the scientific community. It is characterized by layered hexagonal symmetry 

forming S-W-S [13] structure with an interlayer distance of ~ 0.65-1 nm [10,13]. Interestingly, 

bulk WS2 has an indirect band gap of 1.4 eV, which can be tuned to direct band gap of 2 eV in 

case of monolayer WS2 [14]. It exhibits ambipolar field modulation behavior [15], excellent 

thermal conductivity (~ 142 W/mK) [16], outstanding flexibility [17], theoretically predicted 

high in-plane carrier mobility of (> 1000 cm2V-1) owing to the reduced effective mass of charge 

carriers and a high current modulation ratio [18]. The inherent distinctive properties of WS2 
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make it a highly sought-after 2D material. There is an imminent requirement for a industrial-

scale synthesis method to cater to the burgeoning demand of the electronics market. 

Numerous techniques have been developed to grow WS2 such as microwave irradiation 

[19,20], solvothermal synthesis [21,22], magnetron sputtering [23,24], molecular beam epitaxy 

(MBE) [25], micro-mechanical exfoliation [26], and chemical vapor deposition (CVD) 

[3,9,27–32]. But CVD and metal-organic chemical vapor deposition (MOCVD) emerge as 

particularly promising cost-effective techniques for achieving scalable, highly crystalline 

growth in micrometer scale [33] to wafer scale [34]. On one hand, wafer scale synthesis of WS2 

has been achieved using MOCVD, but use of organic compounds and reactive gases leads to a 

high possibility of carbon contamination [35,36], toxicity [35–38], and longer durations for 

large area synthesis [35,36] of WS2. Also, precursor selection for MOCVD is tricky as it 

requires metal-organic compounds with high-vapor pressure [11]. On the other hand, precursor 

selection for atmospheric pressure chemical vapor deposition (APCVD) is easier, thus making 

the technique more desirable. At the same time, the high melting point of commonly used 

tungsten precursor such as WO3 (~1473oC) limits the growth of WS2 via APCVD.  

However, several research groups worked on this issue and resolved the problem and reported 

the synthesis of WS2 at reduced temperatures using alkali halides [33,39–43]. Li et al. [39] 

reported successful synthesis of monolayer WSe2 and WS2 crystals within temperature range 

of ~700-850oC using alkali halides like KCl, NaCl, KI and KBr. The introduction of alkali 

halides resulted in the decrease in the sublimation temperature of the metal oxide precursor by 

forming volatile tungsten oxyhalides. Consequently, the growth temperature was found to be 

dependent upon the melting temperature of the salt used. Shi et al. [33] demonstrated successful 

synthesis of 460 µm single-crystal monolayer WS2 at 875oC via NaCl assisted APCVD. They 

reported the correlation between the size of the as grown WS2 crystals and the weight/weight 

(w/w) ratio of NaCl with respect to WO3. Lan and co-workers [40] reported single-crystal 

triangular domain monolayers of WS2 using sapphire substrates employing NaCl as an additive 

agent. It was demonstrated that NaCl leads to the supersaturation of tungsten precursors which 

facilitated the large-area growth of WS2 monolayer domains (1.7 mm edge length). Yuan et al. 

[42] proposed an innovative NaCl-assisted CVD method allowing unrestricted substrate

positions for synthesizing monolayer WS2 nanosheets. The maximum grain size of the 

monolayer WS2 was reported to be 30 µm. Also, Zhou and co-workers [43] reported NaCl 

template-assisted in situ CVD for synthesizing 2D WS2, MoS2, MoSe2, and WSe2 on a large 

scale with single crystalline structure. They reported that the 3D assembly of the cubic NaCl 
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particles not only provides smooth surfaces to support the lateral growth of the respective 

TMDs, but also restricts the thickening of the TMDs sheets by creating a 2D confined space. 

The reaction was carried out at 750oC for 2 hours under an argon atmosphere. On the one hand, 

salt assisted CVD process looks promising for a wafer scale synthesis of TMDs, but on the 

other hand, there are issues related to the synthesis process. Chang et al. [44] reported that WS2 

monolayers grown employing NaCl-assisted CVD undergo degradation process, like oxidation 

at random positions in the triangular flakes. The study used a photocatalytic reaction to explain 

the photo-induced degradation mechanism with sulfur vacancies. Also, the specific roles of the 

alkali metals and halide components are not fully understood in the CVD growth process [45]. 

Moreover, various research groups demonstrated alkali halide free TMDs growth via hydrogen 

assisted CVD [46–48]. The introduction of hydrogen in the growth process is not 

straightforward, as it can be the source of safety issues. Also, the growth of the triangular WS2 

is discontinuous, hindering real-world electronic applications. 

For chemoresistive gas sensors, 2D edge-enriched, vertically oriented TMDs exhibit excellent 

gas sensing properties [49,50]. However, their synthesis in an out-of-plane direction presents a 

daunting challenge. Indeed, the complex process of growing gas sensitive TMDs materials 

demands innovative and precision-based synthesis techniques. One of the main obstacles lies 

in achieving uniform, reproducible and continuous deposition [51–53]. To overcome these 

challenges, Alagh et al. [54–56] reported hydrogen and alkali halide free direct growth of 

continuous and vertically oriented WS2 nanotriangles on standard ceramic transducers. The 

authors reported a two-step CVD process by combining aerosol assisted CVD (AACVD) and 

APCVD for the direct growth of WS2 to be used in chemoresistive sensors. Concurrently, the 

authors reported the occurrence of WO3 impurities suggesting an incomplete sulfurization. 

Also, the direct growth of WS2 onto transducer substrates at high temperatures (~ 900oC) makes 

it impossible to use the material for further applications especially on flexible substrates. The 

technique is promising for developing gas sensors at the laboratory scale; however, the 

technique may not be scaled up to industrial level.  

Keeping the above-mentioned shortcomings of direct growth of WS2 into mind, we report, for 

the first time, a new methodology to synthesize sheet-like edge-enriched WS2 powder, in 

hundreds of milligrams scale per run, using a hydrogen and alkali-halide free APCVD 

technique. The morphology, phase composition, microstructure, and chemical composition 

were investigated. Moreover, the growth mechanism and morphological evolution of the sheet-

like WS2 are discussed. Besides, the gas-sensing films made out of WS2 were deposited, onto 
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alumina transducing substrates, via a home-made airbrush system and they were studied 

towards low concentrations of NH3 at various operating temperatures (i.e., RT, 100oC and 

150oC), under dry and humid atmospheres. To gain insight into the atomistic mechanisms of 

interaction between NH3 and the sensing substrate, we employed density functional theory 

(DFT) simulations. Structure search for the optimal molecular adsorption configuration was 

accelerated by Bayesian optimization. This allowed us to compute the adsorption energy of 

NH3 on WS2 and examine the electronic structure of the adsorbate to determine the nature of 

the interaction. Finally, on the basis of the existing literature and in light of the experimental 

and DFT findings, a gas sensing mechanism is proposed. 

3.2. Experimental methods 

3.2.1. APCVD synthesis of sheets-like WS2 

Herein, hydrogen-free APCVD technique was employed for synthesizing sheets-like WS2 with 

yield in hundred milligrams and possibility of scalability using a novel synthesis strategy. To 

do this, commercially available tungsten trioxide powder purchased from Sigma Aldrich (CAS: 

1314-35-8) was used and sulfurized to obtain sheet-like, edge enriched WS2 nanostructures in 

a powder form. The sulfurization reaction was carried out at 900oC for 60 minutes using 

metallic sulfur (Sigma Aldrich, CAS: 7704-34-9) in a homemade tube-in-tube setup with 

temperature gradient. The schematic of the setup is demonstrated in Figure. 3.1. The middle 

zone of the furnace reaches the set temperature of 900oC as shown in bright red colored heater 

coil in the schematic, Figure 3.1 a & b. Zones adjacent to the middle zone of the furnace are at 

lower temperatures (approximately 400oC) compared to the middle zone of the reactor. Three 

corundum boats were positioned within different temperature zones of the furnace; one boat 

contained 100 mg of WO3 precursor powder, while the other two boats contained 1 g of sulfur 

each. The boat containing WO3 was placed adjacent to a sulfur containing boat inside a semi 

sealed secondary quartz tube, both situated in the 900oC temperature zone. The boat outside 

the secondary quartz tube is placed upstream of argon flow inside the bigger quartz tube. Prior 

to sulfurization process, the quartz tube was flushed with 100 mL/min of Ar to remove any 

traces of oxygen present in the reactor. The Ar flow was kept at 30 mL/min during the reaction. 

The furnace is programmed to heat from room temperature to the set temperature of 900oC 

with a ramp of 40oC/min. As soon as the furnace reaches 900oC, the external quartz tube is 

carefully positioned as such that the sulfur boat initially located outside the furnace is in the 

400oC temperature zone of the furnace, Figure 3.1 (b). This strategic placement of the boats 
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facilitates the creation of a sulfur rich environment ensuring full sulfurization of WO3. This 

setup ensures double sulfurization. The argon flow rate, ramp up temperature, time of the 

reaction, and amount of sulfur are important parameters to be taken into consideration. The 

furnace was let cool naturally after the reaction is completed.   

Figure 3.1 Schematic of APCVD furnace used for WS2 growth. 

3.2.2. Gas sensor fabrication 

WS2 sensing films were deposited, via a home-made airbrush system, onto commercial alumina 

transducer substrates (Ceram Tech GmBH, Germany), which have Pt-interdigitated electrodes 

with a gap of 300 µm on the front side and Pt-resistive heater meander on the back side. The 

electrode area was 2.5 mm × 5.1 mm. Prior to their coating with WS2, substrates were cleaned 

by sequential sonication in acetone, ethanol, and deionized water followed by blow drying with 

nitrogen. After that, the cleaned substrates were placed in the hotplate of our home-made 

airbrushing system, which is composed of a commercial air brush, a hotplate, a multimeter and 

connectors.  

10 mg of WS2 powder was sonicated in 10 mL of absolute ethanol (Scharlab, CAS: 64-17-5) 

for 1 hour to yield a brownish suspension. It is worth noting that the airbrushing technique 

allows us to use the solvent of choice, for this work, absolute ethanol was used to keep the thin 

film deposition temperature to the minimum possible value, owing to its low boiling point.  

Next, the obtained solution was transferred to the airbrush container, the electrodes of the 

substrate transducers were connected to the multimeter, in order to control the resistance of the 
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deposited films and the hotplate was turned on and set at 55ºC. Finally, the brown solution was 

airbrushed onto the alumina substrates using N2 gas as a carrier. It is worth mentioning that this 

technique allows us to deposit thin films of the functional material over virtually any type of 

application substrate. Airbrushing deposition was tested over polymethyl methacrylate 

(PMMA), Kapton, silicon and glass substrates. The adhesion and quality of the deposited films 

on the substrates was found to be excellent.  

3.2.3. Material characterization techniques 

The morphology of the sheets-like edge enriched WS2 nanostructures was examined using a 

Field Emission Scanning Electron Microscope (Thermo Scientific Scios 2). High Resolution 

Transmission Electron Microscopy (HRTEM) studies were carried out using a JEOL F200 

TEM ColdFEG operated at 200kV. TEM images were acquired with a Gatan OneView camera, 

a CMOS-based and optical fibre-coupled detector of 4096 by 4096 pixels. X-ray diffraction 

(XRD) was used to analyze the crystal structure of the synthesized material. The XRD 

measurements were made using a Bruker-AXS D8-Discover diffractometer equipped with 

parallel incident beam (Göbel mirror), vertical θ-θ goniometer, XYZ motorized stage and with 

a GADDS (General Area Diffraction System). The X-ray diffractometer was operated at 40 kV 

and 40 mA to generate Cukα radiation. The GADDS detector was a VÅNTEC-500 (silicon 

strip technology) placed at 15 cm from the sample. The Raman spectra were obtained using a 

Renishaw in Via, laser 514 nm, ion argon – Novatech, 25 mW. For XPS measurements, a 

Versaprobe PHI 5,000 from Physical Electronics was used to record the spectra. The X-ray 

source Al Kα was monochromatized, and measurements were taken at a take-off angle 45o from 

the sample surface. The spot size of 200 µm was utilized, and a pass energy (PE) of 20 eV was 

employed for the spectra recorded in the core level binding energy regions: W 4f, S 2p, and C 

1s. To counter charge build-up on the sample surface during measurements, a dual beam charge 

neutralization consisting of an electron gun (< 1 eV) and an argon ion gun (< 10 eV) was 

implemented. The XPS spectra were examined using CASA-XPS software. 

3.2.4. Gas sensing measurements 

The gas sensing measurements of the as-fabricated WS2 sensors were performed using a home-

made gas detection system employing a Teflon chamber with a volume of 35 mL. The chamber 

can accommodate four sensors simultaneously. The chamber consists of an inlet and outlet 

which are connected to the gas delivery system and exhaust respectively. The chamber was 

connected to a fully automated gas flow measurement set-up with the ability to supply diluted 

gas mixtures via mass flow controllers (Bronkhorst High-Tech B.V.). Calibrated gas cylinders 
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balanced in dry synthetic air (Air Premier purity: 99.999%) were used for gas sensing 

measurements. The operating temperatures of the sensors were controlled by connecting the 

meander heaters of the sensors to external power supply (Agilent U8002A). Sensor responses 

were recorded using an Agilent-34972A data acquisition system by monitoring the sensing 

material resistances upon exposure to different concentrations of target gases such as NH3, 

NO2, H2, CO and benzene. Sensors were operated at room temperature (RT), 100oC and 150oC. 

To ensure the baseline stabilization, a continuous dry airflow of 100 mL/min was maintained 

in the chamber for 3 hours prior to initiating gas sensing measurements. The sensors were 

exposed to gaseous species for 10 minutes followed by an exposure to dry air to recover and 

stabilize the baseline. The baseline recovery time was adapted according to the sensor operating 

temperature; 60 minutes for 100oC and 150oC and 120 minutes for room temperature operation. 

Throughout the gas sensing measurements, a 100 mL/min overall flow rate was maintained. 

For a reducing species like NH3, the sensor response was calculated using Equation 1, while 

for oxidizing species like NO2, the relative response was calculated using Equation 2. 

𝑅 =  
𝑅𝑔𝑎𝑠−𝑅𝑎𝑖𝑟

𝑅𝑎𝑖𝑟
∗ 100 Equation. 1 

𝑅 =  
𝑅𝑎𝑖𝑟−𝑅𝑔𝑎𝑠

𝑅𝑎𝑖𝑟
∗ 100       Equation. 2 

Rair and Rgas are the real time resistances of sensors when exposed to air and to target gas

respectively.  

3.3. Computational methods 

3.3.1. First principles calculations 

All simulations were performed with density functional theory (DFT). We utilized the all-

electron, numeric atom-centered orbital code FHI-aims [57] , incorporating the Perdew–

Burke–Ernzerhof (PBE) exchange–correlation functional [60] and Tkatchenko–Scheffler (TS) 

vdW corrections [61]. Our DFT calculations employed tier-1 basis sets, light grid settings, and 

a 4 × 4 × 1 Monkhorst-Pack k-point grid to ensure convergence. The total energy was 

converged within 10−6 eV, and the structures were optimized until all force components were 

reduced below 10−5 eV/Å. To achieve a comprehensive description of the electronic structure 

and to incorporate the effects of spin-orbit coupling, we utilized relativistic corrections and 

explicitly included spin-orbit coupling terms in our calculations [62]. A vacuum spacing of 22 

Å was employed along the z-direction to mitigate interactions between the substrate layers. 
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To prevent interactions between adsorbed NH3 molecules, we adopted a 4 × 4  x-y hexagonal 

supercell of the WS2 substrate (lattice constant a=12.7 Å), resulting in a distance of over 10Å 

between molecule images in neighboring periodic cells. 

The combined system comprised a total of 52 atoms, including 4 atoms for the NH3 molecule 

and 48 WS2 substrate atoms. The single-trilayer thick WS2 substrate was modeled using a 

hexagonal unit cell characterized by an optimized lattice constant of 3.168 Å, a value that 

closely aligns with experimental [57] and previous computational findings [58]. The 

adsorption energy between the substrate and the target molecule (Eads) was evaluated as the

difference between the total energy of the adsorbed system Etot) and the sum of the isolated

energies of the substrate EWS2
) and the molecule (ENH3

)

Eads = Etot − (EWS2
+ ENH3

)        Equation 3 

Figure 3.2 Translational and rotational degrees of freedom for the adsorption structure search: 

a) side view and top view illustration of the NH3 molecular rotations implemented within the

internal molecular frame of reference; (b) illustration of the translational motion of the

molecule above the WS2 substrate. The orange line delineates the periodic search region.

Direction [001] is perpendicular to the [100]-[010] plane of the substrate, and the red point

denotes the centroid of the NH3 molecule.

3.3.2.  Adsorbate structure identification 

The identification of stable ammonia adsorbates on WS2 was achieved through the application 

of DFT within the “Bayesian optimization structure search” (BOSS) code [65]. BOSS, a 

machine learning-driven approach, accelerates the identification of energetically favorable 

structures by strategically navigating the adsorption energy surface (AES). Given an initial 

dataset of configurations, BOSS constructs the most probable surrogate model of the AES by 
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Gaussian process regression. This surrogate model is then iteratively refined through an active 

learning process, enabling the identification of energetically stable adsorbates within the AES 

minima, as demonstrated in previous adsorption studies [66]. 

The structures of the molecule and substrate were optimized independently, then fixed and 

deployed as ‘building blocks’ during the structure search. The adsorption energy surface (AES) 

was explored in a 6D search space, as a function of molecular position and orientation above 

the substrate. In practice, we applied three translational degrees of freedom (x, y, z) and three 

rotational degrees of freedom (α, β, γ) to the molecular center of mass (centroid) to perform 

configurational sampling. The rotational degrees of freedom for α and β were confined within 

the range of 0° to 360°, whereas that of γ was restricted to the range of 0° to 120°, owing to the 

rotational symmetry of the NH3 molecule along the z-axis. The rotational angles (α, β, γ) were 

implemented around the internal molecular frame of reference, as defined in Figure. 3.2 (a). 

The translations were applied in directions of crystallographic axes [100], [010] and [001].  

Because of the periodic nature of the substrate model, the x-y search was confined to a limited 

section of the substrate, as depicted in Figure 3.2 (orange lines). Initial tests indicated that the 

optimal bounds for the molecule height z was between 2 Å and 2.8 Å computed from the highest 

surface atom.  Adsorption energetics was sampled with the exploratory Lower Confidence 

Bound (eLCB) acquisition function [67], which strikes a balance between exploitation and 

exploration. To build our 6D kernel, we applied the standard periodic kernel to describe all the 

periodic degrees of freedom, except from the z coordinate, where we used the radial basis 

function kernel. The 6D BOSS search was initialized with 200 Sobol space-filling points and 

continued during 2000 active learning iterations. After we observed convergence of the global 

minimum of adsorption energy, we identified the atomic configuration behind the inferred 

global minimum and fully optimized the geometry.  

3.3.3.  Electronic transport and sensor resistivity 

Given the atomic coordinates for the global minimum structure, the Boltzmann transport 

equations (BTE) were employed to calculate sensor resistivity. Here, the band structure 

extracted from the FHI-aims calculations provided crucial inputs for calculating transport 

properties with the Boltztrap2 code [68]. The BTE enables the evaluation of electrical 

conductivity along two orthogonal principal  axes ([100] and [010]) within the x-y plane of 

the two-dimensional WS2 layer. The calculated conductivity is averaged over these principal 
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directions. Within the framework of the Boltzmann transport approximation, the electrical 

conductivity is expressed as follows: 

σα,β (T, ϵ) =
1

V
∫ e2vα(ϵ)vβ (ϵ)τ(ϵ) [

− ∂fμ(T,ϵ)

∂ϵ
] dϵ ;  va =

1

ħ

∂ϵ

∂kα(ϵ)
 ;  fμ = (1 + e

(ϵ−μ)

kBT )−1

Equation 4 

Here, vα is the energy (ϵ) dependent group velocity of the band electrons along the

component, 𝑒 is the electrical charge, 𝑉 is the unit cell volume of the WS2/NH3 system, τ(ϵ) 

is the energy dependent relaxation time, 𝑇 is the temperature, µ is the chemical potential, f is 

the Fermi-dirac distribution, kB is the Boltzmann constant and ħ is the Planks constant. The

chemical potential associated with the experimentally applied gate voltage [69] was 

determined by fixing its value as a fitting parameter to the experimental baseline resistivity 

curve of WS2 at 0.43 eV in the absence of the target molecule, NH3. 

The resistivity was then defined as the reciprocal of conductivity and the sensor sensitivity 

was calculated using Equation 1. The calculated sensor response function was obtained by 

solving the “Step response differential equation”, 

dR

dt
+

R

τ
= H(t) Equation 5 

Where, ‘t’ is the time, ‘R’ is the time-dependent resistivity and H(t) is Heaviside step function. 

The initial conditions for the resistivity during the “gas-in” phase were set as Rinitial = RWS2

and Rfinal = RWS2+NH3
, respectively. The initial conditions were reversed for the “gas-out”

phase. The characteristic time (τ) is a function of the adsorption energy and temperature. τ is 

also known as the time constant since the differential equation is solved at a constant 

temperature. 

3.4. Results and discussion 

3.4.1. Material characterization 

3.4.1.1. FESEM 

Figure. 3.3 shows FESEM micrographs for the as-synthesized WS2. The analysis of the FESEM 

images reveals that WS2 shows a distinctive zigzag edged triangular sheet architecture with an 

average thickness of 36 nm. Notably, the majority of the triangle-like nanostructure exhibits an 

edge-to-edge width of 255 nm as presented in Figure 3.3 (a), while some of the triangles show 

a higher edge to edge width of 690 nm. Interestingly, these nanostructures can be also self-

assembled in the shape of flowers as can be seen in Figure. 3.3 (b). The tendency of WS2 to 

grow in triangularly shaped layered structures has been demonstrated earlier as well [59–62]. 
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The reason behind the triangular architecture of the WS2 grown via CVD technique may be 

owed to the dependence of crystal growth on two types of crystal face growth rates where the 

zigzag edge of sulfur and tungsten terminate [4]. This has been confirmed in the growth 

mechanism of MoS2 [63].   

Figure 3.3 FESEM images depicting triangle-like structures of WS2. 

3.4.1.2. XRD 

The crystallographic structure and the purity of the synthesized WS2 powder was evaluated by 

X-ray diffraction (XRD). Figure3.4 shows the XRD diffractogram recorded on the as-

synthesized WS2 in the range of 2θ = 5o to 60o. The diffraction peaks match with rhombohedral 

phase of WS2 (ICDD card number: 84-1399) with lattice constants a= 0.3158 nm and c= 1.849 

nm belonging to R3m space group. The XRD pattern reveals the presence of intense peaks at 

14.35o, 28.95o, 33.08o, 44.04o and 59.99o, in agreement with the (003), (006), (101), (009), and 

(0012) crystal planes of rhombohedral WS2. Additionally, small peaks were also detected at 

23.14o, 23.64o, and 24.36o which were indexed to (002), (020) and (200) crystal planes of 

triclinic WO3 traces (ICDD card number: 32-1395) belonging to space group P-1(2) with lattice 

constants a= 0.7309 nm, b= 0.7522 nm, and c= 0.7678 nm. 
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Figure 3.4 XRD diffractogram of as synthesized WS2 airbrushed on silicon oxide substrate. 

3.4.1.3. HRTEM 

WS2 powder was dispersed in absolute ethanol using sonication and drop casted onto carbon-

coated copper grids for TEM and HRTEM analysis. Figure 3.5 displays the obtained results. 

TEM analysis was employed to examine the morphology of the as grown material. From Panel 

(a), we can observe the presence of large, thin and transparent triangles, which is consistent 

with the results observed with FESEM. Indeed, tungsten trioxide powder has completely 

transformed to 2D triangle-like WS2 structures. The length of the edge sides ranged from 250 

nm to 690 nm. This is in agreement with FESEM results. High resolution (HR) TEM image is 

displayed in panel (b-d) with insets. It allows us to study deeply the composition and the 

crystallinity of these triangles-like structure. From these images, we can conclude that each 

triangle is composed of multilayer WS2 material; the layers were stacked one on top of the 

other with interplanar spacing (d) of 0.27 nm corresponding to the (101) plane of WS2 (ICDD 

card number: 84-1399). This was confirmed by XRD as well. 
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Figure 3.5 (a) TEM image of WS2, (b-d) HRTEM images of WS2 

3.4.1.4. Raman spectroscopy  

Raman spectroscopy is an acknowledged powerful and non-destructive characterization 

technique to study the purity for layered materials such as transition metal dichalcogenides. In 

this respect, Raman spectroscopy was used to study the as-synthesized WS2 using 514 nm 

wavelength laser. Figure 3.6 displays the recorded Raman spectrum. The results show the two 

intense peaks at 352 cm-1 and 418   cm-1 corresponding to in-plane vibrational E2g
1  (Г) and out-

of-plane A1g(Г) modes respectively [64]. The residual peaks found in the spectrum can be

identified to longitudinal acoustic phonons LA(M) , A1g(M) − LA(M), 2LA(M) − 3E2g
2 (M),

2LA(M) − 2E2g
2 (M), 2LA(M) − E2g

2 (M), A1g + LA(M) and 4LA(M) modes of WS2 [4,64–66].

The longitudinal acoustic phonons are in-plane collective movements of the atoms in lattice. 

The ratio of peak intensity I[E2g
1 ]/I[A1g] comes out to be 0.84, indicating the formation of
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multilayer WS2 [27,67], consistent with HRTEM results. No peaks corresponding to WO3 were 

found in the Raman spectra, indicating an almost full sulfurization of the WO3 powders.  

Figure 3.6 Raman spectra of as synthesized WS2. 

3.4.1.5. XPS 

X-ray photoelectron spectroscopy was used to explore the chemical composition of the

deposited samples. The XPS survey spectrum shows the presence of W, C, S, and O (Figure 

3.7. (a). The spectra recorded in the core-level regions allow for determining the oxidation state 

of the elements. The spectrum recorded in the W4 f binding energy region is well reproduced 

by one singlet centered at binding energy 38.4 eV corresponding to the W5p3/2 core level in 

WS2 and two doublets. The doublet with W4 f7/2 peak centered at 32.5 eV corresponds to 

tungsten atoms in the (4 +) valence state in WS2, while the one at 35.9 eV, to tungsten atoms 

in the (6 +) valence state in WO3 (Figure 3.7 (b). A detailed analysis of this spectrum results in 

86% of tungsten atoms participating in W-S bonding in WS2 and 14% in WO3 [54]. The S 2p 

spectrum, known by the doublet peaks, S 2p1/2 and S 2p3/2 at 163.7 and 162.5 eV, respectively, 

with a spin–orbit energy separation of 1.2 eV corresponding to WS2 (S2− oxidation state), can 

be seen in Figure 3.7 (c). Additionally, the S 2p spectrum of the examined samples does not 

exhibit any discernible S-O bond component at 168.8 eV [54,68], therefore, the obtained 

spectra confirm the formation of WS2 with the presence of small amount of WO3 impurities.  
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Figure 3.7  XPS spectra of as synthesized WS2: (a) XPS survey, (b) W 4f core level and (c) S 

2p core level. 

3.4.2. WS2 growth mechanism 

Sulfurization of WO3 is an interesting and intriguing process. WO3 and S powders are the main 

precursors predominantly used for WS2 growth by CVD [69]. WO3 is partially reduced in the 

sulfur vapor environment to form suboxide species, WO3-x, which is further sulfurized to form 

WS2 [70]. The reaction involved is: 

7𝑆 + 2𝑊𝑂3 → 2𝑊𝑆2 + 3𝑆𝑂2                        Equation 6 

Keeping suboxide species into consideration, the growth stages of WS2 could be mapped onto 

two hypothesized reaction stages as proposed by Li et al. [71] and Ji et al. [72]. The reactions 

proposed are: 
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2𝑊𝑂3 + 𝑥𝑆 → 2𝑊𝑂3−𝑥 + 𝑥𝑆𝑂2

2𝑊𝑂3−𝑥 + (7 − 𝑥)𝑆 → 2𝑊𝑆2 + (3 − 𝑥)𝑆𝑂2

Equation 7         

Equation 8     

This is a complex conversion from monoclinic WO3 to hexagonal cells of WS2 since the W 

atom sites in monoclinic WO3 cells differ significantly from those of hexagonal unit cells of 

WS2. This indicates that the W-W interatomic distances along a and c axes change from 0.73 

nm in WO3 to 0.3158 nm in WS2 along the a axis and from 0.767 nm in WO3 to 1.8 nm in WS2 

along c axis [30]. The lattice parameters of the synthesized WS2 and WO3 precursor are 

discussed and demonstrated in XRD characterization section ahead. WO3−x and S react

heterogeneously in the gas phase and grow laterally. This process forms randomly distributed 

flakes rather than a continuous film [73].  

In this work, the sulfur powder, placed in the secondary tube, starts to sublimate above 100 oC, 

Figure 3.1 (a). The sublimated sulfur is carried by Ar gas flow towards WO3 precursor powder 

boat, to maintain the subsequent sulfur-rich environment in the growth zone. Since the 

sulfurization reaction is carried out in a hydrogen-free environment, the reduction of WO3 is 

comparatively slower, hence the second sulfurization reaction is carried out by introducing 

more sulfur vapors into the reaction chamber, Figure 3.1(b). The growth mechanism schematic 

of the edge-enriched WS2 plates is depicted in Figure 3.8. 

Figure 3.8 Growth mechanism schematic of edge enriched WS2 plates. 
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3.4.3. Gas sensing results 

3.4.3.1. Ammonia sensing 

The gas sensing properties of the as-fabricated WS2 sensors were tested for ammonia gas and 

evaluated using a home-made gas monitoring system. To assess the optimal working 

temperature, the sensors were studied towards 5 ppm of NH3, at room temperature- RT, 100oC 

and 150oC.  Overall, operating temperature is a crucial factor in gauging sensor performance, 

this is because the sensitivity, selectivity and response/recover dynamics of gas sensing 

materials heavily depend on operating temperature. A simple procedure to identify the optimum 

temperature is measuring a single gas concentration of the analyte gas at different operating 

temperatures. It is worth noting that the maximum operating temperature was set at 150oC as 

above 150oC, the evaporation of the sulfur could potentially deteriorate the sensing material 

leading to the formation of WO3/WS2 complex [54]. Also, operating devices at low 

temperatures is beneficial for developing low-power devices [52,54].  

Figure 3.9(a) shows the sensor responses towards 5 ppm of NH3 at different operating 

temperatures ranging from RT (25oC) to 150oC. As depicted in the figure, the sensor responses 

increase with an increase in the operating temperature. The standard deviation of the sensor 

responses is negligible indicating highly reproducible and stable sensing characteristics. The 

maximum sensor response at high temperatures could be owed to the enhanced gas molecule 

adsorption. Indeed, with the increase in the temperature, the activation barrier layer is lowered, 

enhancing the rate of gas adsorption leading to higher responses [54]. Thus, the operating 

temperature for all the subsequent studies was established to be at 150oC, which is quite low 

as compared to the standard operating temperatures found in metal oxide based gas sensors 

[74–76].  
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Figure 3.9 (a) Typical sensor response as a function of temperature towards 5 ppm NH3, (b) 

sensing film resistance changes as a function of time towards 5 ppm NH3 at 150ºC. 

Furthermore, the sensor responses at room temperature towards 5 ppm of NH3 were calculated 

to be 0.89%, rising to 80% at 100oC and 100% at the optimal working temperature (150oC). 

Figure 3.9 (b) shows real film resistance changes as a function of time, towards 5 ppm NH3 at 

150oC. Upon being exposed to ammonia, a reducing gas species, the WS2 sensor responds as a 

p-type semiconductor showing an increase in the resistance.  In line with earlier NH3 studies

[77,78] after the adsorption of the NH3 molecules on to the WS2 sensing material, a charge 

transfer takes place where the NH3 molecules donate electrons to WS2 leading to an increase 

in the resistance. The sensors show stable and reproducible responses towards the target gas. 

The sensor baseline recovers well after each exposure cycle.  

Moreover, the sensors were tested towards a wide range of NH3 gas concentrations ranging 

from 1, 2.5, 5, 7.5 and 10 ppm at the optimal working temperature. The responses were 

calculated to be 24.45%, 53.44%, 100%, 135% and 168% respectively.  As it is evident from 

Figure 3.10 (a), there is a linear increase in the response with the increase in the concentration 

of ammonia. The standard deviation error of the responses is so small that it can hardly be 

observed in the figure, indicating the stable and reproducible sensing responses of the sensors. 

As anticipated, increasing the concentration of NH3 leads to higher resistance changes in the 

WS2 sensor resulting in enhanced responses. The linear trend of the sensor responses reveals 

that the sensors do not saturate by exposure towards ammonia concentrations below 10 ppm. 

The dynamics of gas sensor film resistance change towards different ammonia concentrations 

is presented in Figure 3.10 (b). As is evident, the sensors can detect ammonia concentrations 

as low as 1 ppm. These concentrations are much lower than the legal airborne permissible 

exposure limit (PEL) of 50 ppm as recommended by the Occupational Safety and Health 

Administration (OSHA) over an eight-hour work shift [79]. 
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Figure 3.10 (a) WS2 sensor response as a function of NH3 concentration at 150ºC, (b) gas 

sensing film resistance changes as a function of time towards different NH3 concentrations at 

150ºC. 

3.4.3.2. Selectivity tests 

Selectivity is one of the most important criteria to determine the performance of a sensor. The 

selectivity of WS2 sensors was evaluated towards fixed concentrations of various interfering 

gases such as benzene, carbon monoxide (CO), nitrogen dioxide (NO2) and hydrogen (H2) at 

temperature of 150oC. These analyte gases as particularly important to test for selectivity owing 

to their potential health and environmental risks. For example, NO2 is one of the main 

contributors of acid rain [80], hydrogen could be potentially dangerous for its highly explosive 

and flammable properties [81], exposure to 5 ppm of benzene for more than 15 minutes has 

been linked to the development of cancer [52]. The radar plot depicted in Figure 3.11 shows 

the responses of the sensors towards tested gases at 150oC. The results show that among all the 

gases, the sensors respond towards NH3 and C6H6 only with highest response towards NH3. 

These results suggest high selectivity towards NH3 gas. It is worth mentioning here that all the 

gas concentrations tested are way below the permitted limits [52,79]. Also, we compared our 

work with prior research studies employing WS2 and/or other TMDs or a composite of WS2, 

our sensors show better responses with low experimental limit of detection (LoD) as can be 

seen in Table 3.1. While the research works listed in the table focused on ammonia 

concentrations beyond the permissible limits, it is worth noting that some studies reported 

favorable sensor responses. This drawback will limit the real applications of these sensors. In 

contrast, our sensors excel in detecting ammonia gas at levels below 1 ppm, demonstrating 

their remarkable sensitivity even in low-concentration environments. 
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Figure 3.11 Radar plot of response of WS2 towards NO2 (800 ppb), H2 (100 ppm), carbon 

monoxide (80 ppm), ammonia (5 ppm) and benzene (5 ppm) at 150oC. 
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Table 3.1 Ammonia gas sensing characteristics reported in this work are compared with various 

TMDs Materials 

2D 

material 

Conc. 

Studied 

(ppm) 

Working 

temp. (oC) 

Response LoD (ppm) 

experimental 

Selectivity Ref. 

WSe2 NFs 40 150 24.65% 2 NO2, C6H6, CO and 

H2 

[52] 

PPy/WS2 200 28 30.10% 50 H2, EtOH, CO, CO2 [82] 

rGO/WS2 50 33.5 121% 10 NO2, acetone, EtOH, 

formaldehyde, 

methanol, C6H6 

[83] 

MoS2 

nanosheets 

10 100 30% 2 CO, H2, NO2 [51] 

WS2 100 35 4.61% 50 H2S, SO2, acetone, 

CO 

[84] 

Pt Qd/WS2 500 25 14.5% 50 EtOH, acetic acid, 

CO, H2, NO2, ethyl 

acetate, n-propanol 

[85] 

WS2 5 150 

100 

25 

100% 

79% 

1% 

<1 C6H6, H2, NO2, CO This 

work 

3.4.3.3. Humidity measurements 

The effect of ambient moisture dramatically impacts the gas sensor sensitivity by affecting the 

electrical properties of the sensing material. This makes it mandatory to evaluate the gas sensor 

performance under the presence of humidity and verify the sensor capability for real world 

applications. Figure 3.12 illustrates the WS2 sensor responses towards 5 ppm of NH3 under dry 

and humid (50% relative humidity at 25oC) environments. It is observed that the sensor 

response decreased slightly from 100% to 93%. The baseline resistance decreased from ~ 60 

MΩ in dry environment to ~50 MΩ in humid environment. In general, during the gas sensing 

measurements in humid environments, there is a competition between hydroxyl groups (water 

vapors) and ammonia gas molecules. Depending on the relative surface concentration of the 

hydroxyl groups, the impact of the humidity becomes noticeable [51]. If the concentration of 

the oxygen species is lower than the surface concentration of the hydroxyl groups, the sensor 

response decreases. On the contrary, if the sensors demonstrate high moisture resistance, this 

signifies that most of the active sites are occupied by adsorbed oxygen species. This results in 

no or little change in the sensor performance. Hence our edge-enriched WS2 sensors exhibit a 

high level of immunity against elevated moisture levels. This characteristic feature makes them 

highly suitable for real world applications. 
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Figure 3.12 Dry and relative humidity cross-sensitivity to 5 ppm NH3 at 150°C. The sensor 

resistance changes are normalized to [0,1]. 

3.4.4. DFT adsorption simulation results 

3.4.4.1. Optimal adsorption configuration 

After a 6D Bayesian optimization structure search, the global minimum of the adsorption 

energy landscape was determined to be at coordinates x = 3.19 Å, y = 1.87 Å, z = 2.38 Å, and 

angles α = 0.0°, β = 179.31°, and γ = 85.15°. During the subsequent structural optimization, 

the structural and energetic changes were minimal. The global minimum energy of adsorption 

was 0.21eV. After adsorption, the molecule was positioned at a height of 2.44 Å above the 

hollow surface site (the gap between adjacent S atoms), illustrated in Figure 3.13(a). The three 

molecular H atoms were oriented towards the substrate and aligned in the direction of three S 

atoms in the uppermost layer of the substrate (see Figure 3.13(b)). 

3.4.4.2. Electronic structure 

The Mulliken analysis of partial atomic charges was employed to compute the charge transfer 

between the WS2 structure and the NH3 target molecule. We observed a very small net charge 

transfer of 0.024 [e] from the WS2 lattice towards the NH3 molecule (e denotes the elementary 

charge (|e−|). To explore the nature of the chemical bond, we analyzed the partial density of 

states (DOS) of the WS2 substrate and NH3 molecule near the Fermi level and compared them 

to the electronic states of the isolated gas molecule (not shown here). The results revealed that 

the electronic states of the molecule remained as narrow as in the gas state, with no evidence 

of hybridization upon surface adsorption. The calculated bandgap of 1.78 eV for the adsorbed 
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system was similar to the WS2 bandgap of 1.61 eV. All the electronic structure observations 

suggest the absence of covalent bonding between the NH3 molecule and WS2 substrate, and 

point to physisorption as the main mechanism of interaction. 

Figure 3.13 Computed adsorption configuration and transport properties. (a) and (b) present 

the top and side view of the global minimum adsorbate structure of NH3 on WS2. (c) 

temperature-dependent sensor sensitivity from RT to 150oC. (d) sensor response function 

computed at 150oC. 

3.4.4.3. Resistivity, Sensitivity, and Sensor response 

For the adsorption configuration above, we computed the temperature-dependent resistivity, 

corresponding sensitivity, and sensor response. Figure 3.13(c) illustrates the rate at which 

sensor sensitivity increases as operating temperature rises beyond the room temperature 

conditions. Subsequent computational analysis demonstrated that the increasing trend is a 

direct result of molecular adsorption. For the bare WS2 substrate, we recorded a drop in 

sensitivity with increasing temperature, as expected for a semiconductor. Upon NH3 

adsorption, the shift in the Fermi level was accompanied by a flattening in band curvature, 

which produced a notable decrease in charge carrier mobility and jump in resistivity. Rising 
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temperatures made this effect more expressed and resulted in increasing sensor sensitivity. 

This trend was in very good agreement with experimental data, as observed in Figure 3.13(c). 

Next, we consider the sensor response function in Figure 3.13 (d). The time evolution of the 

sensor response was calculated at T = 150oC to match the experimental conditions. This 

property is also in good agreement with the experimental observation in Figure 3.12. 

3.4.4.4. Gas sensing mechanism 

Based in the literature and the obtained results, the gas sensing mechanism of the synthetized 

edge enriched WS2 can be described via two different reactions: (i) chemisorption and (ii) 

physisorption, as shown by Figure 3.14. The first one lies in the adsorption/desorption between 

the adsorbed oxygen species at the material active sites and the target gas [86–88]. Herein, 

oxygen species cannot be neglected, as the sensor was flushed with synthetic air to clean the 

material surface and to reach the steady state. Therefore, when the sensor is exposed to dry 

synthetic air, the oxygen molecules interact with the WS2 surface and get adsorbed in the form 

of O2
− [89,90], leading to an extraction of electrons from the WS2 valence band and the

formation of a hole accumulation layer (HAL) at the same band [52,91]. It is worth mentioning 

that the adsorbed oxygen species depend to the sensor working temperature, since they can be 

adsorbed in the form of O2
− (<150oC), O−(150 to 400oC), or  O2−(>400oC) [89,90].

The chemical reaction involved can be represented by the following equation:

𝑂2 → 𝑂2(𝑎𝑑𝑠)
− + ℎ+                                                    Equation 9

When the sensing layer is exposed to the NH3 environment, the resistance increases due to the 

electron donor nature of NH3 (presence of lone pair of electrons on it), which results in a 

decrease in the concentration of holes in the HAL region and confirms the p-type 

semiconductor behavior of WS2. This reaction can be explained by the following equation [92]: 

4𝑁𝐻3(𝑎𝑑𝑠) + 3𝑂2
− → 2𝑁2 + 6𝐻2𝑂 + 3𝑒− Equation 10 

In physisorption reaction, NH3 molecules have the capability to seep into the layers of WS2 and 

get easily adsorbed onto the edge sites of the WS2, thanks to the strong electronegativity of 

sulfur layer in WS2. Hence fore, it injects electrons to the WS2 layers and itself gets converted 

into NH4
+.  The electrons released on the WS2 valence band combine with the existing holes,

thereby, decreasing the space charge layer, reducing the concentration of holes and increasing 

the material resistance [93]. These findings are backed up by our first principles calculations. 

We found no evidence of any sort of hybridization and a very small charge transfer, suggesting 
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absence of chemical bonding between NH3 and WS2. The close resemblance of the conduction 

and valence states near the Fermi level in the combined system to their isolated counterparts, 

coupled with the low adsorption energy and minimal charge transfer, further suggests that the 

interaction between WS2 and NH3 is predominantly attributed to physisorption. Nevertheless, 

despite the physisorption evidence found in our DFT results, it is essential to acknowledge that 

the chemisorption process cannot be dismissed, as mentioned earlier in this section. 

Figure 3.14 Proposed gas sensing mechanism. 

3.5. Conclusion 

A facile, simple, scalable, and high yield atmospheric pressure CVD technique was used to 

synthesize plate shaped edge-enriched WS2 in powder form from commercial WO3 powders. 

Thin films of the synthesized WS2 were deposited on alumina transducer substrates using a 

simple airbrushing technique to be used as sensing material. WS2 showed excellent sensitivity 

towards NH3 at a substantially low operating temperature of 150oC. This is for the first time 

the high-yielding technique has been demonstrated with the resulting material in powder form 

that can be deposited virtually on any substrate. The cross-sensitivity of the sensors was tested 

towards H2, benzene, CO, and NO2. The sensors showed no or small response towards the 

interfering species with maximum response towards NH3. First principles calculations 

confirmed that the interaction between the WS2 and NH3 is physisorption. Moreover, the impact 

of having a 50% relative humidity background was limited to a slight decrease in sensor 

response. This confirms the promising gas sensing characteristics for selectively detecting low 

concentrations of NH3 by the edge-enriched WS2 based sensors at moderate operating 

temperature in real environments.  
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Abstract 

Two-dimensional (2D) transition metal dichalcogenides (TMDs) show great promise for low-

temperature gas sensing applications, particularly for NO2 detection. However, several areas 

require enhancement and optimizations, including low sensitivity at low limits of detection 

(LoD), selectivity issues, and poor recovery. To address these challenges and improve gas 

sensor efficiency, researchers have proposed the functionalization of 2D TMDs. This aids in 

elucidating the synergistic effects, particularly when combined with carbon-based materials. 

This paper presents a novel approach for fabricating hybrid heterostructures of atmospheric 

pressure chemical vapor deposition (APCVD) synthesized tungsten disulfide (WS2) and 

graphene. Facile airbrushing technique was used to fabricate the sensors with N2 as carrier gas. 

The morphological and structural investigation reveal sheet like growth of edge-enriched 2D 

WS2 and a homogenous distribution of the sensing materials in the hybrids. The gas sensing 

properties of the sensing materials was tested towards NO2 gas at different operating 

temperatures. The hybrid sensors exhibit excellent responses to ultra-low concentrations of 

NO2 (10 ppb) at substantially low temperature of 100°C compared to their graphene and WS2 

counterparts. The gas detecting capabilities for CO, H2, C6H6, and NH3 were also investigated 

to better comprehend the selectivity of the sensors. Furthermore, sensor responses nearly 

double in humid environments (50% RH at 25oC), suggesting practical applications for 

selective NO2 detection. 

Keywords: WS2, APCVD, sulfurization, gas sensor, NO2, TMDs, 2D materials 
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4.1. Introduction 

A steep increase in industrialization and population has heightened the emission of toxic gases 

and volatile organic compounds (VOCs) into the atmosphere leading to life threatening 

situations [1]. The main contributors of severe respiratory issues, including chronic bronchitis, 

respiratory irritation and asthma are parts per million (ppm) levels of NH3 and parts per billion 

(ppb) levels of NO2 [2,3]. The common sources of these pollutant gases include power plant 

exhausts, industries, vehicular emission, and fertilizer production [4,5]. Moreover, NO2 reacts 

with ambient compounds, contributing to acid rain and ozone formation, exacerbating air 

pollution concerns [4][6]. The United States Environmental Protection Agency underscores the 

adverse effects of prolonged exposure to NO2. Low concentrations of NO2, as low as several 

hundred parts per billion (ppb) can induce eye and lung irritation, necessitating its regulation 

with an exposure limit of 53 ppb [7,8]. Hence, it becomes imperative to identify and quantify 

the atmospheric concentrations of NH3 and NO2 to safeguard chemical processes, monitor 

human health, and ensure protection against gas leakage and chemical disasters [2]. This makes 

it imperative to develop gas sensors capable of real-time monitoring of low concentrations of 

combustible and toxic gases. The sensors need to possess key attributes like high sensitivity, 

selectivity, accuracy, reliability, and long-term stability, all while being cost-effective and 

energy-efficient. 

Semiconductor gas sensors, particularly metal oxide-based sensors (MOX) have garnered a 

tremendous attention for their ease of fabrication, miniaturization, simple operation, and 

possibility of mass production [6]. However, their use is limited by the fact that they operate at 

particularly high temperatures which compromises their stability and increases energy 

consumption [6]. While researchers have been successful in exploring the strategies to make 

hybrids of MOX with MXenes to lower the operating temperature of the sensors [9], still 

pristine graphene shows promising gas sensing results at lower temperatures than MOX sensors 

especially at room temperature [10]. Graphene exhibits desired intrinsic properties that even 

surpass those of MOX and TMDs, particularly in terms of thermal conductivity (5000 W mK−1 

at 27°C) [11], high room-temperature carrier mobility (20,000 cm2 V−1 s−1) [12], low density 

(0.77 mg m−2) [13], and exceptional chemical stability and mechanical durability (Young's 

modulus approximately 1.02 TPa) [14]. These characteristics make graphene highly suitable 

for the development of miniaturized, flexible gas sensors with superior sensitivity at low 
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operating temperatures [10]. Nevertheless, graphene-based sensors face challenges in 

sensitivity and recovery speed, necessitating exploration of alternative materials [15]. 

Two-dimensional transition-metal dichalcogenides (2D TMDs), such as MoS2 and WS2, have 

attracted attention for their unique electrical, chemical, and optical properties [16]. They 

represent a promising class of layered van der Waals materials with excellent responses to 

hazardous gas species, especially NOx [17]. Their large surface-area-to-volume ratios provide 

suitable adsorption sites for gas molecules, and the sensing mechanism is based on direct 

charge transfer upon gas adsorption [18,19]. However, limitations include low sensitivity to 

NO2 at the ppb level, and surface defects like grain boundaries, vacancies, and edges, leading 

to incomplete recovery and prolonged recovery times [10]. Prolonged exposure of TMDs to 

atmospheric oxygen can accelerate oxidation, degrading sensing performance [20]. Therefore, 

research aims to synthesize TMDs-based sensing materials capable of sensitively and 

selectively detecting NO2 at ppb levels with enhanced stability over prolonged use. 

Concurrently, efforts are underway to explore the excellent properties of heterojunctions 

formed from different 2D materials such as reduced graphene oxide (rGO)/metal oxide [21], 

TMDs/TMDs [22], TMDs/metal oxide [23,24], or rGO/TMDs [25,26]. These heterojunctions 

exhibit excellent prospects for gas-sensing applications due to their unique properties compared 

to their pristine counterparts [25]. Considerable amount of research has been focussed on the 

fabrication of 2D-2D hybrids. Diverse 2D layered nanomaterials are stacked to facilitate the 

regulation and manipulation of charge carrier generation, confinement, and transport [27]. A 

rational design of hybrids involves understanding the behavior of individual materials and 

exploiting their combined effects to enhance sensing behavior. Sardana et al. [2] exploited 

synergistic effects of WS2 grown on MXenes to identify, quantify and differentiate lower 

concentrations of NH3 and NO2. Commercial MXene were mixed with WS2 in water-ethanol 

mixture and homogenized by probe sonication. The sensors were able to detect 0.1-5 ppm NH3 

and 1- 100 ppb of NO2 by adjusting the weight proportions of WS2 to MXene.  

Studies by Schedin et al. highlight the gas-sensing behavior of graphene, emphasizing the 

regulation of local carrier concentration by gas molecules like NO2, resulting in changes in 

sensor conductivity [28]. However, the carrier change induced by gas interaction is relatively 

small compared to the background carriers in metal-like graphene, leading to a minimal change 

in resistance magnitude [29]. Gas-sensing applications based on graphene and its derivatives 

often require additional modifications to enhance adsorption and electronic characteristics. 

Doping with various heteroatoms has been employed for this purpose [30]. Both graphene and 
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its derivatives, such as reduced graphene oxide (rGO), demonstrate a distinct advantage in NO2 

gas detection due to their high carrier mobility and large surface-to-volume ratio [30,31]. Hou 

and co-workers [25] reported MoS2/GO nanocomposite for triethylamine (TEA)-sensing 

applications. The MoS2/GO hybrid was synthesized using a facile hydrothermal technique. The 

sensors were able to detect low concentrations of 1 ppm of TEA with high stability. Ma et al. 

[32] demonstrated self-powered photovoltaic flexible gas sensors through defect engineering

controlled by ion irradiation employing a WS2/graphene heterostructure. The graphene and 

WS2 monolayers were grown via chemical vapor deposition which were then transferred to Si 

substrate employing wet-chemical processes. The sensors were able to detect as low as 50 ppb 

of NO2. Graphene offers superior electrical conductivity and mechanical strength compared to 

reduced graphene oxide, making it more suitable for gas sensing applications, electronic 

devices, and advanced composites [33,34].  Moumen et al. [22] reported ultra-sensitive NO2 

(300 ppb) sensor working at room temperature employing WS2-WSe2 p-p heterostructure. The 

heterostructure was prepared using atmospheric pressure chemical vapor deposition (APCVD) 

and liquid phase exfoliation (LPE). The sensors demonstrated long term stability of 

approximately 2.5 months even in elevated humidity conditions (40-90% RH). However, 

hydrothermal synthesis can be hindered by long reaction times and high energy consumption, 

limiting its scalability and efficiency. Also, liquid phase exfoliation suffers from challenges 

such as limited control over the size and quality of the produced materials, leading to variations 

in material properties. Moreover, the process often involves the use of hazardous solvents, 

posing environmental and safety concerns. Also, most of the reported methods for 

heterojunction fabrication involve drop casting method where the thickness of the deposited 

film is seldom controlled. 

Considering the above-mentioned shortcomings, this work demonstrates an excellent hybrid 

sensing material for detecting ultra-low concentrations of NO2. We report a methodology to 

fabricate a WS2-graphene hybrid thin films using simple airbrush. WS2 was grown using 

APCVD technique. The hybrid films are directly deposited on the transducer substrate with 

full control over the thickness. The films were characterized for morphology, microstructure, 

phase, and chemical composition. The gas sensing properties of the films were studied towards 

ultra-low NO2 concentrations at various operating temperatures (i.e., RT, 100oC and 150oC) in dry 

and humid environments, and other interfering species like NH3, CO, H2 and C6H6. The sensors 

responded excellently towards ultra-low concentrations of NO2 with an experimental limit of 

detection (LoD) of 10 ppb.  
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4.2. Experimental 

4.2.1. APCVD synthesis of sheet-like WS2 

Atmospheric pressure chemical vapor deposition (APCVD) technique was used to synthesize 

sheet-like WS2 with yield in hundreds of milligrams. The technique holds the potential of being 

scaled to industrial level. Commercially available tungsten trioxide powder procured from 

Sigma Aldrich (CAS: 1314-35-8) was employed and sulfurized to obtain sheet-like WS2 

nanostructures in powder form. The sulfurization was carried out for 60 minutes at 900oC using 

metallic sulfur (Sigma Aldrich, CAS: 7704-34-9) in a home-made tube in tube furnace with a 

temperature gradient. The schematic of the furnace is shown in Figure 4.1. The middle zone of 

the furnace reaches a set temperature of 900oC while as the zones adjacent to the middle zone 

reach approximately 400oC. Three alumina boats were positioned strategically within different 

temperature zones of the furnace; one boat contained 100 mg of WO3 precursor powder, while 

the other two boats contained 1 g of sulfur each. One of the sulfur boats was placed adjacent to 

the WO3 containing boat inside a semi sealed secondary quartz tube, both situated in the 900oC 

temperature zone. The reaction chamber was flushed with 100 mL/min of argon prior to 

sulfurization reaction to remove oxygen present in the reactor. The boat outside the secondary 

quartz tube was placed upstream of argon flow inside the bigger quartz tube, Figure 4.1 (a). 

The argon flow was kept at 30 mL/min during the reaction. The furnace was programmed to 

reach the set temperature of 900oC with a ramp of 40oC/min. Upon reaching the set temperature 

(900oC), the external quartz tube is carefully positioned as such that the sulfur boat located 

outside the furnace is in the 400oC temperature zone of the furnace, Figure 4.1 (b). This 

configuration ensures a sulfur rich environment and double sulfurization. The furnace was let 

to cool naturally after the completion of the reaction. 
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Figure 4.1 Schematic of APCVD reactor. 

4.2.2. Graphene-WS2 hybrid 

Commercial graphene (STREM, CAS 1034343-98-0) was mixed with synthesized WS2 

powder to form WS2-graphene hybrids. Three hybrid combinations, with ratios of 3:1, 1:1 and 

1:3 of WS2 to graphene, were prepared to be deposited as gas sensing films. 

4.2.3. Gas sensor fabrication 

Pristine graphene and WS2 and WS2-graphene hybrid sensing films were deposited on 

commercial alumina substrates (Ceram Tech GmBH, Germany) using a simple airbrushing 

technique. The alumina substrates have Pt-interdigitated electrodes with a gap of 300 µm on 

the front side (2.5 mm x 5.1 mm) and a Pt-resistive heater meander on the back side. The 

substrates were cleaned with sequential sonication in acetone, ethanol and deionized water 

followed by nitrogen blow drying. The cleaned substrates were placed in a home-made airbrush 

system consisting of a hot plate, commercial air brush, a multimeter, and connectors. 

To deposit thin films of pristine graphene and pristine WS2, 10 mg of graphene and WS2 powder 

were separately sonicated in 10 mL of absolute ethanol (Scharlab, CAS: 64-17-5) for 1 hour 

each, resulting in a black and brownish suspension, respectively. In the case of WS2-graphene 

hybrids, a constant total weight of 10 mg was maintained for both WS2 and graphene. For 

hybrid A, 7.5 mg of WS2 was mixed with 2.5 mg of graphene; for hybrid B, 5 mg of WS2 was 

mixed with 5 mg of graphene, and for hybrid C, 2.5 mg of WS2 was mixed with 7.5 mg of 
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graphene. The sensors are named as Sensor A, Sensor B and Sensor C respectively henceforth. 

The amount of ethanol was kept constant at 10 ml in all the cases like that of pristine graphene 

and WS2 solutions. The obtained solutions were transferred to an airbrush system. The alumina 

substrates were placed on a hot plate kept at 55oC and electrodes were connected to a 

multimeter in order to monitor the resistance of the deposited film in real time. This helps in 

achieving a high reproducibility in the films deposited. The solutions were airbrushed onto the 

alumina substrates using N2 as a carrier gas. 

4.2.4. Material characterization techniques 

The morphology of the materials was analyzed using Field Emission Scanning Electron 

Microscopy (Thermo Scientific Scios 2). High Resolution Transmission Electron Microscopy 

(HRTEM) was carried out at using a JEOL F200 TEM ColdFEG operated at 200 kV. Gatan 

OneView camera was used to acquire the TEM images which is a CMOS-based and optical 

fiber coupled detector of 4096 by 4096 pixels. X-ray diffraction (XRD) was used to analyze 

the crystal structure of the synthesized WS2 and hybrid materials. A Bruker-AXS D8-Discover 

diffractometer was used for XRD measurements which was equipped with parallel incident 

beam (Göbel mirror), vertical θ-θ goniometer, XYZ motorized stage and with a GADDS 

(General Area Diffraction System). The X-ray diffractometer was operated at 40 kV and 40 

mA to generate Cukα radiation. The GADDS detector was a VÅNTEC-500 (silicon strip 

technology) placed at 15 cm from the sample. Renishaw in Via laser 514 nm, ion argon – 

Novatech, 25 mW was used to acquire Raman spectra.  

4.2.5. Gas sensing measurements 

The gas sensing measurements were performed using a home-made gas detection system 

consisting of a Teflon chamber with a net volume of 35 mL. The chamber consists of an inlet 

and outlet accommodating four sensors simultaneously. The inlet and outlet of the chamber are 

connected to the gas delivery system and exhaust respectively. Fully automated gas flow 

measurement system comprising of mass flow controllers (MFCs, Bronkhorst High-Tech B.V.) 

was employed to supply precise amount of diluted gas mixtures. Calibrated gas cylinders 

balanced in dry synthetic air (Air Premier purity: 99.999%) were used for gas sensing 

measurements. The operating temperatures of the sensors were controlled by connecting the 

meander heaters of the sensors to external power supply (Agilent U8002A). Sensor responses 

were recorded using an Agilent-34972A data acquisition system by monitoring the sensing 

material resistances upon exposure to different concentrations of target gases such as NH3, 
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NO2, H2, CO and benzene. The sensor responses were evaluated at three different temperatures: 

room temperature (RT), 100oC, and 150oC. To ensure the stable baseline, a continuous flow of 

100 mL/min of dry air was maintained in the chamber for three hours prior to commencing the 

gas sensing experiments. The sensors were exposed to a specific gas species for ten minutes, 

followed by a baseline recovery cycle, which was adjusted based on the sensor operating 

temperature: 60 minutes for 100oC and 150oC, and 120 minutes for RT operation. The overall 

flow of the dry air remained constant at 100 mL/min throughout the gas sensing measurements. 

The humidity effect on the sensing performance was evaluated by humidifying (at room 

temperature) the gas stream through a controller evaporator mixer from Bronkhorst. For 

oxidizing species like NO2, the sensor response was calculated using equation 1, while as for 

reducing species like NH3, the sensor responses were calculated using equation 2. 

R =  
Rair−Rgas

Rair
∗ 100    Equation 1 

R =  
Rgas−Rair

Rair
∗ 100   Equation 2 

Rair and Rgas are the real time resistances of sensors when exposed to air and to target gas

respectively. 

4.3. Results and discussion 

4.3.1. Material Characterization 

4.3.1.1. FESEM 

Field Emission Electron Microscopy (FESEM) was conducted to study the structure and 

morphology of the materials. Bare graphene illustrated in the FESEM image in Figure 4.2 (a) 

reveals a highly porous structure which is desired for gas sensing applications as porous 

structures lead to enhanced sensing performance [35]. Figure 4.2 (b) demonstrates pristine WS2 

with a distinct triangular sheet-like morphology. This peculiar triangular shape of WS2 has been 

reported earlier as well [36–39]. The triangular morphology of WS2 can be attributed to the 

fact that the crystal growth predominantly relies on the growth rates of two specific types of 

crystal faces especially where the zigzag edge of tungsten or sulfur atoms terminate [40,41]. 

Upon in-depth analysis of the WS2, it was found that the edge-to-edge width of the sheets is ~ 

700 nm with the presence of some large sheets measuring around 1.5 µm with an average 

thickness of ~ 40 nm. Figure 4.2 (c) depicts the WS2-graphene hybrid (Sensor A). As is evident 

from the figure, the mixture of the two individual materials is uniform and homogenous.  
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Figure 4.2 FESEM images of (a) graphene, (b) WS2 and (c) WS2-graphene hybrid, (Sensor A). 

4.3.1.2. XRD 

X-ray diffraction (XRD) analysis was carried out to study the crystal structure of graphene,

WS2 and WS2-graphene hybrid. Figure 4.3 depicts the diffractogram of the materials. All the 

peaks match well with the standard rhombohedral phase of WS2 (ICDD card number: 84-1399) 

with lattice constants a= 0.3158 nm and c= 1.849 nm belonging to R3m space group. The 

diffractogram reveals the presence of intense peaks at 14.35o, 28.95o, 33.08o, 44.04o, 58.39o, 

60.47o, 68.78o and 75.94o corresponding to (003), (006), (101), (009), (110), (113), (021) and 

(119) crystal planes. As can be seen from the diffractogram, the intense peak at 26.61o can be

attributed to (111) lattice phase of carbon corresponding to graphene (ICDD card number: 75-

2078), Sensor A. Furthermore, minor peaks at 23.14o, 23.64o, and 24.36o corresponding to 

(002), (020) and (200) crystal planes of triclinic WO3 traces (ICDD card number: 32-1395) 

were identified with lattice parameters a= 7.30 nm, b= 7.522 and c= 7.678 nm. 

Figure 4.3 X-ray diffractogram of WS2-graphene hybrid, (Sensor A). 
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4.3.1.3. HRTEM 

Transmission electron microscopy (TEM) and high-resolution electron microscopy (HRTEM) 

was conducted to better understand the morphology and internal structure of the samples 

respectively. Figure 4.4 shows the high-resolution transmission electron microscopy images of 

WS2-graphene hybrid (hybrid A). We can observe presence of large, thin, and transparent WS2 

sheets stacked on top of each other with presence of graphene as well. The insets in the figure 

show the interplanar distance of WS2 and graphene. Upon further examination of the HRTEM 

images, the interplanar distances were determined to be 0.616 nm and 0.27 nm, corresponding 

to the (003) and (101) planes of WS2 (ICDD card number: 84-1399). The inset, displaying the 

interplanar distance, d = 0.334 nm (111) plane is attributed to graphene (ICDD card number: 

75-2078). These results confirm the formation of WS2-graphene hybrid and are in agreement

with the XRD results. In order to study the accurate distribution of elements of the WS2-

graphene hybrid, EDS elemental mapping was conducted as show in Figure 4.5. The analysis 

confirms the presence of C, W and S elements distributed uniformly over the WS2 sheets. Also, 

Figure 4.5 (f) shows the EDX spectra of the hybrid material with respective elements 

confirming high purity of the material. 

Figure 4.4 HRTEM image WS2-graphene hybrid (Sensor A). 
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Figure 4.5 Color mapping and EDS of WS2-graphene hybrid, (Sensor A). 

4.3.1.4. Raman Spectroscopy 

Raman spectroscopy was conducted to further study the structure of the samples. Raman 

spectra of Sensor A is shown in Figure 4.6. Intense and sharp peaks appear at 352.7 and 419.8 

cm-1, corresponding to E2g
1  and A1g vibration modes of WS2, which are the primary Raman

peaks of WS2. The A1g peak denotes the out-of-plane vibrational mode of S atoms and E2g
1

peak indicates vibration modes of W and S atoms. This confirms the formation of 2 H phase-

WS2 [2]. Also, the wavenumber difference between the Raman modes depends on the WS2 film 

thickness. The difference between Raman shift  of (A1g −  E2g
1 ) is 67.1 indicating multiple

layered WS2 film [42]. As can be observed from the spectrum, the characteristic D and G bands 

of carbon materials were found around 1350 and 1580 cm-1 respectively. The D band is referred 

to the disorder or defect band which originates from a hybridized vibrational mode related to 

the edges of graphene. While as, the G band is the result of first-order scattering of the 𝐸2𝑔

mode of sp2 carbon domains. The graphene exhibited an ID/IG value of 0.85, indicating a higher 

number of defects that facilitate gas adsorption [43], which is desired for gas sensing 

applications. 
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Figure 4.6 Raman spectra of WS2-graphene hybrid (Sensor A). 

4.3.2. Gas sensing results 

The gas sensing properties of graphene, WS2, and WS2-graphene hybrid sensors were tested 

for NO2 at different operating temperatures. To study the optimal working temperature, the 

sensors were studied towards 50 ppb of NO2 at room temperature, 100oC and 150oC. The 

maximum tested temperature was 150oC as the temperatures exceeding 150oC could lead to 

evaporation of sulfur, consequently causing deterioration of the sensing layer by forming a 

WO3/WS2 complex [39]. The optimal working temperature is an important parameter to study 

the overall sensor performance. The sensor sensitivity, selectivity, response, and recovery 

speeds depend on the optimal working temperature. In this research, the introduction of 

graphene not only helped in decreasing the optimal working temperature but also enhanced 

sensitivity. This can be attributed to the enhanced electron mobility between WS2-graphene and 

adsorbed analyte species at slightly lower operating temperature, resulting in an enhanced 

response [25]. Graphene being a promising 2D material has properties of high carrier mobility, 

large specific surface area and good chemical stability [25,44]. These properties offer the main 

advantages of fabricating WS2-graphene hybrid-based sensors to not only increase the contact 

area for efficient charge transfer across the hybrid interfaces, but also shorten the charge 

transportation time because the sp2 carbon orbits of the graphene allow quick and efficient 

charge transfer [45,46].  
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Figure 4.7 shows the sensor responses towards 50 ppb of NO2 at different operating 

temperatures ranging from RT (25oC) to 150oC. As is evident from the figure, the response of 

the all the sensors increases from room temperature and is highest at 100oC and then decreases 

with increase in the temperature to 150oC. Thus, the operating temperature for all the 

subsequent studies was established to be at 100oC. This working temperature is relatively low 

as compared to metal oxide-based gas sensors [6,47,48]. Figure 4.8 depicts the dynamic 

resistance changes of the sensors when exposed to 50 ppb of NO2 while being operated at 

100oC. Upon being exposed to NO2, an oxidizing gas species, the sensors respond as p-type 

semiconductor showing a decrease in the resistance. This is in accordance with earlier research 

[3,39]. The decrease in resistance upon NO2 exposure can be attributed to the spontaneous 

adsorption of NO2 gas molecules on the sensing material surface. In this process, electrons are 

withdrawn via the valence band, leading to an increase in hole concentration and resulting in 

an overall decrease in the electrical resistance of the sensing film [39,49,50]. The pure WS2 

sensor and Sensor C demonstrated no or negligible responses and are therefore not discussed. 

In contrast, pure graphene exhibited a response of 1.28 ± 0.01%, Sensor A displayed highest 

response of 14.32 ± 0.04%, and Sensor B showed a 2.25 ± 0.02% response. Moreover, pristine 

WS2 sensors exhibit no response to NO2 concentrations below 100 ppb; hence, the 

corresponding results are not shown. Nevertheless, as the NO2 concentration rises from 100 

ppb and beyond, pristine WS2 sensors demonstrate a heightened response, surpassing that of 

all other sensors. The results are summarized in Figure S1. The inset in the figure shows the 

sensor responses from 10 ppb NO2 to 100 ppb NO2. Only the pure graphene sensor displayed 

a slight drift in the baseline resistance, suggesting the synergistic effect of WS2 and graphene 

on the gas sensing properties and stability towards NO2. Moreover, when the target gas is 

removed during the recovery cycle, the sensors return completely to the original baseline 

resistance in a dry air environment. [47,51].  
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Figure 4.7 Sensor responses as a function of temperature towards 50 ppb of NO2, (a) graphene, 

(b) sensor A and (c) sensor B.

Figure 4.8 Dynamic resistance changes of (a) graphene, (b) Sensor A and (c) Sensor B towards 

50 ppb of NO2 at 100oC. 

Moreover, the sensors were tested towards a wide range of NO2 gas concentrations ranging 

from 10, 20, 30, 40 and 50 ppb at the optimal working temperature. The calculated responses 

are demonstrated in Figure 4.9. As is evident from the figure, there is a linear increase in the 

response with the increase in the NO2 concentration. This indicates that the sensors do not 

saturate by exposure towards NO2 concentrations below 50 ppb. As expected, the resistance 

changes recorded increase when the NO2 concentration is also increased. The dynamics of the 

gas sensor film changes towards different NO2 concentrations are presented in Figure 4.10. As 

shown in the figure, Sensor A can efficiently detect as low as 10 ppb of NO2. These detected 

concentrations are much lower than the permissible NO2 concentrations [52]. Moreover, it can 

be seen from the Figure 4.10 (a) and (c) that there is no response towards 10 ppb of NO2. The 
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American Conference of Governmental Industrial Hygienists (ACGIH) has established 

occupational guidelines for NO2, suggesting a time-weighted average (TWA) of 3 ppm and 

short-term exposure limits (STEL) of 5 ppm. Meanwhile, the National Institute for 

Occupational Safety and Health (NIOSH) recommends a short-term exposure limit of 1 ppm 

over a 15-minute period [52,53]. Notably, exposure to elevated concentrations of NO2 gas (> 1 

ppm) during both postnatal and prenatal stages may pose significant health risks, including 

headaches, pneumonia, inflammation, and asthma [54]. Continuous exposure to NO2 gas levels 

exceeding 53 ppb could contribute to conditions such as eczema, chronic bronchitis, and acute 

respiratory illnesses in children [54–57]. 

Figure 4.9 Sensor responses as a function of NO2 concentration at 100oC, (a) graphene, (b) 

Sensor A and (c) Sensor B. 

Figure 4.10 Gas sensing film resistance changes as a function of time towards different NO2 

concentrations, (a) graphene, (b) Sensor A and (c) Sensor B. 
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4.3.3. Selectivity tests 

Selectivity is one of the important criteria to determine sensor performance. The selectivity of 

the sensors was evaluated towards fixed concentrations of various interfering species viz. 

carbon monoxide (CO), benzene (C6H6), ammonia (NH3), and hydrogen (H2) at the optimum 

working temperature of 100oC. The fixed concentrations of the different gases were selected 

keeping in view the permissible exposure limits of the respective analytes. Determining the 

selectivity towards these analyte gases is particularly important owing to their potential health 

and environment risks. For example, benzene is designated as group 1 carcinogen by the 

International Agency for Research on Cancer [58]. Exposure to low levels of ammonia in the 

workplace can result in the development of disorders affecting the breath, skin, blood, and 

kidneys [59]. Similarly, CO is highly toxic to the human body and seriously endangers the 

brain, heart, liver, kidney, lung and other tissues [60] and hydrogen leakage detection is of 

prime importance owing to its highly flammable properties [16]. Figure 4.11 shows the 

responses of the sensors towards the tested gases at 100oC. The results show that among all the 

sensors, Sensor A responds to an extremely low concentration of NO2 (50 ppb) with highest 

response of approximately 14%. The results suggest a high selectivity of the Sensor A towards 

a meagre NO2 concentration of 50 ppb. All the gas concentrations tested are way below the 

permissible limits [53]. Notably, there is an exponential decrease in sensitivity from Sensor A 

to Sensor C. The combination of porous graphene and edge-enriched WS2 particularly 

enhances sensitivity towards NO2 [4]. 

The gas sensing properties of WS2-graphene are significantly enhanced by the presence of 

defects in graphene. The defects in graphene are well demonstrated in Raman spectra (Figure 

4.6).The graphene layer plays a crucial role in improving charge transfer between WS2 and the 

target gas [30]. Furthermore, the presence of graphene (a layer in which charge carriers can 

move efficiently) enhances the collection of the generated charge carriers by the sensor device 

electrodes. Specifically, in the case of NO2, the oxygen functional groups on WS2 facilitate the 

adsorption of nitrogen dioxide molecules [22], leading to the creation of more holes in the 

material and a subsequent decrease in sensor resistance. Pristine monolayer graphene, 

characterized by high electron mobility (2 x 105 cm2 V-1 s-1) and a large specific surface area 

(2630 m2 g-1) [61,62] exhibits distinct gas sensing properties..  

The sensing properties of pristine WS2 can be interpreted by the statement that WS2 sensors 

exhibit a high response when exposed to 5 ppm of NH3 at the temperature of 100oC. The results 
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are demonstrated in Figure S2. Interestingly, even though the concentration of ammonia is 100 

times higher than that of NO2, the WS2 sensors are particularly effective in detecting NO2. This 

suggests that WS2 sensors display a greater sensitivity and specificity toward NO2, even when 

exposed to a much lower concentration of NO2 compared to ammonia. Consequently, the 

superior responsiveness of WS2 to NO2 at lower concentrations makes it an ideal material for 

the detection of nitrogen dioxide, highlighting its potential as a robust and selective sensor for 

NO2 in various applications. Combining WS2 with graphene further enhances sensitivity 

towards various volatile organic compound (VOC) vapors and NO2 gas, with the degree of 

enhancement tunable by varying the WS2-graphene ratios.  

Figure 4.11 Selectivity studies of sensors towards different interfering gas species. 

4.3.4. Sensing mechanism 

As mentioned in section 1 (introduction), semiconductor hybrids or heterojunction based 

semiconducting materials are one of the strategies to boost performance in chemoresistive gas 

sensors. The basic principle of chemoresistive gas sensors is the change in the sensing film 

resistance while interacting with gas molecules [63]. Depending on the nature of the gas 

molecules, oxidizing, or reducing, these gas molecules can have donor−acceptor properties. 

The sensor films react in accordance with their semiconductor characteristics, whether they are 

of n-type or p-type towards the respective gases. Majority of the charge carriers in case of n-

type semiconductors are electrons and holes in p-type semiconductors strongly driving the 

electrical properties of the respective semiconductors. 
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In this research work, we aim to use WS2 as host and first understand the sensing characteristics 

of the host material. Subsequently, we aim to study the enhancement in the NO2 gas sensing 

performance of the hybrid. The sensing mechanism of graphene, WS2, and WS2-graphene relies 

on a charge transfer between the sensing materials and the target gases [64,65]. As an oxidizing 

gas, NO2 acts as an electron acceptor. Upon exposure to NO2, NO2 molecules get adsorbed on 

the surface of graphene and attract electrons from it. Consequently, the number of holes 

increases in p-type graphene, and its resistance decreases. In the case of pure WS2, the tightly 

aggregated multilayer structure exposes only a minimal number of active sites to the 

surroundings. Consequently, gas adsorption can only occur on partially exposed surfaces, 

resulting in a low response. 

In contrast, WS2-graphene exhibits enhanced gas sensing properties attributed to its increased 

specific surface area. This hierarchical structure improves the adsorption and diffusion of NO2 

within the space between WS2 nanosheets. Thus, the abundant WS2 edges promote the 

adsorption of NO2 as well as the reaction kinetics [66]. Additionally, the porous structure of 

WS2-graphene significantly increases reaction sites on graphene for NO2 molecules. 

Furthermore, electron deficiency in WS2 can be compensated by electrons donated from 

graphene, resulting in additional changes in resistance in WS2-graphene through electron 

transfer between WS2 and graphene, leading to excellent sensing properties compared to pure 

graphene and WS2 alone. The work function of pristine graphene is 4.2 eV [67,68], and that of 

WS2 is 4.5 eV [69]. Due to the difference in work function between graphene and WS2, 

electrons in graphene are preferentially transferred to the WS2 nanosheets, leaving holes in 

graphene. The obtained gas sensing characteristic curves in Figure 4.8 indicate that both 

graphene and WS2-graphene possess a p-type sensing property, with a decrease in resistance 

towards NO2, an oxidizing gas. When the sensor is exposed to NO2, electrons are further 

transferred to NO2. Upon exposure to air again, NO2 desorbs from the surface of the sensing 

materials and returns electrons to the system. The resistance of the sensing material increases 

to the baseline values. Furthermore, the remarkable sensitivity demonstrated, and the 

exceptionally low limit of detection achieved are credited to the porous surface and the 

increased number of sulfur edges in WS2 arising from the random three-dimensional assembly 

of WS2 nanosheets [70]. Density Functional Theory (DFT) calculations demonstrate that edges 

on WS2 enhance gas sensing performance. Additionally, DFT calculations show that adsorption 

is weakest at the basal planes of WS2 and highest at the edges. This strong adsorption can 
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induce a large charge transfer compared to adsorption on the basal planes, thereby leading to 

remarkable sensitivity of WS2-graphene. 

The capability of the WS2-graphene hybrid material to detect ultra-low concentrations of NO2 

can thus be maily owed to the following three factors. (i) both the materials used in the hybrid 

are of high specific surface area and ultimately leading to an increase in the average specific 

surface area. This in turn leads to an exponential increase in the adsorption sites, which 

increases the adsorption rate and hence gas response [71]. (ii) the hybrid formed consists of 

two materials with different Fermi levels. The formation of p-p heterojunction leads to an 

increase in the charge carrier mobility. (iii) presence of defects especially S vacancies in WS2 

leads to enhanced response towards NO2 [3]. These factors also help the sensing material to 

sense the ultra-low concentrations of NO2 in humid conditions.  

4.3.5. Humidity studies 

To verify the practicability of the sensors, the impact of relative humidity on the sensor 

responses towards NO2 was investigated. The results are summarized in Figure 4.12. The 

sensors were tested towards 50 ppb of NO2 at 100oC in a 50% humidified air background. 

Figure 4.13 shows the dynamic resistance change in humid and dry environment. We noticed 

a twofold increase in the sensing responses in humid conditions. in case of Sensor A. It is 

observed that the sensor baselines increased under humid environment. These results are in 

agreement with previously published results [72,73]. The increase in the baseline resistance 

under humid environment could be explained based on electrons mechanism. The adsorbed 

water molecules are known to behave like electron donors [74,75]. WS2-graphene material 

behaves as p-type semiconducting material, the increase in the humidity results in the reduction 

of holes density, leading to an increase in the baseline resistance. In general, when testing 

sensors in a humid environment, there is a competition between the target gas molecules and 

water vapor (hydroxyl group) at the active sites. If the relative surface distribution of the 

hydroxyl group surpasses that of oxygen species, the sensor's performance declines, and the 

impact of humidity becomes more pronounced. Conversely, a sensor with strong resistance to 

moisture shows consistent performance, as the majority of active sites are occupied by 

absorbed oxygen species. This confirms that the WS2-graphene sensors are excellent candidates 

for real life applications. 
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Figure 4.12 Dry and relative humidity cross-sensitivity to 50 ppb NO2 at 100°C. 

Figure 4.13 Dry and relative humidity cross-sensitivity towards 50 ppb NO2 at 100°C. The 

sensor resistance changes are normalized to [0,1], (a) graphene, (b) Sensor A, and (c) Sensor 

B. 

4.4. Conclusion 

This research underscores the promising potential of two-dimensional (2D) transition metal 

dichalcogenides (TMDs) for low-temperature NO2 sensing. APCVD was used as a high yield 

synthesis method to synthesize edge enriched WS2. As synthesized WS2 was mixed with 

graphene to form a WS2-graphene hybrid to be used as a gas sensing material. A facile 

airbrushing technique with N2 as the carrier gas was used to fabricate the sensors. The sensors 

demonstrate exceptional sensitivity to ultra-low concentrations of NO2 (10 ppb) at a notably 

low operating temperature of 100°C, surpassing the overall sensor responses of individual 

graphene and WS2 sensors. Moreover, the cross-sensitivity tests revealed CO, H2, C6H6, and 

NH3 have negligible effect on NO2 gas detection at the optimum working temperature of 100oC. 

Importantly, the sensor responses nearly double in humid environments (50% RH at 25°C), 
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indicating practical applications for selective NO2 detection even under varying environmental 

conditions. This comprehensive approach lays the foundation for the development of highly 

efficient and selective gas sensors for real-world applications. 
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Abstract 

We report for the first time the successful synthesis of ZnO/WS2 hybrid material, using a 

combination of aerosol assisted chemical vapor deposition (AA-CVD) and atmospheric 

pressure CVD techniques. The morphology and the composition of the grown films were 

investigated, and the results confirm the co-existence of both materials. Moreover, gas sensing 

results towards 500 ppb of NO2 revealed the influence of WS2 material on the ZnO gas sensing 

performances. The operating temperature has shifted towards lower values from 300°C to 

150°C. Besides, the ZnO/WS2 sensor was able to detect such a small concentration of NO2 at 

room temperature.   

Keywords: Gas sensors; metal oxides; TMDs; AACVD; APCVD; nanomaterials. 

5.1. Introduction 

Zinc oxide (ZnO) is an n-type semiconductor with a wide band gap of 3.3 eV and high chemical 

and thermal stability[1]. It has been extensively studied and employed in gas sensing 

application, thanks to its low cost, non-toxicity and excellent gas sensing response. However, 

ZnO-based gas sensors operate at high temperatures (300°C to 500°C) and suffer from lack of 

selectivity, which are issues that hinder their use in wide real-time applications. In a quest to 

overcome these shortcomings, researchers have been drawn towards the synthesis of hybrid 

nanocomposite of metal oxides with two-dimensional (2D) nanomaterial, to create 

heterojunctions through the nanocomposite and achieve outstanding gas sensing performances. 

In this context, tungsten disulfide (WS2) is one of the most studied 2D transition metal-

dichalcogenides materials (TMDs). It is characterized by its high sensitivity, stability, and low 
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operating temperature. The co-deposition of these new materials (TMDs) with metal oxides is 

very challenging, due to the problems that face their synthesis for instance: low production 

yield and difficulties to their integration in standard transducing substrates. Hence fore, we 

report for the first time, the successful synthesis of ZnO/WS2 nanocomposite for NO2 detection, 

using the combination of AACVD and APCVD.  

5.2. Materials and Methods 

WS2 synthesis: WS2 synthesis was performed by using two steps depositions: the first one is 

the AACVD of tungsten hexacarbonyl (W(CO)6; 50 mg) dissolved in a mixture of acetone and 

methanol (20 ml) to form tungsten oxide nanoneedles. In the second step, the obtained 

nanoneedles were subjected to an ambient-pressure CVD sulfurization using a sulfur powder 

and argon as a carrier gas, which resulted in a homogenous film composed of WS2 

nanotriangles, directly grown on alumina sensor transducer (Pt interdigitated electrode from 

one side and a resistive Pt heater at the back side). More details can be found in our previous 

reports [2]. ZnO/WS2 synthesis: herein, ZnO nanorods were directly grown on the top of WS2 

based alumina substrate using AACVD of Zn(Cl)2 dissolved in ethanol at 400ºC. Nitrogen was 

used as carrier gas and the deposition time was about 30 min. 

5.3. Discussion 

Figure 5.1 (a) and (b) illustrate the morphology of bare ZnO nanorods and WS2 nanotriangles, 

respectively. Figure 5.1 (c and d) show the morphology of the obtained ZnO/WS2 

nanocomposite. As we can observe ZnO nanorods were successfully grown on top of WS2 

nanotriangles, using a simple combination of AACVD and APCVD techniques. To confirm 

the structure and the composition, we analyzed our samples (ZnO and ZnO/WS2) with Raman 

(Figure 5.1 (e and f) and energy dispersive spectroscopy (EDX) techniques (Figure 5.1 (g). The 

results confirm the simultaneous presence of multilayers WS2 and ZnO materials.   
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Figure 5.1 FESEM images of (a) ZnO, (b) WS2, (c,d) ZnO/WS2, (e,f) Raman spectra and (g) 

EDX analysis of ZnO/WS2. 

Furthermore, we have tested bare ZnO and ZnO/WS2 gas sensors towards 500 ppb of NO2 at 

different working temperatures. According to the results (Figure 5.2 (a and b), bare ZnO 

showed no response below 200°C and its optimal working temperature was considered at 

300°C. In contrast, hybrid ZnO/WS2 sensor was quite responsive at very low temperature, 

especially at 150°C where it shows stable and reproducible responses with good sensitivity 

(Figure 5.2 (c). Hence fore, this shift in the optimal working temperature demonstrates the 

effect of the addition of TMDs nanomaterials to the ZnO host matrix.  
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Figure 5.2 Sensor response as a function of temperature (a) ZnO, (b) ZnO/WS2 and (c) example 

of ZnO/WS2 resistance change towards 500 ppb of NO2. 

5.4. References 

1. Vallejos, S.; Pizúrová, N.; Gràcia, I.; Sotelo-Vazquez, C.; Čechal, J.; Blackman, C.; Parkin,

I.; Cané, C. ZnO Rods with Exposed {100} Facets Grown via a Self-Catalyzed Vapor–Solid

Mechanism and Their Photocatalytic and Gas Sensing Properties. ACS Appl Mater

Interfaces 2016, 8, 33335–33342.

2. Alagh, A.; Annanouch, F.E.; Colomer, J.F.; Llobet, E. 3D Assembly of WS 2 Nanomaterial

for H 2 S Gas Sensing Application. 6, 2–5

UNIVERSITAT ROVIRA I VIRGILI 
BRINGING TRANSITION METAL DICHALCOGENIDES TO THE FOREFRONT: ADVANCEMENTS IN GAS SENSING BEYOND METAL OXIDES 
Shuja Bashir Malik 



UNIVERSITAT ROVIRA I VIRGILI 
BRINGING TRANSITION METAL DICHALCOGENIDES TO THE FOREFRONT: ADVANCEMENTS IN GAS SENSING BEYOND METAL OXIDES 
Shuja Bashir Malik 



CHAPTER 6 

Pd-Nanoparticle-Decorated Multilayered MoS2 Sheets for Highly 

Sensitive Hydrogen Sensing 

UNIVERSITAT ROVIRA I VIRGILI 
BRINGING TRANSITION METAL DICHALCOGENIDES TO THE FOREFRONT: ADVANCEMENTS IN GAS SENSING BEYOND METAL OXIDES 
Shuja Bashir Malik 



UNIVERSITAT ROVIRA I VIRGILI 
BRINGING TRANSITION METAL DICHALCOGENIDES TO THE FOREFRONT: ADVANCEMENTS IN GAS SENSING BEYOND METAL OXIDES 
Shuja Bashir Malik 



185 

Pd-Nanoparticle-Decorated Multilayered MoS2 Sheets for Highly 

Sensitive Hydrogen Sensing 

Shuja Bashir Malik 1,2, Fatima Ezahra Annanouch 1,2,* and Eduard Llobet 1,2 

1. Universitat Rovira i Virgili, MINOS, Països Catalans 26, 43007 Tarragona, , Spain;

shujabashir.malik@urv.cat (S.B.M.); eduard.llobet@urv.cat (E.L.) 

2. IU-RESCAT, Universitat Rovira i Virgili, Joanot Martorell 15, 43480 Vila-seca, Spain

*Correspondence: fatimaezahra.annanouch@urv.cat

Abstract 

In this work, efficient hydrogen gas sensors based on multilayered p-type bare MoS2 and Pd-

decorated MoS2 were fabricated. MoS2 was deposited onto alumina transducers using an 

airbrushing technique to be used as a sensing material. Aerosol-assisted chemical vapor 

deposition (AACVD) was used to decorate layered MoS2 with Pd nanoparticles at 250°C. The 

bare and Pd-decorated MoS2 was characterized using field emission scanning electron 

microscopy (FESEM), high-resolution transmission electron microscopy (HR-TEM), X-ray 

diffraction (XRD), and Raman spectroscopy. The characterization results reveal the 

multilayered crystalline structure of MoS2 with successful Pd decoration. The size of the Pd 

nanoparticles ranges from 15 nm to 23 nm. Gas sensing studies reveal that a maximum response 

of 55% is achieved for Pd-decorated MoS2 operated at 150°C to 100 ppm of H2, which is clearly 

below the explosive limit (4%) in air. The higher sensitivity due to Pd nanoparticle decoration 

was owed to a spillover effect. This study reveals that the sensitivity of the sensors is highly 

dependent on the amount of Pd decoration. Moreover, sensor responses increase slightly when 

exposed to 50% relative humidity (RH at 25°C). 

Keywords: gas sensor; spillover; nanoparticles; TMDs; AACVD; decoration 

6.1. Introduction 

The ever-increasing demand for sustainable and clean energy sources has put hydrogen (H2) at 

the forefront as one of the most promising candidates for the next generation of energy. Due to 

the abundance of hydrogen in nature, it offers the potential in the future to replace fossil fuels 

as its combustion yields water; thus, it will [1] significantly reduce greenhouse gas emissions 

[2]. However, hydrogen is highly explosive and flammable (air mixtures at H2 concentrations 
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above 4%), which demands the utmost caution in its storage and Even a small leakage of 

hydrogen can pose a grave threat to safety. Therefore, the development handling [3]. of highly 

sensitive and selective hydrogen gas sensors with fast detection and recovery are of paramount 

importance to detect and mitigate potential hazards associated with hydrogen storage, transport, 

and leakage. 

Metal oxide gas sensors (MOX) have been widely used for hydrogen sensing [4], but they 

suffer from several limitations like poor selectivity and a high working temperature (200–

400°C) [5–7]. This leads to an increase in the power consumption and, at the same time, reduces 

a sensor’s lifetime by inducing changes in the material morphology [8]. Moreover, with 

hydrogen being extremely flammable, sensors working at high temperatures could be 

potentially dangerous [9], requiring necessary remedies to mitigate damage. Recently, the 

scientific community has turned its attention towards two-dimensional materials (2D) to 

overcome the shortcomings of MOX sensors. Indeed, 2D materials have garnered tremendous 

attention due to their unique electronic and remarkable sensing properties [10,11]. Among 2D 

materials, on the one hand, graphene has demonstrated outstanding sensing capabilities for 

toxic gases like NO2, ammonia, and CO [12,13]. Decorating graphene with metal nanoparticles 

(NP) like Au, Pt, Pd, or Ag has been found to enhance the sensitivity to gas molecules due to 

the catalytic effect of the nanoparticles [14,15]. 

On the other hand, transition metal dichalcogenides (TMDs) have emerged as an exciting class 

of 2D materials for gas sensing applications[16–19]. Among the TMDs, molybdenum disulfide 

(MoS2) has garnered significant interest and attention due to its exceptional sensing, electronic, 

optical, and catalytic properties [3,20,21]. MoS2 is a layered structure, with each layer 

consisting of covalently bonded Mo-S atoms, and neighboring layers are stacked to each other 

via van der Waals forces[22]. Bulk MoS2 has an indirect band gap of 1.2 eV, while, as for the 

atomically thin MoS2 sheets, there is a transition to a direct bandgap of 1.8 eV, leading to 

enhanced charge transport, high specific surface areas due to their sheet-like structures with 

large basal planes and highly reactive edges, and increased electron concentration at the surface 

[23]. These properties of MoS2 make it highly desirable for the development of next-generation 

memory devices [24], photodetectors [25], solar cells [26], and gas sensors [3,11,27]. 

Several research works have demonstrated the potential of MoS2-based gas sensors for 

detecting gases like nitrogen dioxide (NO2) [28], ammonia (NH3) [29], nitric oxide (NO) [30], 

and hydrogen [11,18,27]. Duesberg et al. demonstrated the synthesis of MoS2 patterns and 

recorded high-sensitivity detection of ammonia with a limit of detection at the ppm level [31]. 

Zhou et al. reported Schottky-contact MoS2-based sensors which are sensitive to 20 ppb and 1 
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ppm of NO2 and NH3, respectively [32]. Zhang and co-workers presented the influence of the 

thickness on the performance of MoS2 gas sensors to NO [33]. Zhou et al. demonstrated a 

MoS2-based sensor with a 92.6% response to 500 ppm of CO at 230°C [34]. Moreover, 

Agarwal et al. presented a highly sensitive and fast hydrogen sensor based on monolayer MoS2 

pyramid structures with a 69.1% response to 1% of hydrogen [3]. 

However, sensors based on bare MoS2 suffer from sluggish response–recovery speeds and low 

sensitivity, especially when it comes to the detection of hydrogen gas [3,35]. We have seen that 

functionalizing the host matrix with a determined noble metal enhances the sensitivity and the 

selectivity of the sensor to a specific gas. Based on our previous works, we found that CuO 

nanoparticles are very suitable for the detection of H2S [36]. Additionally, we showed that 

Pd/PdO nanoparticles have highly enhanced the sensitivity and selectivity of WO3 to H2 [37]. 

Additionally, it was reported that the incorporation of noble metal nanoparticles onto MoS2 has 

shown promise in detecting hydrogen with low power consumption and high sensitivity 

[9,27,35,38–40] . The improved sensing response attributed to the incorporation of noble 

metals is a result of electronic sensitization (ES) and chemical sensitization (CS) [41,42]. 

Electronic sensitization involves the oxidized form of the noble metal creating electron-

depletion layers (EDLs) at the interface between the noble metal and the sensing layer [41,43], 

while chemical sensitization arises from a catalytic surface reaction in which noble metals offer 

low energy sites for the gas adsorption, leading to enhanced sensor sensitivity via a spillover 

process [41],[44]. Noble metal decoration not only enhances sensitivity and helps in decreasing 

the optimal sensing temperature but helps in enhancing the long-term stability of the sensors 

as well [41]. Irrespective of the functionalization process employed, two crucial factors 

governing noble metal decoration are the amount and the size of the nanoparticles. The 

optimization of nanoparticle decoration amounts on the sensing layer is important as it directly 

influences the dissociation of gas molecules. If the decoration is insufficient, the sensitization 

effect will be diminished. Conversely, excessive decoration would lead to the formation of a 

continuous film, leading to reduced sensitivity [45]. 

MoS2 offers functional groups on both the basal plane and edge sites, which allows for easy 

incorporation of adatoms on the surface [46,47][33]. The most common method to deposit 

nanosized metal nanoparticles on MoS2 using a vacuum is with an e-beam evaporator, as 

explored by Park et al. to decorate MoS2 with Pt nanoparticles for NH3 and H2S detection [48]. 

Suh et al. also utilized an e-beam evaporator to decorate Pd and Au on MoS2 to demonstrate 

the selectivity of the composite to C2H5OH, H2, NH3, and NO2 [49]. Nonetheless, vacuum-

based processes pose drawbacks such as high costs and power consumption, limiting gas sensor 
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development. Burman et al. employed a solution process using glucose as a reducing agent for 

Au doping on MoS2 for detecting ammonia with high sensitivity [50]. Huang et al. took 

advantage of various capping and reducing agents for the epitaxial growth of Pd, Pt, and Ag 

metal nanostructures on MoS2 [51]. The use of reducing agents for nanostructure decorations 

indeed facilitates the reduction of metal precursors into controllable shapes of metal 

nanoparticles but may act as a barrier for gas sensing [52]. Kim et al. addressed this issue by 

using a solution process reaction without reducing agents to decorate 2D MoS2 nanoflakes with 

Au, Pt, and Pd for selective ammonia, hydrogen, and ethanol sensing [52]. Lee and co-workers 

deposited Pt using atomic layer deposition (ALD) on MoS2 for H2 sensing [53]. 

Herein, we report the development of bare and Pd-NP-decorated multilayer MoS2 for hydrogen 

sensing. Our method is a simple two-step procedure: (i) airbrushing MoS2 onto alumina 

substrates, followed by (ii) low-temperature AACVD decoration of Pd nanoparticles onto 

MoS2 sensing layers. To the best of our knowledge, none of the reported works have combined 

airbrushing and low-temperature AACVD methods to functionalize TMD materials. The 

sensing materials were characterized with FESEM, HRTEM, XRD, and Raman spectroscopy 

to study the morphology, crystal structure, and decoration characteristics. We investigated the 

chemiresistive sensing mechanism of bare and Pd-decorated MoS2 and studied the impact of 

Pd decoration on the sensing properties of MoS2 to hydrogen gas. The sensors display a 

response of 55% to 100 ppm of hydrogen gas at 150°C and show a clear impact of Pd decoration 

on hydrogen sensitivity. 

6.2. Experimental Section 

6.2.1. Materials, Chemicals, and Sensor Fabrication 

6.2.1.1. Materials and Sensor Fabrication 

MoS2 powder (CAS:1317-33-5) was purchased from SigmaAldrich, Spain and used without 

further modifications. A total of 20 mg of MoS2 powders was sonicated in 10 mL of ethanol 

(Scharlab, Spain CAS: 64-17-5) for 45 min to obtain a homogenous suspension. The 

suspension was immediately airbrushed onto alumina transducers (Ceram Tech GmBH, 

Germany) to achieve MoS2 thin films coating the interdigitated electrode area. Nitrogen was 

used as a carrier gas during the airbrushing. In order to achieve thin films of reproducible 

thickness, the resistance of the films was monitored during deposition by connecting the 

alumina transducer to a multimeter. As soon as the desired resistance of the material was 

reached, the deposition process was stopped. Samples were fabricated in four sets for each type 
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of material. The average resistance of a pristine set of sensors was 400 MΩ ± 12 MΩ, while, 

as for sensors with 1 mg of Pd precursor (MoS2−Pd_1), the average resistance was 72 MΩ ± 4 

MΩ. Also, for the sample with 2 mg of Pd precursor (MoS2−Pd_2), the average resistance was 

55 MΩ ± 6 MΩ. All these resistance values were calculated at room temperature. Moreover, 

the average thickness of the deposited layers was calculated to be around 582 nm using focus 

ion beam (FIB). The FESEM images of the thickness analysis of the sensing layer are presented 

in Figure S1. 

6.2.1.2. Pd-Nanoparticle-Decorated MoS2 Nanosheets using AACVD Method 

Palladium nanoparticles were incorporated onto the fabricated MoS2 sensors using aerosol-

assisted chemical vapor deposition (AACVD). The reaction was performed at comparatively 

low temperature of 250°C. To study the effect of Pd concentration on the sensor responses, two 

amounts of the palladium precursor were used to decorate MoS2 sensors. In a typical synthesis 

procedure, 1 mg and 2 mg of Palladium (II) acetylacetonate (Sigma Aldrich, Spain CAS: 

14024-61-4) were dissolved in 5 mL methanol (CAS: 67-56-1). The solution was ultrasonicated 

to ensure full solubilization. The solution was placed in an ultrasonic humidifier to generate 

aerosol. N2 gas with a flow of 0.5 L/min was used as a carrier gas to transport the aerosol to 

the MoS2 sensors preheated at 250°C in a hot wall reactor. The AACVD method is similar to 

our previous reported works [54,55]. The deposition time was about 5 min; after that, the 

chamber was left to cool down naturally. The sensors were named according to the Pd 

decoration concentration, viz., MoS2−Pd_1 and MoS2−Pd_2 for 1 mg and 2 mg precursor 

amounts, respectively. 

6.2.1.3. Material Characterization Techniques 

The morphology of the prepared samples was analyzed using a field emission scanning electron 

microscope (FESEM-Thermo Scientific Scios 2). The FESEM microscope used in this study 

is equipped with EDX as well to calculate the wt.% of palladium nanoparticles. Moreover, the 

FESEM equipment is also equipped with the focus ion beam (FIB) tool used here to calculate 

the thickness of the sensing layer. The crystal structure was analyzed via X-ray diffraction 

using a Bruker AXS D8 diffractometer equipped with parallel incident beam (Gobel mirror) 

vertical θ-θ goniometer, XYZ motorized stage, and with a GADDS (General Area Diffraction 

System). A JEOL F200 TEM ColdFEG operated at 200 kV was used for the high-resolution 

transmission electron microscopy (HRTEM) characterization. EDX spectra and elemental 

analysis was performed using the same HRTEM equipment. The Raman spectra were recorded 

using a Renishaw in Via, laser 514 nm, ion argon-Novatech, 25 mW. 
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6.2.1.4. Gas Sensing Measurements 

The gas sensing measurements were conducted using a homemade detection system in a 

Teflon® chamber with a volume of 35 mL. The chamber is designed to accommodate four 

sensors simultaneously. The chamber consists of an inlet connected to the gas delivery system 

and an outlet which is connected to the exhaust. Commercial alumina substrates with 

interdigitated platinum electrodes (300 µm electrode gap) on the front side and a platinum 

resistive meander on the back side were used to deposit the sensing material. The sensor 

responses were recorded by monitoring the sensing material resistance using an Agilent-

34972A data acquisition system. Calibrated cylinders of NO2 (total concentration, 1 ppm), H2 

(total concentration, 1000 ppm), NH3 (total concentration, 100 ppm), CO (total concentration, 

100 ppm), and benzene (total concentration, 10 ppm) were mixed with pure synthetic air using 

Bronkhorst mass-flow controllers. A constant flow rate of 100 mL min−1 was maintained 

during all the experiments. The sensors were exposed to the analyte gas for 10 min and 

subsequently cleaned in dry air for 60 min. The cleaning time to recover the baseline was 

adapted according to the sensor operating temperature; 60 min for 50°C, 100°C, and 150°C 

and 120 min for room temperature operation. Prior to gas sensing measurements, sensors were 

kept under a constant flow of dry air for a minimum of 5 h to completely stabilize their initial 

baseline resistance. The sensor responses were calculated using Equation (1) for reducing gas 

species and Equation (2) for oxidizing gas species. 

(
Rgas−Rair

Rair
∗ 100) %         Equation 1 

(
Rair−Rgas

Rair
∗ 100) %         Equation 2 

where Rairand Rgas are the real-time resistances of the sensor exposed to air and to analyte,

respectively. 

6.3. Results and Discussions 

6.3.1. Material Characterization 

6.3.1.1. FESEM Analysis 

Figure 6.1 depicts the FESEM images of the sensing materials. Upon analysis, it is evident that 

the deposited MoS2 exhibits a multilayered structure, as shown in Figure 6.1 (a). The size of 

the MoS2 structures varies from 200 nm to 1.5 µm (edge to edge), displaying clear and distinct 
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ridges. In the case of MoS2−Pd_1, most of the decorated Pd nanoparticles are spherical with 

an average size of 15 nm, as shown in Figure 6.1 (b). In the case of MoS2−Pd_2, the decorated 

nanoparticles are a mix of spherical and rice-grain shaped with an average size slightly larger 

(23 nm) than that observed in MoS2−Pd_1, as illustrated in Figure 6.1 (c). Decorating with a 

higher concentration of palladium leads to higher coverage, which can be seen in the FESEM 

images. Different Pd decoration amounts were used to check the impact of the decoration 

amount on the gas sensing properties of the material. The decoration of the sensors was kept at 

low concentrations to avoid hindering the transport of dissociated hydrogen atoms to the MoS2 

channel. This could be owed to the hampering of the catalytic effect due to the increased 

concentration of Pd [53]. Moreover, it is clear that the deposition of metal nanoparticles has no 

visible influence on the morphology of the MoS2. Also, an Energy Dispersive X-ray Analysis 

(EDX) of the samples was conducted to determine the average weight percentage (wt.%) of 

Palladium (Pd) in the respective samples. The EDX analysis was carried out at various spots 

on the samples; the resulting data were analyzed to calculate the average wt.% of palladium. 

Based on the calculations, the average wt.% of Pd in the MoS2−Pd_1 sample was 7.27 wt.%, 

while, as in the MoS2−Pd_2 sample, the wt.% of palladium was 11.69 wt.%. 

Figure 6.1 FESEM images of (a) MoS2, (b) MoS2−Pd_1, and (c) MoS2−Pd_2. 

6.3.1.2. HRTEM Analysis 

Supplementing the FESEM morphological data, an HRTEM analysis of one of the sensing 

materials, MoS2−Pd_2, was performed combined with EDX spectroscopy. Pd-decorated 

MoS2 films were scraped off the alumina substrate and drop-casted over carbon-coated 

copper grids. Analysis of the HRTEM results reveals the crystalline layered structure of the 

MoS2 with successful Pd decoration, as shown in Figure 6.2 (a,b). At some places, the layers 

are randomly oriented, while at other places the layers are stacked one on other. EDX spectra 

and HRTEM images of the sensing material are presented in Figure 6.2 (c–e), respectively. 

EDX analysis revealed the presence of Pd nanoparticles on MoS2 sheets. Upon further 

analysis, we verified the interlayer distance, with d equal to 0.215 nm corresponding to the 
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(103) plane of MoS2 (ICDD card number: 65-1951) as shown in Figure 6.2 (d). The d-

spacing calculated for Pd nanoparticles is 0.232 nm, which corresponds to the (111) plane of 

Pd (ICDD card number 88-2335). The interlayer distance results of both MoS2 and palladium 

were confirmed with XRD analysis.

Figure 6.2 (a) TEM image of multilayer MoS2_Pd, (b) color mapping of MoS2_Pd, (c) EDX 

pattern of MoS2_Pd, (d) HRTEM image of multilayer pristine MoS2 with d-spacing of 0.215 

nm, (e) close-up of Pd nanoparticle with d-spacing 0.232 nm. 

6.3.1.3. XRD 

The crystal structure of the sensing films was analyzed using an X-ray diffraction (XRD) 

method. Figure 6.3 shows the XRD diffractogram recorded from pristine MoS2 and Pd-

decorated MoS2 in the range of 2θ = 5° to 80°. The observed diffraction peaks match with the 

hexagonal phase of MoS2 (ICDD card number: 65-1951) with lattice constants a = 0.316 nm 

and c = 1.2294 nm belonging to the P63/mmc space group. The major diffraction peaks can be 

indexed to the (002) at 14.42°, (102) at 35.88°, (103) at 39.56°, and (105) at 49.81° lattice 

planes. Some additional peaks are observed in Figure 6.3 (b,c). These peaks can be indexed to 

palladium (ICDD card number: 88-2335). The diffraction peaks of palladium match the cubic 

phase with lattice constant a = 0.39 nm (Fm-3m space group). At 2θ = 40.01, 46.53, and 67.92, 
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the peaks of MoS2 and Al2O3 almost coincide with the peaks of Pd. Hence, in Figure 6.3 (b,c), 

the peaks are more intense than those in Figure 6.3 (a), which corresponds to pristine MoS2. 

This confirms the presence of Pd decorating the surface of MoS2. 

Figure 6.3 XRD diffractogram of (a) MoS2, (b) MoS2−Pd_1, and (c) MoS2−Pd_2. 

6.3.1.4. Raman Spectroscopy 

Figure 6.4 shows the typical Raman spectra of pristine and Pd-decorated MoS2. The Raman 

spectra of all the samples show peaks near 400 cm−1, which confirms the 2H phase of MoS2. 

The two characteristic peaks signify the vibration modes for MoS2: 𝐸2𝑔
1  , which corresponds to

in-plane vibration of the molybdenum atom and is opposite to two sulfur atoms, and 𝐴1𝑔, mode

which corresponds to the out-of-plane vibration of sulfur atoms (Mo atom being immobile) 

[56]. In addition to the main characteristic peaks, the small peak at ~283 cm−1 can be assigned 

to the MoO2 phase [57,58]. Table 6.1 summarizes the Raman peak positions of all the samples. 

The values of Δ provide the information about the number of layers in the MoS2. As can be 

seen from the table, Δ ≥ 25, indicating the multilayered structure of MoS2 [59,60]. This is in 

agreement with the FESEM and HRTEM results. 
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Figure 6.4 Raman spectra of (a) MoS2, (b) MoS2−Pd_1, and (c) MoS2−Pd_2. 

Table 6.1 Summary of Raman data. 

Sample 𝑬𝟐𝒈
𝟏 𝑨𝟏𝒈 Δ = (𝑨𝟏𝒈 − 𝑬𝟐𝒈

𝟏 ) 

MoS2 381 406 25 

MoS2−Pd_1 381 407 26 

MoS2−Pd_2 378 405 27 

6.3.2. Gas Sensing Results 

6.3.2.1. Hydrogen Gas Sensing 

The gas sensing characteristics of pristine and Pd-decorated MoS2 thin films were analyzed to 

hydrogen gas. The sensor responses were checked at different operating temperatures (room 

temperature, 50°C, 100°C, and 150°C) to study the optimal working temperature. Optimal 

temperature is an important parameter to define thermally active interactions between the target 

gas molecules and the adsorbed oxygen ionic species. Operating temperature plays an 

important role in determining the gas sensing performance of the sensors as it directly affects 

the selectivity, sensitivity, and response/recovery time. The desorption rate of the reacted by-

products surpasses the adsorption rate of the target gas as temperature increases, reaching the 

peak efficiency at the optimal working temperature [61]. Figure 6.5 shows the sensor responses 

to 100 ppm H2 with respect to increases in temperature. The sensor responses increase with 
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increases in the temperature, showing maximum response at 150°C. Thus, the optimal working 

temperature of the sensors is 150°C. The sensors were not operated beyond 150°C to avoid the 

risk of oxidizing MoS2 to MoOx [62].  

Figure 6.5 Sensor responses as a function of temperature to 100 ppm H2, (a) MoS2, (b) 

MoS2−Pd_1, and (c) MoS2−Pd_2. 

Indeed, based on our previous studies regarding the long-term stability of TMD-based gas 

sensors operated at temperatures equal to or below 150°C, there were no remarkable changes 

in the material characteristics or the gas sensing performances. It is clear from the figure that 

there is a significant increase in the sensor response from pristine MoS2 to Pd-decorated MoS2, 

specifically in the case of MoS2−Pd_1. All three sensors showed reproducible responses. The 

sensor responses were calculated to be 55% at 150°C to 100 ppm of H2 for MoS2−Pd_1, which 

is 1471% higher than the responses recorded in the case of pristine MoS2. Also, in the case of 

MoS2−Pd_2, the response is 300% higher than that for the pristine MoS2 sensor. As is evident 

from Figure 6.5, the minimum response recorded in the case of MoS2−Pd_1 is 14.3% at room 

temperature, which is 2760% higher than that of the pristine MoS2 under the same conditions. 

We can clearly observe the impact of Pd decoration on the sensitivity of the sensors to H2 gas. 

The main reason behind this increase in the sensitivity is the reaction between Pd and H2 atoms 

generating palladium hydride (PdHx) at room temperature [63,64] and also the affinity of MoS2 

for H atoms [65]. Moreover, Pd nanoparticles have one of the highest sticking and diffusion 

coefficients [66]. Therefore, the results confirm the synergistic contribution of Pd and MoS2 
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for H2 sensing. The dynamics of resistance change and baseline recovery for all the sensors in 

a hydrogen environment as well as in synthetic air are shown in Figure 6.6.  

Figure 6.6 Sensor resistance dynamics (a) MoS2, (b) MoS2−Pd_1, and (c) MoS2−Pd_2 to 100 

ppm H2 at 150°C. 

The amount of Pd decoration has a clear impact on the response of the sensors to hydrogen. 

Higher Pd coverage leads to the formation of more Schottky barriers, which, in turn, increases 

the resistance. In our case, we found the baseline resistance of the sensors with higher Pd 

decoration approximately 1 MΩ higher than the sensors with low Pd decoration (Figure 6.6 

(b,c). When exposed to air, Pd tends to oxidize and form PdO nanoparticles, a p-type 

semiconductor. The decrease in the baseline resistance indicates that PdO nanoparticles inject 

holes in the MoS2 films. Moreover, excessive decoration of Pd on MoS2 impedes the transport 

efficiency of dissociated hydrogen atoms to the MoS2 channel, consequently hindering the 

catalytic effect. Furthermore, abundant Pd decoration leads to a reduction in the available 

surface area of MoS2 for interactions with hydrogen gas species owing to increased coverage 

by Pd nanoparticles. This results in lower sensing characteristics of the MoS2, suggesting lower 

Pd decoration amounts [41]. We compared our sensor responses with the highest-performing 

sensors in the literature based on noble metals and MoS2. Our sensors outperform the sensors 

in every aspect. Table 6.2 shows the comparison of our sensors with some highly responsive 

MoS2-based sensors for hydrogen sensing. 
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Table 6.2 Hydrogen gas sensing comparison of various noble metal-doped/decorated MoS2 

sensors. 

Gas Sensing Material Conc. 

Response 

Calculation 

Formula 

Response 

% 

Operating 

Temperature 
Ref. 

ALD Pt-decorated 

MoS2 nanosheets 
1000 ppm 

𝑅𝑎𝑖𝑟

𝑅𝐻2

440 250°C [53] 

Pd nanoclusters–MoS2 

heterostructure 
140 ppm 

𝑅𝐻2
− 𝑅𝑎𝑖𝑟

𝑅𝑎𝑖𝑟
∗ 100 17 

RT (with light 

activation) 
[9] 

Pd-functionalized 

MoS2 nanosheet 

10,000 

ppm 

𝑅𝐻2−𝑅𝑎𝑖𝑟

𝑅𝑎𝑖𝑟
*100 35.3 RT [38] 

Pt-decorated MoS2 

hollow structures 

40,000 

ppm 

𝑅𝐻2−𝑅𝑎𝑖𝑟

𝑅𝑎𝑖𝑟
*100 11.2 RT [63] 

Pd-functionalized 

edge-enriched MoS2 
500 ppm 

𝑅𝐻2−𝑅𝑎𝑖𝑟

𝑅𝑎𝑖𝑟
∗ 100 33.7 RT [67] 

Pd-decorated MoS2 100 ppm 
𝑅𝐻2

− 𝑅𝑎𝑖𝑟

𝑅𝑎𝑖𝑟
∗ 100 

55 150°C This 

work 14.9 RT 

The increase in the electrical resistance values of the sensors upon exposure to hydrogen 

molecules (reducing gas) indicates the p-type nature of both the pristine and Pd-decorated 

sensors. Also, the sensors were exposed to increasing concentrations of H2 ranging from 50 

ppm to 500 ppm in a background of dry air. Figure 6.7 show the resistance change dynamics 

of the sensors to increasing H2 pulses while being operated at 150°C. As can be seen in the 

figure, the sensors responded well to the respective hydrogen concentrations with almost 

complete baseline recovery except in the case of pristine MoS2, which shows a slight drift. The 

sensors were able to detect a very low concentration of 50 ppm of H2 with excellent sensitivity. 

Rapid changes in the sensing signals exceeding final steady-state values can be seen in Figure 

6.7 (b,c). This can be owed to the competition between reaction speed and gas diffusion [68–

70]. The phenomenon is prominent when H2 concentration is high or Pd decoration is in excess. 

That is why this is much more prominent in the sensor with higher Pd content, as depicted in 

Figure 6.7 (c). To suppress this issue, when sensing higher concentrations of H2, thinner 

materials with high porosity can be helpful [63].  

UNIVERSITAT ROVIRA I VIRGILI 
BRINGING TRANSITION METAL DICHALCOGENIDES TO THE FOREFRONT: ADVANCEMENTS IN GAS SENSING BEYOND METAL OXIDES 
Shuja Bashir Malik 



198 

Figure 6.7 Sensor responses to increasing concentration of H2 at 150°C (a) MoS2, (b) 

MoS2−Pd_1, and (c) MoS2−Pd_2. 

Figure 6.8 shows the sensor response as a function of the hydrogen concentration. The Pd-

decorated sensor response values saturate above 100 ppm, and up to 100 ppm, the relationship 

between the sensor responses and the H2 concentration is quite linear. Also, the sensor 

responses with respect to H2 concentration in the case of pristine MoS2 are linear. It is worth 

mentioning that 100 ppm is much below the permissible limit for H2 gas for safety purposes. 

Palladium facilitates the dissociation of hydrogen molecules into chemisorbed hydrogen atoms 

(H) on its surface under ambient conditions without encountering any significant barriers. After

their formation, these atoms quickly saturate the surface and migrate into interstitial lattice sites 

in the subsurface region before finally diffusing into the bulk. The diffusion of H atoms is 

impeded by an energy landscape characterized by subsurface sites that are energetically more 

favorable compared with bulk interstitials. Therefore, it is safe to assume that subsurface sites 

are occupied irrespective of the hydrogen concentration in the bulk. Additionally, it has been 

demonstrated that the presence of hydrogen in the subsurface layer can lead to the generation 

of lattice strain, which can impact the thermodynamics of the sorption process in nanoscale 

systems like nanoparticles [71]. 

UNIVERSITAT ROVIRA I VIRGILI 
BRINGING TRANSITION METAL DICHALCOGENIDES TO THE FOREFRONT: ADVANCEMENTS IN GAS SENSING BEYOND METAL OXIDES 
Shuja Bashir Malik 



199 

Figure 6.8 Calibration curves to H2 for the different types of sensors tested. Sensors operated 

at 150°C, (a) MoS2, (b) MoS2−Pd_1, and (c) MoS2−Pd_2 

6.3.2.2. Selectivity Test 

In addition to H2 gas, the gas sensing performance of MoS2 and Pd-decorated MoS2 was 

investigated to reducing gases such as CO, NH3, ethanol, and benzene. Also, the sensor 

responses were investigated against an oxidizing gas: NO2. The typical resistance response 

dynamics for 5 ppm benzene, 80 ppm CO, 10 ppm ethanol, and 5 ppm NH3 are shown in 

Figures S2, S3, S4, and S5, respectively (supporting information). The histogram in Figure 6.9 

summarizes the sensing results analyzed for each gas. Decorating MoS2 with Pd clearly 

enhances the response to H2 and diminishes cross-sensitivity to carbon monoxide, ammonia, 

benzene, and ethanol. However, all the sensors respond to NO2 with a significant response. It 

is worth mentioning and stressing that 800 ppb of NO2 is a very high concentration. The United 

States Environmental Protection Agency (U.S. EPA) has regulated the limit of exposure of 

NO2 at less than 100 ppb, keeping in view its negative effects both on the environment and 

human life [72]. For NO2 concentrations of 100 ppb, the sensor response is 18%. The pristine 

MoS2 demonstrates a robust response to NO2, while it lacks sensitivity to H2. By combining 

these two distinct sensors, we anticipate that the composite system can effectively mitigate the 

issue of cross-sensitivity displayed by Pd-decorated MoS2 to NO2. The complementary nature 

of the individual sensors, with pristine MoS2 being selective to NO2 and Pd-decorated MoS2 

being responsive to H2, allows for a synergistic response that can enhance the discrimination 
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capabilities of the composite sensor. This combination holds promise in suppressing the 

undesired cross-sensitivity exhibited by the Pd-decorated MoS2 sensor to NO2, enabling more 

accurate and reliable gas sensing applications. All the interfering species were tested at 

significantly higher concentrations; hence, it can be derived that Pd decoration improved 

selectivity to H2. 

Figure 6.9 Response histogram of MoS2, MoS2−Pd_1, and MoS2−Pd_2 to NO2 (800 ppb), H2 

(100 ppm), ethanol (10 ppm), carbon monoxide (80 ppm), ammonia (5 ppm), and benzene (5 

ppm) at 150°C. 

Ambient moisture affects the electrical properties of gas sensors dramatically and ultimately 

impacts the sensitivity heavily. This makes it mandatory to evaluate the behavior of the gas 

sensors in humid environments. Figure 6.10 depicts the sensor responses to 5 ppm of benzene 

(a reducing gas) under dry air and at 50% relative humidity (at 25°C). Also, Figure S6 

illustrates the normalized sensor resistance changes as a function of time. Analysis of the results 

reveals an overall decrease in the baseline resistance of the sensing layer when exposed to a 

humid environment. This has been reported in metal oxide semi-conducting materials as well 

[73]. We noticed a slight increase in the sensor responses, except in the MoS2−Pd_2 sensor. 

Generally, in humid environments, the water vapors (hydroxyl group) and the target gas 

molecules enter a competition at the active sites. The impact of the humidity is much more 

prominent when the relative surface distribution of the hydroxyl groups is much higher than 
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the oxygen species [60]. The obtained results indicate that the sensors exhibit strong resilience 

to high levels of moisture. 

Figure 6.10 Sensor responses to 5 ppm benzene at 150°C. 

6.3.2.3. Hydrogen Gas Sensing Mechanism 

The sensing mechanism of chemoresistive gas sensors is based on electrical resistance 

modulation, which can be attributed to the interactions occurring on the sensor substrate 

because of the chemical reactions between the sensor surface and target gas [74]. When a sensor 

surface interacts with hydrogen, a reducing gas, it donates electrons upon adsorption. 

Depending on the type of the material (n-type or p-type), the transferred electrons lead to an 

increase or decrease in the electrical resistance of the material [39,40,75,76]. In this work, the 

resistance of MoS2 increased upon exposure to H2, indicating the p-type behavior of the 

material. 

When the sensors are exposed to air, the oxygen molecules dissociate on the MoS2 surface, 

resulting in the formation of adsorbed oxygen species like (𝑂2
 −  𝑎𝑛𝑑 𝑂−) at elevated

temperatures [39], as is shown in Equations (3) and (4). 

O2 (g) → O2(ads) Equation 3 

O2 (ads) +  e− → O2 (ads)
− ≤ 100℃ Equation 4 
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Pd nanoparticle addition promotes the gas sensing ability of MoS2 by acting as an electronic 

sensitizer while sensing H2. Pd enhances the sensor responses by increasing the rate of chemical 

processes. One of the main roles of the Pd is to make catalytic oxidation easy on the MoS2 

active layer [39]. When the sensors are exposed to hydrogen, the Pd nanoparticles provide 

adsorption sites for hydrogen molecules, as seen in Equation (5). Pd decoration enables 

barrierless dissociation of hydrogen molecules (H2) into chemisorbed hydrogen atoms (H) on 

its surface. The dissociation of the adsorbed hydrogen molecules takes place to form hydrogen 

atoms (Equation (6)). This process is known as the spillover effect of Pd catalysts with respect 

to H2 sensing [63]. For Pd particles larger than 5 to 10 nm (as in our case), the diffusion lengths 

for H atoms to reach the core are shorter [77]. The hydrogen atoms react with the 𝑂− oxygen

species (Equation (7)), facilitating the electrons to the sensor. These electrons combine with 

holes and reduce the charge carrier concentration, eventually leading to the increase in the 

sensor resistance. This increase is proportional to the concentration of hydrogen gas. These 

reactions are facilitated by the presence of Pd nanoparticles in the matrix owing to their strong 

affinity for the mitigation of chemisorbed gaseous species. 

H2 (gas) → 2H(ads) Equation 5 

H2 (ads)  → 2H(ads) Equation 6 

2H(ads)  +   O(ads)
− →  H2O + e−

Equation 7 

6.4. Conclusions 

In this paper, layered MoS2 was successfully deposited onto alumina substrates. AACVD at 

250°C was employed for the Pd decoration of MoS2. The sensing material was well 

characterized using FESEM, XRD, HRTEM, and Raman spectroscopy. Multilayered 

crystalline MoS2 sheets were observed with homogenous Pd nanoparticle decoration. The size 

of the Pd nanoparticles was between 15 nm and 23 nm. The gas sensing results of bare and Pd-

decorated MoS2 to H2 were analyzed. The Pd-nanoparticle-decorated MoS2 sensing layer acts 

as an active hydrogen-sensing layer with a maximum response of 55% at 150°C to 100 ppm of 

H2. The sensors show high resilience to humidity, as the sensor responses increase slightly 

when exposed to 50% relative humidity. The effect of Pd decoration is evident with the 

sensitivity of the sensors depending on the amount of Pd decoration. A combined bare and Pd-
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decorated MoS2 sensor system holds promise for achieving a highly sensitive and selective H2 

detection. 

Supplementary Materials: The following supporting information can be downloaded at: 

www.mdpi.com/xxx/s1, Figure S1 depicts the thickness of the sensing layer, Figure S2, S3, S4 

and S5 show resistance dynamics towards interfering gases and Figure S6 shows normalized 

resistance dynamics in humid environment. 
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CHAPTER 7 

Fabrication of plate shaped ZnO-based piezoelectric nanogenerators 

on flexible substrates 
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Abstract 

With the internet of things (IoTs) at its peak, wearable electronics and sensors all around us, 

there is a need of a sustainable, renewable, and green energy. Piezoelectric nanogenerators 

(PENGs) are booming as a solution for providing an efficient source for green energy. In this 

work, ZnO was synthesized via a facile coprecipitation method with high yield (~1.7 g). Two 

reaction conditions were used: one with 12 ml NaOH and other with 30 ml NaOH. PENGs 

were fabricated on commercial PET substrates by screenprinting ZnO-H3PO4:PVA ink 

composite as a working piezoelectric active layer and commercial silver ink for electrodes. The 

curing temperature for ZnO inks and silver electrode inks was low (50oC), which makes it 

possible to use low-cost polymer substrates for PENG fabrication. The maximum output 

voltage obtained was 760 mV and 1500 mV for 12 ml NaOH and 30 ml NaOH reaction 

conditions respectively. The maximum power output recorded was 450µW/m2 in PENG 

fabricated using ZnO synthesized using 30 ml NaOH. It was also found that because of the 

presence of H3PO4 in the polymer, around 50% of the ZnO reacts to form hopeite 

(Zn3(PO4)2.4H2O). 

7.1. Introduction 

Depletion of fossil fuel reserves and increase in the levels of greenhouse gases has led to an 

eager search for alternate sources of energy. Now a days a tremendous focus is on the 

sustainable harvesting of renewable sources of energy like solar energy, wind energy, 

bioenergy, kinetic energy, and tidal energy. However, these sources of renewable energies are 

greatly affected by environmental factors and not always financially viable to harvest. 

UNIVERSITAT ROVIRA I VIRGILI 
BRINGING TRANSITION METAL DICHALCOGENIDES TO THE FOREFRONT: ADVANCEMENTS IN GAS SENSING BEYOND METAL OXIDES 
Shuja Bashir Malik 



218 

Advancement in the field of nanotechnology led to harvesting mechanical energy with the help 

piezoelectric nanogenerators (PENGs). One of the main sources of these mechanical energies 

into consideration is human body movements among others like pulsation, airflow. This paves 

a way for wearable and flexible electronics [1]. Polymers and polymer composites are a popular 

choice for wearable electronics owing to their flexibility, cost effectiveness and relatively large 

piezoelectric coefficient [1]. Piezoelectric materials when deformed by external force develop 

piezoelectric potentials [2]. When connected to an external load, electrical current will flow in 

the circuit and continues to flow till the mechanical energy is sustained. Piezoelectric effect is 

found in some natural substances like topaz, quartz, and Rochelle salt. Some piezoelectric 

materials have been synthesized like lead zirconate titanate; PZT (Pb(ZrxTi1-x)O3) [3,4], barium 

titanate [5], aluminum nitride (AIN) [6], polyvinylidene fluoride (PVDF) [7] and zinc oxide 

(ZnO) [8–10]. The main drawback associated with PZT is the toxicity of the lead, thus limiting 

its usage and demanding lead free, non-toxic, cheap and environment friendly piezoelectric 

materials such as zinc oxide (ZnO).  

Owing to the wide band gap and Schottky barrier height (SBH) of ZnO; a wurtzite 

semiconductor with non-centrosymmetric crystal structure, it exhibits piezotronics effect [11]. 

The working principle of piezotronics is governed by the change in SBH in response to external 

force [12]. Low piezoelectric coefficient (d33 = 12.4 pm/V) [13] of ZnO as compared to poly 

(1,1 difluoroethylene) with d33 = 33 pm/V) [11] limits ZnO piezotronics. Piezoelectricity of a 

material is dependent on its structure [14]. On application of external mechanical force on ZnO, 

its surface gets polarized due to its non-centrosymmetric structure. Zn2+ gets accumulated on 

one side and O2- on other side of the surface, generating a potential difference causing flow of 

current [14,15]. However, a complex process is required to fabricate ZnO based nanogenerators 

which at the end exhibit low output power [16]. To overcome these challenges, one of the 

strategies devised is to combine ZnO nanomaterials with piezoelectric polymer forming 

piezoelectric composite [1,16–18]. Piezoelectric phase is increased in the polymer by the 

introduction of the ZnO nanomaterial forming a composite. The use of piezoelectric composite 

improves the energy conversion performance of the nanogenerators remarkably. An alternate 

current is produced by the nanogenerators based on ZnO/piezoelectric polymer because of the 

production of opposite charges on the surface of the polymer during deformation and recovery 

process [19]. In order to achieve DC output, fabrication of ZnO-metal Schottky contact is 

essential [1]. The key to achieve a high-performance DC piezoelectric nanogenerator is to 

prepare ZnO nanowire/nanorod arrays with controllable c-axis orientation and Schottky contact 
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[16]. The remarkable piezoelectric properties of ZnO and other synthesized piezoelectric 

materials has led to an insatiable quest for improving the overall piezoelectric properties of the 

materials and piezoelectric devices.  

As on end of 2021, using Boolean keyword search like piezoelectric, nanogenerators and ZnO 

yields a result of total 2087 research items since 2006 on Web of Science, of which, 586 pertain 

to use of ZnO as piezoelectric material. The trend clearly shows a significant interest towards 

the self-powered nanogenerators by the scientific community. With the report of first 

nanogenerator in 2006, there has been a boom in the research in the field with a considerable 

progress in the piezoelectric output. This led to a wide range of applications of PENGs from 

powering LEDs [9,20], self-power mechanical sensors [21], FET [22], wearable electronics 

[9], piezoelectric biosensors [23], and sensors [24]. Figure 7.1 depicts the trend of the progress 

in the research of overall piezoelectric nanogenerators and ZnO as piezoelectric material for 

nanogenerators. 

Figure 7.1 Trend showing the number of research articles related to piezoelectric 

nanogenerators (PENGs) published since 2006. Source: Scopus and Web of Science 

In this research, we fabricated ZnO-PVA composite on flexible PET substrates via 

screenprinting to evaluate the piezoelectric characteristics of ZnO. The aim of the research 

work was to devise a facile ZnO synthesis method and cost-effective PENG device fabrication 

method for energy harvesting and sensor applications. The results mentioned in the research 

work pertain to the optimized PENGs with highest output.  PENGs with a maximum output 
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voltage of 760 mV in case of 12 ml NaOH reaction conditions and 1500 mV in case of 30 ml 

NaOH reaction conditions were fabricated with a maximum output current of 25 nA in both 

the cases. The maximum power output of 450 µW/m2 was recorded in case of 30 ml NaOH 

reaction conditions. 

7.1.1. Motivation 

Increase in the energy demand has led to search of alternative sources of energy over the 

conventional ones. One of the hot topics which is being explored in the energy harvesting field 

is scavenging the mechanical energy. Advancement in the internet of things (IoT) and sensors 

technology pushed this research further. Now a days, there is a high demand for integration of 

electronic technology into flexible and wearable devices. Human bodies consist of various 

energies like chemical, thermal and mechanical energy. Among these, the most plentiful is the 

mechanical energy. To power the wearable electronics and flexible sensors for long-term, 

continuous, and individual monitoring, the harvesting of the mechanical energy of our bodies 

is proving prosperous and fruitful. The idea behind this concept is to convert the mechanical 

energy of the body into electrical energy. Traditional energy harvesters are bulky and inefficient 

to convert small mechanical energy into considerable electrical energy outputs. The solution 

thus is smart, light weighted and intelligent energy harvesters. Nanogenerators (NG) are a 

solution to this. The first nanogenerator was designed in 2006 and has made a significant 

progress since in terms of output and overall quality. Nanogenerators are typically of two types; 

a) Piezoelectric nanogenerators (PENGs) and Triboelectric nanogenerators (TENGs)[25].

This research work was designed to fabricate a cost effective, efficient, and biocompatible 

flexible nanogenerators to harvest mechanical energies for various applications including 

sensors. 

7.2. Experimental

7.2.1. Materials 

Zinc acetate dihydrate (Zn(CH3COO).2H2O) from Panreac, Spain (99.5%) was used as a 

precursor. Sodium hydroxide (NaOH) pellets from Labchem, Portugal (98.6%) were used in 

this work. The organic polymer, PVA was purchased from Sigma Aldrich and orthophosphoric 

acid was purchased from Fisher Chemicals. SylgardTM Silicone Elastomer kit was purchased 

from DOW. All the chemicals used in this work were directly used without any purification. 
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7.2.2. Synthesis of ZnO 

Coprecipitation method was used to prepare zinc oxide nanomaterials previously reported by 

M.M. Maia [26]. A 0.27 M solution of Zn(CH3COO).2H2O was prepared in deionized water.

A specific volume; 30 ml and 12 ml of 1.2 M solution of NaOH (pH=14) was added drop wise 

into the zinc acetate solution under vigorous stirring. As soon as the NaOH solution is dropped, 

white precipitate starts to form. In both the reaction setups, everything except the volume of 

the NaOH was kept same. The solution was washed with deionized water till pH reaches 7. 

The washing was done by centrifugation at 10,000 RPM of 5-minute cycles. Finally, the 

product was dried at 80oC overnight to obtain ZnO powder. The dried powder was ground 

gently into fine powder using a ceramic mortar-pistil. Possible chemical reactions involved are 

[26,27]: 

𝑍𝑛(𝐶𝐻3𝐶𝑂𝑂)2. 2𝐻2𝑂(𝑎𝑞) + 2𝑁𝑎𝑂𝐻(𝑎𝑞) → 𝑍𝑛(𝑂𝐻)2 (𝑠) + 2𝐶𝐻3𝐶𝑂𝑂𝑁𝑎(𝑠) + 2𝐻2𝑂(𝑙)

Equation 1 

𝑍𝑛(𝑂𝐻)2 + 2𝐻2𝑂 = 𝑍𝑛2+ + 2𝑂𝐻− + 2𝐻2𝑂 = [𝑍𝑛(𝑂𝐻)4]2 Equation 2 

[𝑍𝑛(𝑂𝐻)4]2 ↔ 𝑍𝑛𝑂2
2− + 2𝐻2𝑂 Equation 3 

𝑍𝑛𝑂2
2− + 2𝐻2𝑂 ↔ 𝑍𝑛𝑂 + 2𝑂𝐻− Equation 4 

7.2.3. ZnO inks 

ZnO inks were formulated by trying different ratios of ZnO and polymer. The polymer is a 

mixture of Polyvinyl alcohol (PVA) and phosphoric acid (H3PO4). The PVA solution was 

solubilized in H3PO4 aqueous solution in a 1:1 weight ratio. The mixture was incubated at 90oC 

for 12 hours under continuous stirring. Different ratios of ZnO-PVA were tried, however, the 

optimum ratio of ZnO-PVA was found to be 45:55, best suited for fabricating ZnO thin films 

by screen printing. 

7.2.4. ZnO Thin films deposition 

ZnO thin films were fabricated using screen printing technique. A known amount of ZnO-PVA 

(ZnO:PVA::45:55) was mixed and spread onto the screen for printing. The squeegee was passed 

once to form a very thin layer of ZnO-PVA onto the PET substrate. The film was dried at 50oC, 

mesh cleaned with DI water and dried with a hot blow drier. A second layer of the ZnO-PVA 

was printed same as in step one and dried in oven again at 50oC. The thin films were dried at 

low temperature to make sure there are no cracks in the final film as in Figure 7.2 (b). 
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Figure 7.2 Comparison of curing ZnO-PVA ink at, (a) 50oC and (b) 130oC. At temperatures 

higher than 50oC, ZnO-PVA thin films develop cracks 

In case of fabricating pristine PVA films, stencil printing technique was used as it was found 

that the PVA films fabricated by screen printing were not continuous as in Figure 7.3. Within 

the yellow rectangle is the magnified silver-ink screen printed electrode. The other part of the 

picture in red rectangle shows the screen printed PVA. It was found that the film is not 

continuous but screen mesh shaped structures.  

Figure 7.3 Magnified view of screen printed PVA, red rectangle: PVA and yellow rectangle: 

silver electrode. 
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7.2.5. PENG Fabrication 

The PENG devices were fabricated on commercial PET (polyethylene terephthalate) 

substrates. A typical schematic and an image of a fabricated PENG is shown in Figure 7.4 (a). 

Bottom electrodes were screen printed onto the PET substrates using commercial silver ink. 

The electrodes were cured in an oven at 130oC. After curing the electrodes, ZnO-PVA thin films 

were screen printed on to the electrodes as shown in Figure 7.4 (b). The ZnO-PVA thin film 

was cured at 50oC. Top electrodes were screen printed on to the ZnO-PVA thin film to complete 

the PENG. The top electrodes were cured at 50oC, not at 130oC to avoid cracks in ZnO-PVA 

film as in Figure 7.2 (b). Figure 7.5 depicts a fabricated PENG with copper tape to connect the 

electrodes, wires were soldered to the device to connect to the measurement instrument. 

 

Figure 7.4 (a): Schematic of ZnO PENG, (b): ZnO-PVA screen printed thin film with 

commercial silver ink busbar electrodes on PET substrate 

 

Figure 7.5 Image of a fabricated PENG. 

7.2.6. Characterization  

Microstructure of the materials was characterized using Field Emission Scanning Electron 

Microscope (FESEM) (Thermo Fisher Scios 2). Crystallographic and phase studies were done 

using X-ray diffraction of SmartLab Rigaku diffractometer at room temperature over a range 
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of 5o to 90o for samples containing polymers and 20o to 90o for zinc oxide samples using Cu 

K-alpha radiation with wavelength 1.540593 angstroms (current of 200mA and a voltage of

45KV). The thickness measurements were carried out using manual instrument from Mitutoyo. 

The resistance measurements were calculated using Keithley 487 Picoammeter/voltage source. 

DLS and Zeta potential measurements were carried out using Zetasizer. The resistance 

measurements were calculated using Keithley 487 Picoammeter/voltage source. The ZnO-PVA 

layer with an average thickness of 131 µm has a resistance of 0.1 tera ohms. Impedance and 

capacitance measurements were carried out using Wayne Kerr Precision Component Analyzer 

6440B. The capacitance and impedance measurements were taken as a function of frequency. 

7.3. Results and discussion 

Figure 7.4 (a) shows a schematic diagram of the piezoelectric nanogenerator (PENG) based on 

ZnO-PVA. A compression force at one cycle per second was applied to the device. When the 

force is applied to the device, the mechanical energy is converted into electrical energy. The 

piezoelectric layer in this research work is ZnO-PVA film. Screen printed silver busbars act as 

top and bottom electrode of the device.   

Figure 7.6 (a and b) demonstrate the microstructure of the ZnO nanoparticles synthesized by 

coprecipitation method. FESEM images reveal the structure of the ZnO structures to be nano 

plates. The microstructures have approximately uniform morphologies and dimensions 

consisting of several plates aggregated together. The thickness of the plates varies from 6 nm 

to 30 nm in both the cases of 12 ml NaOH and 30 ml NaOH reaction conditions. This type of  

growth is called coalescence [26] of the grains which results in the formation of plate like 

structures. The EDX spectrum in Figure 7.7 (a) and (b) of the nanostructures reveals that the 

nanostructures consist of a majority elements of Zn and O. Peaks pertaining to carbon are from 

the carbon tape used to study the FESEM and EDX of the samples. No other peaks pertaining 

to any other elements are found, depicting that the sample is pure and free of any impurities. 
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Figure 7.6 FESEM images of ZnO synthesized using (a) 12ml and (b) 30ml NaOH 

Figure 7.7 EDX spectrum of ZnO. (a) ZnO synthesized using 12ml NaOH (b) ZnO synthesized 

using 30ml NaOH 

The crystal structure of the ZnO nanostructures were analyzed by XRD diffraction. The XRD 

pattern of ZnO nanostructures is shown is Figure 7.8 (a). The diffraction patterns are indexed 

to hexagonal wurtzite ZnO phase in accordance with ICSD collection code 086254. The 

hexagonal crystal structure matches the space group of P63mc with lattice constants a= 3.25300 

Å and c= 5.21300 Å. The sharp peaks show a good crystallinity, and no other peak was found, 

thus indicating no other phases or impurities are present. The average crystallite sizes were 

calculated using Scherer’s formula and were found to be 24 nm for both 12 ml NaOH and 30 

ml NaOH volume ZnO. When ZnO was mixed with H3PO4 doped PVA, some of the ZnO reacts 
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with H3PO4 and converts to zinc phosphate (Hopeite) as demonstrated by XRD pattern in 

Figure 7.8 (b). The highest intensity peak is indexed to PVA. Peaks indexed to silver are from 

the screen-printed silver electrodes. 

Figure 7.8 (a) XRD patterns of pristine ZnO, (b) XRD pattern of ZnO with H3PO4:ZnO 

The average thickness of the films was measured by taking a minimum of five values. Control 

over the thickness of the screen-printed thin films is not much. Hence, each time a film of 

different thickness was printed over the commercial PET substrates.  

Dynamic light scattering (DLS) is a particle size distribution curve. The data from DLS analysis 

and FESEM images does not match exactly because of the following reasons, (i) the DLS is 

based on the Brownian motion theory [28] and assumes the particles to be spherical [28,29], 

however, in FESEM we see clusters of plates. Also, in the DLS technique, the samples are 

dispersed in water, the effect of the hydration layer (H2O size) may also be reported [30]. 

Moreover, the FESEM images are taken at a very small portion, hence for a detailed and exact 

results, a minimum of 50-100 images are required [30]. As per the results obtained in this study, 

the average particle ZnO particle size obtained by DLS in case of 12 ml and 30 ml NaOH 

reaction is 771 nm and 1080 nm respectively. Also, zeta potential of 12 ml and 30 ml NaOH 

reactions is 16 mV and 4.49 mV respectively. 

To investigate the piezoelectric properties of the ZnO nanomaterials, PENG devices were 

fabricated and tested with compression force of one cycle per second. The PENG devices were 

mounted onto a stub of the measurement device. The PENG was connected to different load 

resistances ranging from 100 Ohms to 5 Giga Ohms. Voltage and current measurements were 

taken in sweep by employing an Arduino. In order to make sure that there is no piezoelectric 

output from H3PO4:PVA, device with PVA without ZnO were fabricated and checked for 

piezoelectric output. No output was recorded from the pristine PVA devices fabricated by 
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stencil printing. As a typical characteristic of the PENG device, the voltage output increases 

with the increase in the load resistance while as the output current decrease with the increase 

in the load resistance. A nanogenerator output voltage behavior with load resistance can be 

understood with the help of model proposed by various research groups [31–34]. It can be 

assumed that a nanogenerator device is equivalent to a voltage source and load resistance (RL) 

connected parallel to the device to measure voltage. The voltage drop across load resistance 

(RL) increases until the optimum load resistance (RL) and saturates at theoretically infinite load 

resistance (RL) similar to open-circuit voltage [35]. Figure 7.9 shows variation of output 

voltage under different load resistances. Voltage increases with an increase in the load 

resistance (RL) and saturates eventually. The output voltage at higher resistance (>100 MΩ) is 

close to the open circuit voltage. The load resistance (RL) dependance of output voltage shows 

a similar trend on reported in literature of piezoelectric nanogenerator as reported by different 

researchers [35–39]  

Figure 7.9 Variation of output voltage under load resistances connected in parallel. 

shows the typical output of a PENG. The voltage and current curves can be categorized as [40]; 

(a) constant-current output characteristic region (CC-OCR), (b) maximum-power output

characteristic region (MP-OCR) and (c) constant-voltage output characteristic region (CV-

OCR). In the first region, CC-OCR, the output current remains constant, but the output voltage 

tends to increase linearly with the increase in the load resistance. MP-OCR is the middle region. 

In this region, with the increase in the load resistance, the current drops rapidly and the voltage 

UNIVERSITAT ROVIRA I VIRGILI 
BRINGING TRANSITION METAL DICHALCOGENIDES TO THE FOREFRONT: ADVANCEMENTS IN GAS SENSING BEYOND METAL OXIDES 
Shuja Bashir Malik 



228 

increase quickly. The output voltage and current intersect in this region. At the point of the 

intersection, the output power of the device peaks since the power is the product of output 

current and voltage. The last region is CV-OCR, where the output voltage remains constant 

with the increase in the load resistance, while as the current decreases slowly. This typical 

electrical behavior of the fabricated PENG with load resistance (RL) is showed in Figure 7.11. 

Also, the output voltage and current signal are shown in Figure 7.14. 

Figure 7.10 Typical output characteristics of PENG 
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Figure 7.11 Output current and voltage characteristics of ZnO-PVA PENG 

Figure 7.12 Output voltage of ZnO-PENG showing Zn termination. 
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Figure 7.12 shows a typical output voltage of the fabricated PENG. The cycles show a negative 

output during compression and positive output during release. This is because of an effect 

called Zn termination. A negative piezo potential is generated at the top surface in response to 

the compressive force.  

Figure 7.13 Maximum power density of ZnO-PVA PENG 

Figure 7.14 (a) Voltage and (b) current output from ZnO-PVA PENG 

The maximum voltage output of the PENG devices employing ZnO and PVA mixture as 

piezoelectric material was found to be 760 mV and 1500 mV for 12 ml and 30 ml NaOH 

reaction conditions respectively. Also, the maximum current output recorded in the fabricated 
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PENG devices was approximately 25 nA in both the reaction types. The working area of the 

PENG device is calculated by measuring the area of the eight busbar overlaps with ZNO-PVA 

working material. Figure 7.13 shows the maximum power density as 450 µW/m2 in case of 30 

ml NaOH reaction conditions at ~100MΩ load resistance, which is close to the internal 

resistance of the ZnO-PVA PENG [41,42]. The formula used to calculate the power of the 

devices is 𝑃 = 𝑉 ∗ 𝐼. This formula was used to give the exact power output by omitting the 

connector and device resistances. The power density of the device was calculated from the area 

of the eight contact points of the fabricated PENG as shown in Figure 7.15 in red rectangles. 

The output power characteristics of the fabricated nanogenerators can be understood from the 

maximum power transmission theorem [43]. The theorem states that the maximum power 

transmission occurs when the load resistance values equal the source internal resistance. The 

dependance of output power with load resistance shows a similar trend as reported in literature 

of piezoelectric nanogenerators made of different materials [44–46]. 

Figure 7.15 Schematic of PENG showing the area calculated for power density calculation (in 

red rectangles) 
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Figure 7.16 Behavior of output voltage and current against load capacitance 

Figure 7.16 shows the charging characteristics of the load capacitors (CL) for the PENGs using 

one compression cycle per second. The PENGs were used to charge capacitors with the 

capacitance of 100 µF, 10 µF, 1 µF, 100 nF, 10 nF, 1 nF, 100 pF, 10 pF and 1 pF. The output 

voltage and current characteristics were analyzed as a function of load capacitance. There is an 

inverse relation between output voltage and current against the corresponding load capacitor. 

The trend of capacitive loading is opposite to that of resistive loading. The trend shows that 

under different load resistances, with an increase in the resistance load, voltage increases and 

load current decreases. Whereas, with increasing capacitance, load voltage decreases and load 

current increases. It takes less time to reach saturation in case of smaller load capacitors as can 

be seen in Figure 7.17. 
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Figure 7.17 Comparison between the charging time of capacitors 1pF and 100nF using ZnO-

PVA PENG. 

7.4. Conclusions 

In this work, coprecipitation ZnO synthesis method with high yield was used. XRD, FESEM 

studies confirm the crystallinity and purity of ZnO sheets. Nanogenerators were fabricated by 

screenprinting electrodes of silver and working material (ZnO-PVA) onto commercial PET 

substrates. Piezoelectric output was successfully recorded from the PENGs fabricated onto 

commercial PET substrates. The output recorded is comparable to most of the sophisticated 

reported PENGs. The PENGs when optimized would be efficient energy harvesters and robust 

sensors. 

7.5. Future perspectives 

The most significant parameter to be taken into consideration to carry forward this work is to 

optimize the PENG structure related to ohmic and Schottky contacts. Choice of polymer matrix 

would be the second most important aspects to be taken into consideration. In this work, 

because of the presence of H3PO4 in the PVA, approximately 50% of the ZnO reacts and 

converts to zinc phosphate. PDMS is one of the best alternatives to replace PVA. Also, 

calculation of the amount of force applied during the piezo measurements is a must. This work 

was carried out at a frequency of one force cycle per minute, the effect of the frequency would 

be one more parameter to be explored. Also, in this study, ZnO nanomaterials were prepared 
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by coprecipitation method. Other synthesis methods like hydrothermal methods could be 

explored with different morphologies.  
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Conclusions and Future perspectives 
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8.1. Conclusions 

This chapter provides an overview of the significant accomplishments of this research, 

emphasizing both the benefits of the growth process and the improvements in gas sensing 

capabilities achieved through the integration of various nanomaterial functionalities.  

In this research work, a facile aerosol assisted CVD method was developed to control the 

morphology of the WO3 nanowires. This is an efficient route to synthesize WO3 nanowires of 

different morphologies directly on the transducer substrates. We achieved a great success in 

synthesizing randomly oriented nanowires and nanowires with floral tops. The nanowires were 

decorated with CeO2 nanoparticles with a simple drop casting technique. The decorated 

nanowires were capable of efficiently detecting low concentrations of ethanol at comparatively 

low temperatures. 

In this study we achieved a significant milestone by synthesizing of two-dimensional (2D) 

tungsten disulfide (WS2) sheets on a hundred milligram scale for the first time. This 

achievement was realized through a simple sulfurization process of tungsten trioxide (WO3) 

powder utilizing an atmospheric pressure chemical vapor deposition (APCVD) reactor. The 

synthesized powders exhibit immense potential for various applications, including the 

development of ink formulations for screen or inkjet printing, spin coating, drop casting, or 

airbrushing onto diverse substrates such as ceramics, silicon-based materials, or flexible 

polymers. Gas sensing experiments towards NH3 at different temperatures showed exceptional 

responses from the WS2-based sensors, with reproducible and stable responses at 150°C, with 

a detection limit below 1 ppm of NH3. Selectivity tests demonstrated that the sensors are highly 

specific to NH3 while showing minimal response to interfering gases such as CO, benzene, H2, 

and NO2. Furthermore, the edge-enriched growth of WS2 enhanced the responses of the sensors 

with remarkable resilience against high humidity levels, with only a slight decrease in response 

observed in humid environments compared to dry conditions. Atomistic simulations employing 

density functional theory (DFT) and Bayesian optimization revealed the physisorption-based 

interaction between ammonia molecules and WS2, providing valuable insights into the gas 

sensing mechanism. This study highlights the promising prospects of WS2-based materials in 

advancing the development of highly sensitive and selective gas sensors for practical 

applications. 

Furthermore, a simple solution method was used to mix TMDs and graphene for NO2 sensing 

applications. The method is efficient for making hybrid heterostructures comprising of tungsten 

UNIVERSITAT ROVIRA I VIRGILI 
BRINGING TRANSITION METAL DICHALCOGENIDES TO THE FOREFRONT: ADVANCEMENTS IN GAS SENSING BEYOND METAL OXIDES 
Shuja Bashir Malik 



244 

disulfide (WS2) and graphene. The sensing films were fabricated using a facile airbrushing 

technique with N2 as the carrier gas. Morphological and structural analyses reveal the growth 

of edge-enriched 2D WS2 sheets and a uniform distribution of sensing materials within the 

hybrids. Gas sensing results were performed on the hybrid sensors towards NO2 gas at various 

temperatures which demonstrate remarkable responses to ultra-low concentrations (10 ppb) of 

NO2, achieved at a notably low operating temperature of 100°C compared to individual 

graphene and WS2 counterparts. The sensors show minimum responses towards interfering 

gases, including CO, H2, C6H6, and NH3, demonstrating their versatile selective sensing 

capabilities. Moreover, the sensor responses nearly double in humid conditions (50% RH at 

25°C), indicating potential practical applications for selective NO2 detection in real-world 

environments. 

Moreover, this thesis reports successful development of an aerosol-assisted CVD method for 

decorating thin films of various TMD materials with different metal and metal oxide 

nanoparticles. This method proves to be effective for enhancing the properties of such materials 

with metals and metal oxide nanoparticles, particularly in scenarios where material degradation 

at elevated temperatures poses a risk. Notably, we achieved successful decoration of MoS2 with 

Pd nanoparticles at various ratios, demonstrating excellent detection capabilities for H2. 

In an effort to harness the potential of ZnO nanomaterials for self-powering device applications, 

piezoelectric nanogenerators (PENGs) were successfully fabricated using a facile 

screenprinting technique on flexible substrates. These PENGs exhibit promising power output, 

making them suitable for powering wearable electronics and sensors. 
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8.2. Future perspectives 

This thesis lays the foundation for several key advancements in gas sensing technology: (1) the 

direct synthesis of metal oxides with diverse morphologies on commercial transducer 

substrates, eliminating the need for transfer steps; (2) the development of a facile hydrogen-

free APCVD technique capable of producing gram-scale TMD powders, offering significant 

potential for industrial-scale applications; (3) a cost-effective method for enhancing the 

functionality of TMD host matrices at low temperatures using AACVD; (4) the design of 

chemoresistive sensors tailored for gas sensing applications; and (5) a simple and affordable 

approach to designing and fabricating self-powering devices using metal oxide nanomaterials. 

Despite the promising prospects of TMD materials in gas sensing applications, there exist 

certain limitations that must be addressed for their commercialization in real-world scenarios. 

Additionally, the gas sensing mechanism remains inadequately understood and requires further 

investigation. 

However, there still remain some challenges which could be overcome by delving into the 

synthesis methodologies and understating gas sensing mechanism. Looking ahead, future 

research endeavors could focus on several areas to advance the field of gas sensing using TMD 

materials. First and foremost, there is a need to optimize the synthesis conditions of TMDs to 

enhance their properties and tailor them for specific gas detection. Additionally, efforts could 

be directed towards lowering the operating temperature of gas sensors to improve energy 

efficiency and extend their lifespan. Exploring the potential of different nanomaterials for 

hybridization and decoration holds promise for achieving selective and low-temperature gas 

sensing capabilities. Moreover, diversifying the types of TMDs beyond MoS2 and WS2 could 

uncover new materials with unique properties and applications in gas sensing. By addressing 

these challenges and pursuing these avenues of research, the future holds immense potential 

for advancing the field of gas sensing using TMD materials. Also, a significant amount of 

research could be dedicated to assessing the biosafety of TMD materials to ensure a sustainable 

future. 
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Supporting information for 

Synergistic effect of CeO2 nanoparticles and WO3 nanowires in gas 

sensing applications 

Shuja Bashir Malik1, Karol V. Mejia-Centeno2, Paulina R. Martínez-Alanis2, Andreu Cabot2,3, 

Frank Güell*1,4, Fatima Ezahra Annanouch1 and Eduard Llobet*1 

1 Departament d′Enginyeria Electrònica, Universitat Rovira i Virgili, Països Catalans 26, 43007 

Tarragona, Catalunya, Spain. 

2 Catalonia Energy Research Institute – IREC, Jardins de les Dones de Negre 1, Sant Adrià de 

Besós, 08930, Barcelona, Catalunya, Spain. 

3 ICREA, Pg. Lluis Companys, 08010, Barcelona, Catalunya, Spain.

4 ENFOCAT, Universitat de Barcelona, Martí i Franquès 1, 08028 Barcelona, Catalunya, 

Spain. 

Figure S1: Gas sensing measurement setup 
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Figure S2 EDX spectra of (a) WO3, (b) randomly oriented CeO2 decorated WO3 nanowires 

and (c) CeO2 decorated WO3 nanowires with floral tops. The elements corresponding to various 

peaks are indicated. 

Figure S3 TEM images and size distribution details of CeO2 nanoparticles. 
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Figure S4 Resistance change of (a) WO3, (b) randomly oriented CeO2 decorated WO3 

nanowires and (c) CeO2 decorated WO3 nanowires with floral tops towards 5 ppm ethanol at 

250oC 
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The theory of power law which can be formulated as [1]–[3]: 

R = ACƞ

Applying natural logarithmic on both sides 

ln R =  ƞ ln C + ln A 

Where C is the concentration, R is the response and A is a constant. Using the above relation, 

the ln R vs ln C is plotted are shown below. CeO2 decorated WO3 samples show a very good 

linear fit with the equation A and equation B for CeO2 decorated WO3 randomly oriented 

nanowires, and CeO2 decorated WO3 nanowires with floral tops respectively: 

ln R = 0.46 ln C + 1.66      A 

ln R = 0.63 ln C + 2.75       B 

Having R2 = 0.98, R2 = 0.93 values for CeO2 decorated WO3 randomly oriented nanowires,

and CeO2 decorated WO3 nanowires with floral tops respectively. 

According to results achieved using ‘in operando’ spectroscopies, the initial reaction of gases 

with surface oxygen vacancies in WO3 is responsible for the sensing response [4]. The 

annealing process conducted results in pristine tungsten oxide wires that are nearly 

stoichiometric with a low number of surface defects (as supported by PL and XPS results). The 

low concentration of surface oxygen vacancies and the low mobility of bulk oxygen vacancies 

in WO3 explains the low response observed towards ethanol in pristine tungsten oxide wire 

films. In contrast, CeO2 nanoparticles are characterized by having a high number of oxygen 

vacancies and by the high mobility of bulk oxygen vacancies. This results in a high number of 

ionosorbed oxygen surface species in CeO2 NP loaded WO3 films, and thus, in a high number 

of adsorption and reaction sites for ethanol molecules. CeO2 NP loaded WO3 films show the 

typical power law response (G [EtOH]r) found in metal oxides (Figure S5), where r is close 

to 0.5. This is indicative that O- may be the dominant oxygen surface species in the reaction 

with ethanol [5]. 
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Figure S5 ln response vs ln concentration plot showing sensitivity towards ethanol. 

Figure S6 Baseline resistance change with increase in temperature; (a) WO3, (b) randomly 

oriented CeO2 decorated WO3 nanowires and (c) CeO2 decorated WO3 nanowires with floral 

tops 
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Figure S7 Resistance change of (a) pristine WO3 at 150oC, (b) randomly oriented CeO2 

decorated WO3 nanowires and (c) CeO2 decorated WO3 nanowires with floral tops towards 500 

ppb NO2 at 200oC. 

 

Carbon monoxide (CO) 

Carbon monoxide gas responses were studied at concentrations ranging from 1 to 20 ppm. As 

can be seen from Figure S8, the maximum response towards CO is recorded at 200oC in case 

of CeO2 decorated WO3 nanowires. In case of pristine WO3, the maximum response is recorded 

at 100oC.  However, the pristine WO3 nanowires show significantly low response as compared 

to CeO2 decorated WO3 nanowires. CeO2 decorated WO3 nanowires do not show any response 

below 150oC. The signal to noise ratio is too high to be shown here. The typical resistance 

changes dynamics of the sensors towards 10 ppm of CO at 100oC and 200oC for pristine and 

CeO2 decorated WO3 nanowires respectively is shown in Figure S9. 

UNIVERSITAT ROVIRA I VIRGILI 
BRINGING TRANSITION METAL DICHALCOGENIDES TO THE FOREFRONT: ADVANCEMENTS IN GAS SENSING BEYOND METAL OXIDES 
Shuja Bashir Malik 



256 

Figure S8 CO sensing results for 20 ppm (a) WO3, (b) CeO2 decorated WO3 randomly oriented 

nanowires, and (c) CeO2 decorated WO3 nanowires with floral tops. 

Figure S9 Resistance change of (a) pristine WO3 at 100oC, (b) randomly oriented CeO2 decorated WO3 

nanowires and (c) CeO2 decorated WO3 nanowires with floral tops towards 10 ppm CO at 200oC. 
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Hydrogen (H2) 

The sensors were exposed to 50 and 100 ppm of hydrogen to investigate the sensor responses 

at different temperatures ranging from 150oC to 250oC. Below 150oC and above 250oC, the 

sensor responses towards hydrogen are not significant and reproducible. Decorating WO3 

nanowires with CeO2 enhances the response of the sensors towards hydrogen as can be seen in 

Figure S10. At 250oC, the response of CeO2 decorated floral top WO3 nanowires is twice as 

that of the pristine WO3. 250oC is the optimum temperature in case of all the sensors and above 

250oC, the response towards hydrogen drops suddenly and is not reproducible hence not shown 

here. The dynamics of the sensor response is shown in Figure S11. The sensors showed an n- 

type behaviour, i.e, the electrical resistance decreases when exposed to H2, a reducing gas.  

Figure S10 H2 sensing results for 50 ppm (a) WO3, (b) CeO2 decorated WO3 randomly oriented 

nanowires, and (c) CeO2 decorated WO3 nanowires with floral tops. 
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Figure S11 Resistance change of (a) pristine WO3, (b) randomly oriented CeO2 decorated WO3 

nanowires and (c) CeO2 decorated WO3 nanowires with floral tops towards 50 ppm H2 at 250oC 

Figure S12 Resistance change (a) pristine WO3, (b) randomly oriented CeO2 decorated WO3 

nanowires and (c) CeO2 decorated WO3 nanowires with floral tops towards 20 ppm of ethanol 

in humid environment (50% R.H) at 250oC. 
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Table S1 Average diameter details of pristine WO3 and CeO2 decorated WO3 nanowires. 

Sample Average diameter (nm) 

WO3 167.61 

CeO2 decorated WO3 randomly oriented 178.23 

CeO2 decorated WO3 with floral tops 

Floral top average diameter 

419.89 

798 

Figure S13 Baseline resistance drift with respect to time of sensor operation. (a) pristine WO3 

nanowires, (b) CeO2 decorated WO3 nanowires, and (c) CeO2 decorated WO3 floral tops 

nanowires. 
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Figure S1 Sensor responses as a function of NO2 concentration at 100oC, (a) graphene, (b) 

Sensor A and (c) Sensor B and (d) pristine WS2. 
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Figure S2 Selectivity studies of sensors towards different interfering gas species. 

 

Figure S3 Resistance dynamics of sensors towards 10, 20, 30, 40 and 50 ppb NO2 under humid 

environment (RH 50%) at 100oC, (a) graphene, (b) Sensor A and (c) Sensor B. 
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Figure S1 Thickness analysis of MoS2 layer deposited by airbrushing. 
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Figure S2 Sensor responses towards 5 ppm benzene at 150oC, (a) MoS2, (b) MoS2-Pd_1 and 

(c) MoS2-Pd_2.

Figure S3 Sensor responses towards 80 ppm CO at 150oC, (a) MoS2, (b) MoS2-Pd_1 and (c) 

MoS2-Pd_2. 
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Figure S4 Sensor responses towards 10 ppm ethanol at 150oC, (a) MoS2, (b) MoS2-Pd_1 and 

(c) MoS2-Pd_2.

Figure S5 Sensor responses towards 5 ppm NH3 at 150oC, (a) MoS2, (b) MoS2-Pd_1 and (c) 

MoS2-Pd_2. 
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Figure S6 Normalized sensor resistance change as a function of time in dry (black) and 50% 

relative humidity (red) atmosphere at 150oC towards 5 ppm benzene, (a) MoS2, (b) MoS2-Pd_1 

and (c) MoS2-Pd_2. 

UNIVERSITAT ROVIRA I VIRGILI 
BRINGING TRANSITION METAL DICHALCOGENIDES TO THE FOREFRONT: ADVANCEMENTS IN GAS SENSING BEYOND METAL OXIDES 
Shuja Bashir Malik 



UNIVERSITAT ROVIRA I VIRGILI 
BRINGING TRANSITION METAL DICHALCOGENIDES TO THE FOREFRONT: ADVANCEMENTS IN GAS SENSING BEYOND METAL OXIDES 
Shuja Bashir Malik 



270 

Annex II 

List of Publications 

1. Synergistic effect of CeO2 nanoparticles and WO3 nanowires in gas sensing applications,

Shuja Bashir Malik, Karol V Mejia-Centeno, Paulina R Martínez-Alanis, Andreu Cabot,

Frank Güell, Fatima Ezahra Annanouch, Eduard Llobet. DOI:

https://doi.org/10.1016/j.snb.2023.134879

2. Pd-Nanoparticle-Decorated Multilayered MoS2 Sheets for Highly Sensitive Hydrogen

Sensing, Shuja Bashir Malik, F. E. Annanouch and Eduard Llobet. DOI:

https://doi.org/10.3390/chemosensors11110550

Publications not directly related with the thesis 

1. High-performance UV photodetector based on nickel oxide loaded with low amount

of nitrogen and boron co-doped reduced graphene oxide for bias-switchable

photoconductance, Chiheb Walleni, Nejeh Hamdaoui, Shuja Bashir Malik, Mohamed

Faouzi Nsib, Eduard Llobet. DOI: https://doi.org/10.1016/j.jallcom.2023.173248

Book Chapter 

1. Nanowires for Gas Sensors,  Fatima Ezahra Annanouch, Shuja Bashir Malik, Eduard

Llobet, Frank Guell, Gupta, R.K. (Ed.). (2023). Nanowires: Applications, Chemistry,

Materials, and Technologies (1st ed.). CRC Press. DOI:

https://doi.org/10.1201/9781003296621

UNIVERSITAT ROVIRA I VIRGILI 
BRINGING TRANSITION METAL DICHALCOGENIDES TO THE FOREFRONT: ADVANCEMENTS IN GAS SENSING BEYOND METAL OXIDES 
Shuja Bashir Malik 

https://doi.org/10.1016/j.snb.2023.134879
https://doi.org/10.3390/chemosensors11110550
https://doi.org/10.1016/j.jallcom.2023.173248


UNIVERSITAT ROVIRA I VIRGILI 
BRINGING TRANSITION METAL DICHALCOGENIDES TO THE FOREFRONT: ADVANCEMENTS IN GAS SENSING BEYOND METAL OXIDES 
Shuja Bashir Malik 



272 
 

Publications submitted for publication or in preparation 

1. High-yield synthesis of WS2 via novel sulfurization method for the selective detection of 

NH3 vapors, Shuja Bashir Malik, Fatima Ezahra Annanouch, Ransell D´Souza, Carla 

Bittencourt, Milica Todorović, Eduard Llobet 

2. Graphene functionalized WS2 for detecting ultra-low NO2 concentrations, Shuja Bashir 

Malik, Fatima Ezahra Annanouch, Eduard Llobet 

3. ZnO decorated Graphene-based NFC tag for personal NO2 exposure monitoring during a 

workday, Alejandro Santos Betancourt, José C. Santos-Ceballos, Mohamed Ayoub Alouani, 

Shuja Bashir Malik, Alfonso J. Romero, José L. Ramírez, Xavier Vilanova and Eduard 

Llobet 

4. Electronic excitation induced improved gas sensing behavior in CdxZn1-xO (x=0.4) 

nanocomposite as active layer, Arkapava Das, Shuja Bashir Malik, Fatima Ezahra 

Annanouch, Eduard Llobet, Carla Bittencourt 

5. Selective NO2 gas sensors employing nitrogen or boron doped and co-doped reduced 

graphene oxide, Chiheb Walleni, Shuja Bashir Malik, Ghada Missaoui, Mohamed Ayoub 

Alouani, Mohamed Faouzi Nsib, Eduard Llobet. 

6. Role of Substrate Temperature on the Morphological, Structural and Visible Light-Assisted 

Gas Sensing Properties of WO3 Nanorods Grown via Aerosol-assisted CVD, Luís F. da 

Silva, Francesc Gispert-Guirado, Ariadne C. Catto, Shuja B. Malik, Xavier B. Martínez, 

Renan A.P. Ribeiro, Marisa C. de Oliveira, Waldir Avansi Jr, Frank Güell and Eduard Llobet 

 

 

 

 

 

 

 

 

 

 

UNIVERSITAT ROVIRA I VIRGILI 
BRINGING TRANSITION METAL DICHALCOGENIDES TO THE FOREFRONT: ADVANCEMENTS IN GAS SENSING BEYOND METAL OXIDES 
Shuja Bashir Malik 



UNIVERSITAT ROVIRA I VIRGILI 
BRINGING TRANSITION METAL DICHALCOGENIDES TO THE FOREFRONT: ADVANCEMENTS IN GAS SENSING BEYOND METAL OXIDES 
Shuja Bashir Malik 



274 

Annex III 

    Contribution to conferences 

1. Poster presentation on High-Performance DMMP Gas Sensor using PtO/WS2 hybrid

Nanosheets, Fatima Ezahra Annanouch, Shuja Bashir Malik, Aanchal Alagh, Eduard

Llobet, at TecnaTox 2024.

2. Poster presentation on Operando studies of gas sensors using Near Ambient Pressure (NAP)

XPS: correlation between morphology and electronic structure with the sensing property of

ZnO during exposure to O2 and CO gases at operating temperature, Valmor Roberto

Mastelaro, Eduard Llobet, Shuja Bashir Malik, Frank Güell Vilà, Luís Fernando da Silva,

Ariadne Cristina Catto, Ignacio Villar Garcia, Virginia Pérez Dieste, at 33rd RAU 2023.

3. Oral Presentation on Tungsten disulfide (WS2) flakes synthesized via APCVD for ppb level

NO2 detection, Shuja Bashir Malik, F. E. Annanouch and Eduard Llobet, IBERNAM 2023.

4. Poster presentation on Highly sensitive 2D TMDs based NO2 gas sensors via AACVD and

APCVD combination, F. E. Annanouch, A. Alagh, S. B. Malik, J. F. Colomer, and E. Llobet,

at 14th Spanish Conference on Electronic Devices (CDE 2023)

5. Poster presentation on High-Performance DMMP Gas Sensor using PtO/WS2 hybrid

Nanosheets, Fatima Ezahra Annanouch, Shuja Bashir Malik, Aanchal Alagh, Eduard

Llobet, at IEEE Sensors 2023.

6. Oral Presentation  on Room temperature detection of ppb level NO2 by WS2 sensors, Shuja

Bashir Malik, Fatima Ezahra Annanouch, Eduard Llobet, at IEEE Sensors 2023.

7. Oral Presentation  on ZnO/WS2 hybrid material for NO2 detection via the combination of

AACVD and APCVD techniques, Shuja Bashir Malik, Eduard Llobet, Fatima Ezahra

Annanouch, at EuroSensors 2023.

UNIVERSITAT ROVIRA I VIRGILI 
BRINGING TRANSITION METAL DICHALCOGENIDES TO THE FOREFRONT: ADVANCEMENTS IN GAS SENSING BEYOND METAL OXIDES 
Shuja Bashir Malik 



UNIVERSITAT ROVIRA I VIRGILI 
BRINGING TRANSITION METAL DICHALCOGENIDES TO THE FOREFRONT: ADVANCEMENTS IN GAS SENSING BEYOND METAL OXIDES 
Shuja Bashir Malik 



 

UNIVERSITAT ROVIRA I VIRGILI 
BRINGING TRANSITION METAL DICHALCOGENIDES TO THE FOREFRONT: ADVANCEMENTS IN GAS SENSING BEYOND METAL OXIDES 
Shuja Bashir Malik 


	Front cover - A4
	SBM Thesis Final.pdf
	Back cover - A4



