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Abstract 
 

While technological advancements have improved an individual’s lifestyle, they have 

equally contributed to the emergence of environmental challenges, such as pollution and global 

warming. In particular, the quantity of pollutant emissions in the atmosphere has increased 

considerably, leading to air pollution. Particulate matter and many hazardous gases, such as 

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

hydrogen sulphide (H2S), carbon monoxide (CO), and ozone (O3), are responsible for this 

phenomenon. These gases not only pose a threat to the environment but are also detrimental to 

human health, as they are a leading cause of ailments such as respiratory irritation syndrome, 

lung diseases, and bronchitis, only to name a few. The primary sources of pollutants that 

regularly deteriorate natural environmental conditions include continuously rising population, 

industrial emissions, automobile exhaust, and open burning of waste disposal. According to 

studies, air pollution is the leading cause of death, accounting for one out of every nine deaths 

each year. Furthermore, nearly 92% of the world's population lives in locations with poor air 

quality, putting them at significant risk of premature death. The detection of such gases is an 

urgent requirement, and experts all around the world are striving to develop a solution. In this 

context, cheap, miniaturized, portable, and durable gas sensors that allow precise 

measurements of air contaminants are required.  

The most widely employed materials in gas sensing applications, semiconducting metal 

oxides, show significant drawbacks such as high-power consumption, poor long-term stability, 

limited selectivity and, particularly, high humidity cross-sensitivity. As a result, in the last few 

years, considerable efforts have been directed toward the development of room temperature 

gas sensors for application in consumer electronics, wearables and wireless sensing networks. 

Consequently, 2D materials such as transition-metal dichalcogenides (TMDs), have emerged 

as viable materials for gas sensing applications. These next-generation materials have the 

potential to improve the sensing parameters, such as sensitivity, selectivity, stability, and speed 

(response-recovery time) of gas-sensitive materials. This is owing to their inherent unique 

properties, which include nanoscale thickness, large specific surface area, abundant active edge 

sites, and high sensitivity to gas molecules at lower temperatures and even at room temperature. 
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The gas sensing materials investigated in this thesis can address the aforementioned 

issues, either in their pristine form or after some functionalization. In this respect, this thesis 

presents chemoresistive gas sensors based on various TMDs materials.  

While the literature describes several methodologies for fabricating these 2D layered 

materials, achieving an edge enriched morphology is crucial for gas sensing applications. 

Therefore, the present doctoral thesis is dedicated to the development of these 2D layered 

materials to develop such a morphology with an aim to implant them as chemoresistive gas 

sensors. In this regard, a facile synthesis route is developed via a combination of the aerosol-

assisted chemical vapour deposition (AA-CVD) method with/without H2-free atmospheric 

pressure chemical vapour deposition (APCVD) to develop 3D assemblies of TMDs materials, 

such as WS2, MoS2, WSe2, WS2/Cu2O, WS2/PtO and WS2/PdO. 

In the line of research, the first chapter discusses the state-of-the-art and provides an 

overview of the conventional gas-sensitive materials studied in the literature. 2D materials that 

are advantageous for gas sensing applications are also discussed. This includes materials from 

Graphene to its descendants (Graphene oxide, GO, CNT) to several other 2D materials (black 

phosphorous, MXene, hBN). Among them, the advantages, and properties of using inorganic 

analogues of graphene, such as TMDs are elaborated. Also, the different synthesis approaches 

found in the literature are well-studied and detailed. In the end potential application of these 

next-generation materials in the field of electronics, spintronics, biomolecules detection and so 

on, is also studied. 

The second chapter discusses the effect of two different morphologies of WS2 

(nanotriangles and nanoflakes) on the gas sensing properties, achieved by adopting a 

combination of AACVD and APCVD techniques. The results demonstrate that the final 

morphology of WS2 films depends mainly on that of pre-deposited WO3 layers. From the gas 

sensing point of view, the highest sensitivity was recorded for the WS2 nanotriangles sensor, 

with an unprecedented ultra-low detection limit below 5 ppb. Additionally, this material has 

demonstrated its ability to detect 800 ppb of NO2 even when operated at room temperature (25 

°C). The high sensitivity observed for the WS2 sensor is attributed to the porous surface and 

the increased number of sulphur edges in WS2 NTs, which were created by the random 3D 

assembly of WS2 nanosheets on WS2 nanoneedles. Furthermore, WS2 NTs have shown 

excellent response stability during long-term stability tests conducted over 8 months. Hence, 
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these results shed light on the important role played by the morphology in enhancing sensor 

performance. 

 Numerous reports in the literature suggest enhancing the gas sensing characteristics of 

TMDs by modifying their surface chemistry, either by noble metal decoration or 

functionalization with other materials, for instance, decoration with metal oxides. In this 

regard, the third chapter of this thesis focuses on improving the selectivity of WS2NTs sensors 

for the detection of hydrogen sulphide gas. This gas is of particular interest as it poses serious 

threats to humans. Hence, a chemoresistive sensor was fabricated by using a hybrid material 

consisting of copper-oxide nanoparticles-decorated multi-layered tungsten disulfide 

nanostructures (Cu2O/WS2). The gas-sensing studies performed show that this hybrid 

nanomaterial has an excellent sensitivity towards hydrogen sulphide (11-times increase in 

response compared to that of pristine WS2 sensor) at moderate temperature (150 °C). 

Additionally, functionalization of pristine WS2 sensor with Cu2O nanoparticles further 

enhances the gas sensing performance towards the targeted gas even at room temperature (13-

times increase in response compared with that of pristine WS2 sensor). Moreover, results 

obtained from humidity cross-sensitivity of Cu2O/WS2 sensor indicate superior gas sensing 

response (with a negligible decrease in response) as compared to pristine WS2 sensor, when 

the ambient humidity is increased to 50%, which is rarely found in metal oxide-based sensors. 

To further enhance the sensitivity of 2D layered TMDs materials at room temperature 

they were loaded with different metal oxides and the gas sensing properties of metal oxides 

loaded TMDs have been explored in the following chapter- 4. The sensing results revealed 

that loading of WS2 nanosheets with either PtO or PdO ions significantly increases their gas 

response towards NO2 (i.e., double the response as compared to pristine WS2 sensor from 10% 

to 26.5%, thereby lowering the detection limit of the sensor (lower than 25 ppb after loading, 

which is far lower than that of pristine WS2 gas sensor), at room temperature. Moreover, this 

study takes advantage of an appealing method for adding functionality to the transition metal 

dichalcogenide host matrix. 

To elucidate the gas sensing properties of other TMDs material, tungsten diselenide 

(WSe2), a tungsten-based dichalcogenide with close similarities to WS2 was investigated and 

the corresponding results are presented in the fifth chapter of this thesis. Instead of 

sulfurization, the synthesis procedure uses the inclusion of H2 gas during the APCVD process 

to selenize the WO3 nanomaterial. The integration of as-synthesized, 3D WSe2 with unique 
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structural arrangements resulted in exceptional gas sensing characteristics with dual selectivity 

towards NH3 and NO2 gas. Additionally, the selectivity of the sensor can be tuned by selecting 

its operating temperature (150°C for NH3 and 100°C for NO2). Moreover, when detecting NH3 

gas, the sensor demonstrated great resilience against high levels of ambient humidity (Rh = 

50%), demonstrating its remarkable stability. 

Following that, MoS2, one of the significant and well-studied TMDs, is also 

investigated to highlight its gas sensing characteristics toward various gaseous pollutants such 

as NO2 and NH3. To build edge enriched 3D assemblies of MoS2 nanosheets, the growth 

mechanism is examined in-depth, in the sixth chapter of this thesis. The synthesis was carried 

out using a single-step atmospheric pressure CVD method and the gas flow rate was explored 

as an important parameter to have such morphology. In contrast to earlier researched materials 

that demonstrated p-type behavior towards the same gases, this material's gas sensing 

characteristics exhibit an n-type semiconducting activity towards the analyzed gases (NO2 and 

NH3). Furthermore, it was revealed that the sensor's resistance to high levels of ambient 

humidity is enhanced by the vertical development of edge enriched MoS2. 

Finally, the research conducted in this thesis investigates a novel and simple method 

for fabricating these 2D layered materials with excellent scalability and reproducibility, as well 

as their use as gas-sensitive materials. Moreover, this research work exploits an attractive 

pathway to add functionality to the transition metal dichalcogenide host matrix. Also, a wide 

variety of analytical techniques have been used to characterise the surface morphology, 

topography, and chemical composition of the produced films. Furthermore, it was observed 

that by functionalizing and doping with different nanomaterials, significant improvements in 

sensitivity, selectivity, response/recovery time, and humidity tolerance were achieved.  
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Chapter-1 

Introduction 

5.1 State of the art 

According to the World Health Organization, anthropogenic air pollution is responsible 

for an estimated 7 million premature deaths worldwide in 2021 [1]. Inhalation of small 

pollutants prevalent in the air, which may swiftly permeate into the circulatory and respiratory 

systems, causing heart diseases, lung cancer and chronic obstructive pulmonary disease is 

killing millions of people every year [2]. As per statistics, air pollution is the biggest cause of 

death, accounting for one out of every nine fatalities each year. Unfortunately, around 92% of 

the world's population lives in places with poor air quality, leaving them in danger of death and 

disability. Apart from the toxic effects on human health, these gases pose serious environmental 

repercussions and are a leading cause of climate change, contributing to global warming, acid 

rain, and changes in soil quality, thereby affecting the growth of plants along with the 

groundwater quality [3]. According to the Organization for Economic Co-operation and 

Development (OECD), the economic consequences of air pollution are estimated to be in the 

billions of dollars each year globally. Several hazardous gases, such as nitrogen oxide (NO), 

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

hydrogen sulphide (H2S), carbon monoxide (CO), and ozone, are major contributors to air 

damage (O3).  

Among all, one of the five key pollutants that degrades ambient air quality is nitrogen 

oxides (NOx), namely NO2 [4] which is mainly produced by high-temperature combustion 

processes, common in industrial operations and automobile emissions. Moreover, NO2 is 

associated with the formation of ground-level ozone, acid rain, and inorganic particulate matter 

in the stratosphere. It is a life-threatening pollutant that can cause respiratory problems, chronic 

bronchitis, asthma, and a variety of heart and lung diseases, depending on the duration of 

exposure [2][5]. As a result, the stipulated airborne acceptable exposure limit of NO2 set by the 

Occupational Safety and Health Administration (OSHA) is 5 ppm, which cannot be exceeded. 

Furthermore, the American Industrial Hygiene Association has set a 5-minute emergency NO2 

exposure limit of 35 ppm, because exposure above this concentration might trigger skin issues 
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and respiratory problems [1]. As a result, it is now more important than ever to continuously 

monitor and analyse air quality. 

 H2S is another toxic gas which is naturally found in crude petroleum, volcanoes, natural 

gas, hot springs etc [5]. It is also discharged as a by-product in more than 70 industries including 

food processing, water treatment, petroleum refining, natural gas production and paper mills to 

name a few [6][7]. It has a distinct odour depending on the concentration present; for example, 

at concentrations below 5 ppm, it has a characteristic rotten-egg stench, yet at higher 

concentrations beyond 100 ppm, it deadens the sense of smell, making it a silent threat for 

potential victims [8]. The health effects of such a deadly gas are determined by the 

concentration and time of exposure. For example, a little exposure to such a noxious gas can 

cause blurred vision, whereas when exposed to higher concentrations it might even lead to 

corneal ulcers, ultimately causing permanently impaired eyesight. Furthermore, at 

concentrations exceeding 100 ppm, the gas affects the human neurological system, causing 

paralysis and, in the case of prolonged exposure, it can even lead to death [9]. Apart from the 

health risks, sulphur compounds can also corrode steel, carbon, and other metallic surfaces, 

resulting in financial losses. As a result, the permissible concentration of H2S (as suggested by 

the Scientific Advisory Board on Toxic Air Pollutants in the United States) is set between 20 

and 100 parts per billion (ppb) [10]. In this regard, continual monitoring of H2S gas levels is 

required to prevent leaks and minimize exposure. 

Similarly, ammonia (NH3) is a highly detrimental and poisonous gas that has a similar 

impact on human health as earlier mentioned for NO2 and H2S. However, it is the most widely 

used chemical in agriculture (for fertilisers), food manufacturing, and textile industries and has 

played a vital role in scientific research [11], also generated through vehicular emission [12].  

It is a toxic gas that is detrimental to human health and the environment at higher concentrations 

[13]. When exposed at lower concentrations, it can cause coughing and irritation of the nose 

and throat, whereas, at higher concentrations it is highly toxic and can cause respiratory shocks 

which can even lead to death. Thus, the Occupational Safety and Health Administration 

(OSHA) has set a limit of 25 parts per million (ppm) (for 8 hr TWA) and 35 ppm (for 10 mins) 

above which it can cause significant health issues [14].  

Table-1 gives an insight regarding the threshold values for some of these pollutant 

gases established by the European Union (EU) and the National Ambient Air Quality Standards 

(NAAQS) in the United States. To give a comparison, the LOD of some of the best performing 
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sensors that are reported in literature is also presented. Even though the published research 

shows that these MOS gas sensors can operate within these limits, these systems are still in the 

research and development stage.  

Table 1 Threshold values for NO2, SO2, O3, CO, CO2, H2S and NH3 pollutants in the ambient atmosphere. 

Pollutant US 

Threshold 

Limits [1] 

EU 

Threshold 

Limits [1] 

LoD of the best-

performing sensors 

reported in literature 

References 

NO2 53 ppb 40 ppb 5 ppb [15] 

SO2 75 ppb 130 ppb 38 ppb [16] 

O3 70 ppb 120 ppb 20 ppb [17] 

CO 9 ppm 10 ppm 1 ppm [18] 

CO2 N/A N/A 150 ppb [19] 

H2S 20-100 ppb - -  

NH2 25 ppm 20 ppm 1 ppm [11] 

 

In this respect, gas sensors are employed as an environmental monitoring method in a 

variety of places. Nowadays, all the new constructions including offices, buildings, and 

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

Moreover, some researchers have even declared the first decade of the 21st century as a “Sensor 

Decade¨ [20]. Gas monitoring with drones, wearable gas sensing devices and the internet of 

things (IoT) sensor arrays for multi-gas sensing are some of the more contemporary 

applications of gas sensing products. As a result, the sensor industry has grown tremendously 

in recent years. The global sensor industry is estimated to be worth $190 billion by 2021 

(Figure. 1), and it is predicted to reach $1 trillion by 2025 [20]. 
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Figure 1 Global Sensor Market (2013-2021) demonstrates a spike in 2021. 

5.2 Gas Sensors 

A gas sensor is any device that can detect the presence and quantity of an analyte (such 

as poisonous or explosive gases and vapours, volatile organic compounds (VOCs), humidity, 

and odours) and generates an electrical or optical signal in response.  

There are many different types of gas sensors that have been developed throughout the 

years using different sensing materials and methodologies. They are namely, infrared 

absorption, electrochemical, catalytic combustion, thermally conductive, solid electrolyte, 

paramagnetic and metal oxide semiconductor sensors. 

While each variety has its own set of benefits, it also has its own set of limitations. 

Electrochemical sensors, for example, are the most widely used due to their selectivity, wide 

operating temperature range, and low cost. However, they have a few drawbacks, such as short 

life, limited storage period, and high temperature and humidity-dependent sensitivity, making 

them incompatible for many applications. Table-2 presents a comparison between the different 

types of sensors based on different sensor parameters, given by Korotcenkov [12].  
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Table 2 Comparison of different types of gas sensors [12] 

 

Among these, the chemoresistive type gas sensors have attracted major interest since 

they have a plethora of advantages over other sensors in terms of their ease of fabrication, 

simplicity of use, and low cost. 

Chemoresistors are a class of gas sensors that consists of a gas-sensitive material 

which interacts with the analyte and generates some response as an electrical signal, which 

corresponds to the change in the electrical resistance/conductance. The change in resistance 

results from the change in the concentration of charge carriers due to the interaction of the 

sensing layer with the gas molecules[21].  

An example of a typical chemoresistive gas sensor employed during this research work 

is demonstrated in Figure. 2. For this research work two varieties of substrates were used as 

demonstrated in Figure. 2b and c. The first is a silicon wafer, which is oxidised to form a 

silicon oxide layer on top (300 nm thick). On the front side, two platinum wire contacts were 

made on the deposited/grown material, using silver epoxy paste. On the back side, an alumina 

hotplate is pasted, which comprises a platinum screen printed heater to control the operating 

temperature of the sensor. Afterwards, the whole wafer, consisting of platinum electrodes and 

heater is wire bonded to a printed circuit board (PCB). 
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Figure 2 (a) Schematic and (b) a picture of WS2 sensor fabricated over a silicon substrate. (c) Alumina 
transducer substrate was used to deposit WO3 nanomaterial (green colour) and sulfurized to deposit WS2 

nanomaterial (black colour). 

Several parameters govern a sensor’s performance, such as response, sensitivity, 

selectivity, limit of detection (LoD), speed (response and recovery time) and stability. The gas 

sensing response of a sensor is defined as the percentile change in the baseline resistance of the 

sensor when exposed to a target gas. For instance, the response of a p-type material-based gas 

sensor towards an oxidising gas is calculated by using equation (1), while when exposed to a 

reducing gas, the sensor response is calculated by using equation (2). 

𝑅𝑅𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑅𝑅(%) = 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅−𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅

∗ 100                                                (1) 

 𝑅𝑅𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑅𝑅(%) = 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅−𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅

∗ 100                                                (2) 

Here Rair is the sensor resistance in the air whereas Rgas is the resistance in presence 

of analyte gas.  

 

Selectivity refers to the characteristics of a gas sensor that determine whether it can 

distinguish and respond to a target gas amid a mixture of various gases. It is an important 

attribute for air quality sensors, since several gaseous species can produce variations in the 

electrical resistance of the sensor at ppb or ppt levels, much like the target gas. 

 

The sensor's limit of detection (LoD) is defined as the lowest concentration of gas 

analyte that it can detect. It is a crucial factor to consider when developing sensors for detecting 

gaseous contaminants in real-time. Table-1, for example, shows the threshold limits for some 

of the pollutants found in the environment, as determined by the National Ambient Air Quality 

Standard (NAAQS) in the US and European ranges, as well as the current LoD of some of the 

best gas-sensitive materials documented in the literature. 
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The response time (Tres) is defined as the time taken by the sensor to obtain 90% of 

the total resistance change when exposed to the target gas and recovery time (Trec) is defined 

as the time taken by the sensor to retrieve 90% of the total resistance change upon removal of 

the target gas.  

 

A sensor's stability, or repeatability, relates to its ability to deliver the same signal over 

time when exposed to the same quantities of a target gas. 

 

A homemade gas sensing detection system was used for evaluating the sensing 

characteristics of different TMDs materials employed during this research work, namely, WS2, 

MoS2, WSe2, WS2/Cu2O, WS2/PdO and WS2/PtO.  A schematic diagram of the homemade gas 

sensing detection system is shown in Figure.3. 

The sensors were either prepared on silicon substrates (oxidised previously) or on 

commercial alumina transducers. Depending on the type of substrate used to prepare the sensor, 

the testing chamber was chosen. The as-fabricated sensors (on commercial alumina ) were then 

placed inside a homemade Teflon test chamber of 35 mL in volume. This testing chamber is 

capable of measuring 4 sensors simultaneously. It was connected to a fully automated, 

continuous gas flow measurement set-up able to supply diluted gas mixtures as well as 

humidified gas mixtures using a mass flow controller (Bronkhorst High-Tech B.V.) and electro 

valves. The gases employed for testing were used from calibrated gas cylinders balanced in dry 

synthetic air (Air Premier purity: 99.999%). The operating temperature of the sensor was 

controlled by connecting its heater to an external power supply (Agilent, model 3492A). 

The sensing measurements were done by recording the change in electrical resistance 

of the sensor upon exposure to several different concentrations of target gases such as NO2, 

NH3, H2, CO, H2S and C6H6 at different operating temperatures ( 25°C, 100 °C and 150 °C). 

The sensors were initially kept in a dry airflow for a period of 2 h before any gas sensing 

measurements to stabilise their baseline resistance. Then the sensor was exposed to a given 

concentration of gaseous species for 10 mins followed by 50 min exposure to dry air to 

stabilise. The electrical resistance of the sensor was measured by using an Agilent-34972A 

multimeter. The gas flow and humidity were controlled using mass-flow controllers (MFC). 

Throughout the tests, the overall flow rate was maintained at 100 mL/min. To evaluate the 

humidity interference, certain tests were done in a humid environment (e.g., 50 % R.H or 70 
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% R.H at 25 °C). While the sensors were exposed to varying concentrations of the target gas 

the humidity level was kept constant.  

 

Figure 3 Schematic demonstrating a homemade gas sensing detection system. 

5.3 Gas Sensitive Materials 

In the past few years, extensive research has been conducted on gas-sensitive materials 

that can be employed in chemoresistors. These include investigations on conducting polymers 

(such as polyaniline or polypyrrole), nanomaterials such as nanoparticles, graphene, carbon 

nanotubes and metal oxide semiconductors. Metal oxide-based chemoresistors, on the other 

hand, have always been in high demand, and research to increase the performance of these 

materials has continued to this day. For instance, Figure. 4 provides a comparison between 

some of the gas-sensitive materials commonly used in chemoresistors for NH3 gas detection. 

As demonstrated, semiconducting metal oxides-based sensors outperform when compared to 

catalytic metal, conducting polymers, and optical sensors, as shown [12]. 
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Figure 4 Comparison of several sensor materials for NH3 detection based on their response time [12] 

5.3 Metal Oxide Gas Sensors 

Metal oxide-based gas sensors have attracted wide attention for a variety of 

applications, including environmental monitoring, household safety, public security, medical 

sector, automotive and chemical industry.  

There are several different methodologies for growing these materials, such as sol-gel, 

thermal oxidation, solvothermal, CVD, hydrothermal, and electrodeposition, where each one 

offers some advantages as well as has some limitations, for instance, the sol-gel technique is a 

commonly used method however precise control and choice of surfactants is crucial [22].  

Although chemoresistive metal oxide-based gas sensors require a high operating 

temperature of around 300°C, several successful approaches to reduce power consumption 

have been developed, including i) light-activation ii) noble metal decoration, iii) hetero-

junction engineering, and iv) non-oxide materials. On the other hand, noble metal decoration 

and hetero-junction engineering were more effective in altering the selectivity of the gas 

sensors, permitting good detection at a little lower temperature while being less effective in 

lowering the overall working temperature to near room temperature (RT). At room 

temperature, light-activated gas sensors function well, but light sources consume a lot of power. 

As a result, active gas sensing materials should be replaced with alternative, room-temperature-

operating sensitive materials. 
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However, the lack of selectivity and high working temperature of traditional materials 

has resulted in a surge in demand for novel materials. Moreover, for effective monitoring of 

environmental contamination and large-scale application, it is essential to develop cheap, 

reliable, low-power, and miniaturized solid-state gas sensors that can detect and monitor trace 

level concentrations of these noxious gases in real-time for air-quality monitoring and human 

health protection. 

5.5 Transition Metal Dichalcogenides - Overview 

Graphene, with a honeycomb lattice structure, is the pioneer in the realm of 2D layered 

material. It is regarded as one of the most promising materials for post-silicon devices due to 

its high electron mobility and atomic thickness. It was first discovered by the Geim's group and 

has also been awarded the Nobel Prize in 2004 for mechanical exfoliation of a single atom 

thick graphene sheet from graphite. Since its discovery, scientists all around the world have 

been working to explore its applications in every field. Among them, one of the most promising 

fields is gas sensors, where a graphene-based sensor has been used to detect a single molecule 

of NO2. Despite the exciting properties, its zero-bandgap nature limits its application in some 

areas such as in semiconductor electronics. To overcome this drawback, several methods have 

been explored to modify the band gap of graphene via electrical/chemical functionalization. 

However, these methods have their own disadvantages of increasing complexity and reducing 

carrier mobility.  Moreover, for gas sensing applications, the main drawback of graphene-based 

gas sensors is their sluggish response and incomplete baseline recovery after a sensing process, 

thus degrading the reproducibility of the sensor. 

Consequently, the surge for new materials has led to the exploitation of other 2D 

materials. Every year, the 2D library expands, which includes over 150 unique, layered 

materials that may be readily divided into sub-nanometer-thick materials to form atomic sheets 

with distinctive characteristics[23]. This includes materials such as transition-metal 

dichalcogenides (TMDs) which are regarded as the inorganic analogues of graphene (GR), 

hexagonal boron nitride (h-BN), black phosphorus (BP, also known as phosphorene), MXenes 

to name a few. Based on their chemical composition and structural arrangements, these 2D 

layered materials can be classified as metallic, semi-metallic, semiconducting, insulating, or 

superconducting, an illustration is shown in Figure. 5.  
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Figure 5 Spectral properties, atomic structures, and band diagrams of various 2D materials. 

Among these materials, the first graphene descendants that attracted major attention are 

TMDs. They share many of the same characteristics as graphene, including transparency and 

flexibility, but unlike graphene, they exhibit exceptional electrical and chemical properties due 

to their semiconducting nature. As a result, they are becoming the target of research and have 

found plentiful applications spanning from nanoelectronics and nanophotonics to nanosensing 

[24]. Indeed, their properties like layer-dependent bandgap, a high surface-to-volume ratio 

which provides large active sites, high electrical conductivities, and low electrical noise make 

them a promising material for future technology. The highly reactive edge sites of transition 

metal dichalcogenides (TMDs) are particularly remarkable. For instance, for sensing 

applications, TMDs with a high d-orbital electron density at their edges can serve as chemically 

active sites for direct interaction with target gas molecules [25], as a result, they have attracted 

many researchers from the chemical and biosensing sector.  Moreover, these materials can be 

easily altered by modifying the basal planes, dangling bonds at the edge site and surface 

functionalization by doping with different materials.  

Apart from their exceptional chemical properties, TMDs exhibit exceptional physical 

properties such as high mechanical strength and good optical transparency. As a result, they 

are a good fit for the next generation of flexible and wearable electronics. Moreover, they have 

a significant potential to be turned into miniaturized, low-power transistors that are more 

efficient than the current silicon-based transistors [26].  
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The science of 2D materials is rapidly developing, and the quest for alternative 2D 

materials outside graphene is not restricted to only TMDs. In the constantly expanding worlds 

of 2D materials, new 2D materials such as silicene and phosphorene are formidable rivals. 

Several theoretical investigations have addressed the fundamental features of these novel 2D 

materials; however, due to stability concerns, experimental prospects are still in their infancy. 

 

Figure 6 (a) Transition metal elements (M) that form layered structures are highlighted with red dotted box in 
the periodic table and Chalcogen elements (X) are indicated by the green dotted box, (b) illustration of MX2 

Layered structure.  

5.6 TMDs Properties 

5.6.1 Crystal and Band Structure 

In total there are more than 40 different types of TMDCs which include metals (like 

VSe2 and TiS2), semimetals (such as MoTe2 and WTe2) and semiconductors (like WS2, MoS2 

etc). Similar to GR, this class of materials has a layered structure. They are represented by the 

chemical formula MX2 and have a X-M-X architecture, where M represent a transition metal 

atom (such as Mo, W, Re, V, Nb, Ti, Zr and so on), and X indicates a chalcogen atom (like S, 

Te, or Se), as shown in Figure.6b. In general, TMDs materials that belong to the groups IV- 

VII are in a layered structure, whereas the materials that are from groups VIII to X exist in a 

non-layered structure. A monolayer of WS2 which is one of the principal materials of this 
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research work can be considered as a sandwich structure in the form of S-W-S. The S atoms 

are arranged in two hexagonal planes separated by a plane of metal atoms. The atoms in these 

three layers are bonded together by strong covalent intralayer bonds, while weak Van der Waals 

forces of attraction stack the layers on top of one other to create bulk materials. The sandwich 

has an interlayer spacing of ~6.5-7 Å, which makes it simpler to exfoliate the bulk material into 

a few layers by taking advantage of the weak interlayer attractions (vdW forces). The bond 

length of M-M bond lies in the range of 3.15-4.03 Å, which is dependent on the size of the 

metal and chalcogen atoms. 

 

Figure 7 Metal coordination, stacking sequence and top view of the three polymorphs of TMDs, namely 1T, 2H 
and 3R. 

The structures of 2D TMDs can be classified as trigonal prismatic (hexagonal, 2H; in 

monolayers, the prefix 2 is redundant) octahedral (tetragonal, T), or distorted phase (T´) 

depending on the arrangement of the atoms, as illustrated in Figure. 7. For instance, in H-phase 

WS2 each W atoms are prismatically coordinated to six surrounding S atoms, resulting in a 
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hexagonal symmetry from the top view (Figure 7a). While in the case of the IT phase, a single 

layer has a trigonal chalcogen layer on the top with a trigonal antiprism layer (180-degree 

rotated structure) at the bottom, thereby resulting in a hexagonal symmetry from the top view. 

As the name suggests, in the distorted 1T´phase the metal atoms are distorted or dimerized as 

a result there is an atomic displacement of chalcogen atoms resulting in the structural 

modifications (as shown in Figure 7a). The bulk TMDs can be categorised into three different 

polymorphic structure based on different coordination phases and stacking sequence: 1T, 2H, 

and 3R, where the integers represent the number of layers in the stacking sequence while the 

letters correspond to the type of symmetry, namely, tetragonal (T), hexagonal (H), and 

rhombohedral (R), respectively [18]. The electronic property of the material varies among the 

different polymorphs. For instance, materials having the 2H or 3R crystal phase exhibit 

semiconducting properties while the 1T phase has semi-metallic or metallic behaviour. The 

different properties of each polymorph are summarised in Table 3. 

Table 3 Properties of different TMD polymorphs. 

Polymorphs 

Properties 1T 2H 3R 

Coordination Phase Octahedral 

(Trigonal anti-

prismatic) 

Trigonal  

prismatic 

Trigonal 

prismatic 

No. of layers in stacking 

sequence 

1 2 3 

Electronic properties Metallic Semiconducting Semiconducting 

Types of symmetry Tetragonal Hexagonal 

 

Rhombohedral 

Stacking sequence AbC AbA BcB AbA BcB CaC 
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Figure 8 Energy band diagram of (a) Bulk MoS2, (b) Few layered MoS2. 

At room temperature, the stable phase of the MX2 material is the 2H phase whereas 1T 

is a metastable phase. Generally, TMDs materials belonging to group IV and V exists in 1T 

phase under ambient conditions.  

5.6.2 Optical and electrical properties 

Despite having structural similarities with graphene, having a wide range of bandgap 

in the visible and IR region, makes these materials a fit match for numerous applications. The 

bandgap of these materials falls in the range of 0-3 eV and can be tuned by varying – layer 

thickness, dopants, defects, and mechanical deformations. Also, as the thickness of these 

materials increases, the band gap reduces, and as the thickness falls from bulk to few layers or 

monolayer, the band gap transitions from indirect to direct, an illustration of the change in the 

bandgap is depicted in Figure 8 5. This transition from indirect to direct band gap results in a 

significant increase in Photoluminescence (PL), which is attributed to the quantum 

confinement and surface effects. The PL spectra are thickness-dependent and, therefore, it is 

obvious that the maximum PL intensity is observed when the thickness is reduced to the 

monolayer.  Table-4 compares the electronic band gap of the three materials studied in this 

thesis (namely WS2, MoS2 and WSe2). 
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Table 4 Electronic properties of various TMDs 

Material Electronic Property Band Gap 

MoS2 Semiconducting Bulk: 1.2 eV 

Monolayer: 1.8 eV 

WS2 Semiconducting Bulk: 1.4 eV 

Monolayer: 1.9 - 2.1 eV 

WSe2 Semiconducting Bulk: 1.2 eV 

Monolayer: 1.7 eV 

MoTe2 Semimetal Bulk: 1.1 eV 

Monolayer:  

 

5.6.3 Mechanical Properties 

Similar to graphene, TMDs are mechanically strong and flexible materials. For 

instance, WS2 monolayer has three layers of atoms (chalcogen-metal-chalcogen), as a result 

2D-WS2 offers a more flexible stacking structure than graphene (S-W-S). Moreover, in 

suspended few-layer MoS2 nanosheets, an extremely high Young's modulus (E) of ~ 0.33 ± 

0.07 TPa has been found [64]. In another study, Bertolazzi et al. [65] found that single-layer 

MoS2 has high in-plane stiffness and E, with values of ~180± 60 N m-1 and ~ 270 ± 100 GPa, 

respectively. The absence of stacking faults, high crystallinity, and defect-free nature of the 

atomically thin TMDs are attributed to the monolayer MoS2 Young's modulus outperforming 

stainless steel (204 GPa) and graphene oxide (207 GPa) [66], which is attributed to the absence 

of stacking faults, high crystallinity, and defect-free nature of the atomically thin TMDs. 

Therefore, with these properties they are a promising material for near-term applications in 

flexible electronics. 

5.6.4 Superconductivity 

TMDs also have superconductivity, which is a fascinating characteristic. The intrinsic 

superconductivity of Group V TMDs such as NbSe and TaS has been fully explored in Ref. 

[59]. To achieve superconductivity in semiconducting multilayer TMDs such as 2H-MoS2, 

WS2, or MoSe2 it requires the establishment of low-resistance metallic behavior [59]. This can 

be achieved by intercalation doping to boost electron concentration [125,126,127]. For 

instance, it has been observed that when metals were introduced into neighbouring MoS2 layers 

in bulk MoS2, the intercalation donated electrons to MoS2, making the material metallic [128]. 
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For instance, intercalation with calcium and strontium, resulted in CaxMoS and SrxMoS 

compounds, which showed superconducting properties at around ~4 K and 5.6 K, respectively.  

Moreover, in recent studies, researchers looked at intrinsic superconductivity in the 1T 

MoS2 phase without using electron injection [133]. It was found that the superconductivity of 

1T-MoS2 crystals was detected under 4 K based on magnetic and electrical studies, and the 

zero-temperature upper critical magnetic field of 1T-MoS2 is calculated to be 5.02 T. 

5.7 Synthesis of TMDs materials 

Up to now, several techniques have been exploited to obtain controlled, homogeneous, 

large-scale growth of mono and few-layer TMDC material. These include various top-down 

and bottom-up approaches, wherein the top-down approach, atomically thin layers are obtained 

from bulk material via techniques like mechanical exfoliation, chemical exfoliation (such as 

Li-intercalation or ultrasonication-assisted liquid exfoliation)[27][28]. 

 

Figure 9 Overview of 2D TMDs synthesis techniques. 

5.7.1 Top-down Approach 

5.7.1.1 Mechanical exfoliation  

Also known by the name ¨scotch-tape¨ method, it has been widely used owing to the 

ease of obtaining highly crystalline mono or few layered TMDs nanosheets from bulk material. 

It is known to be first used by Frindt in 1966, when a bulk MoS2 was peeled down into thin 

molecular layers (∼3.5 nm thick). While mechanical exfoliation produces high-quality mono-
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or few-layered TMDs sheets, it is limited by its low yield of production. As a result, the 

technique is not fruitful for large-scale applications [29][27].  

5.7.1.2 Solution Processing 

In this context, chemical exfoliation provides an alternative route. As an example, 

Figure 10 [29] shows an image of the two key routes adopted for chemical exfoliation to obtain 

atomically thin TMDs materials. Basically, in these techniques, either a liquid (solvent) or 

lithium ions are intercalated into the interlayer spacing of TMDC material. The liquid 

exfoliation technique involves a series of steps, such as (a) dispersion of bulk TMDs material 

into a solvent such as water or alcohol, (b) followed by sonication for few hours, (c) 

centrifugations. This is followed by sonication or chemical reactions resulting in the 

intercalation of lithium ions in these materials [29]. Studies suggest that a solvent with the 

lowest enthalpy of mixing should be chosen to ensure optimal dispersion of the TMD material. 

The solvent's polarity, hydrogen bonding, and Hansen solubility factors must all be considered 

in this step [43, 44]. N-methyl pyrrolidone (NMP) and N-Cyclohexyl-2-pyrrolidone (CHP) are 

the two favoured strong solvents among the several available. However, because of their high 

boiling points and potentially harmful effects on the human body, both NMP and CHP are 

difficult to handle. Other mild solvents that can be utilized as dispersants for 2D TMDs include 

deionized water and alcohols [30].  

In the ion intercalation process, the bulk TMDs material is immersed into a lithium 

containing solution (such as, n-butyllithium) for a long period (more than 24 hours). The 

lithium ion enhances the interlayer separation of the bulk material, making the hydrothermal 

exfoliation process easier. The ions stacked between the layers react rapidly with water during 

the exfoliation process, producing H2 gas. As a result, microbubbles formed due to the 

production of H2 gas which separates the multi-layered TMDs. 

In another technique, electrochemical cells with lithium foil anodes can also be utilized 

to induce interlayer separation in 2D TMDs in addition to intercalation with lithium-containing 

solution [48, 49]. The lithium-ion that intercalates the bulk TMDs is produced by the galvanic 

discharge in the electrochemical cell. This technique is a more effective approach than 

chemical intercalation, and it also requires less time to process. 

In comparison to the mechanical exfoliation technique, when the sheets are produced 

via the chemical exfoliation technique the yield is significantly enhanced, but material integrity 

is lost, and semiconducting characteristics are altered due to a change in structure induced by 
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lithium ions intercalating in between the exfoliated sheets. Moreover, the number of sheets 

produced via Liquid-phase exfoliation is generally multilayers (~ 4-6) and not monolayer [29]. 

Consequently, bottom-up approaches are more favoured for the synthesis of mono/multi 

layered materials.  

Figure 10 Chemical exfoliation approach to obtain atomically thin layer of TMDC materials [29]. 

5.7.2 Bottom-Up Approach  

In case of bottom-up approach the material is grown via self-assembly of precursor 

molecules resulting into bulk material using techniques like chemical vapor deposition (CVD), 

pulsed laser deposition (PLD) physical vapor transport (PVT), MOCVD, ALD, MBE, and wet-

chemical methods (such as hydrothermal, solvothermal). In comparison to the top-down 

approach, bottom-up approach provides more film uniformity over the grown substrates as well 

as produces films of high quality. 

5.7.2.1 Chemical Vapor Deposition 

The CVD process is one of the most efficient routes adopted to grow large scale of 

atomically thin 2D layered TMDs material. The most basic CVD method for growing 2D 

TMDs is the co-evaporation of metal oxides with chalcogen precursors, which results in vapor 

phase reaction and the generation of a stable 2D TMD over a suitable substrate. The growth 

mechanism varies depending on the synthesis process, as the growing material is influenced 

mostly by 3 parameters (a) substrate property, (b) Temperature for the deposition and (c) 

theatomicc gas flux used. Moreover, the final thickness of the grown material depends on the 

concentration of precursors used in the beginning as well as the duration of the growth process. 
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(a) Substrate Property: Nanoscale surface morphology and atomic planes terminating at 

the substrates, as well as lattice mismatching, affect the atomic layer of 2D materials. 

Moreover, research suggests that the surface energy of the substrate influences the 

nucleation and formation of 2D TMDs [80]. 

(b) Temperature: The growth temperature limits the reaction process. During the growth 

process, a randomly deposited adatom will normally travel to the energetically most 

favourable area if the growth temperature is high enough, that is, if the surface diffusion 

is fast enough, resulting in a 3D island development. While in the other scenario, when 

the substrate temperature is too low, however, an amorphous or polycrystalline film 

forms because the adatoms do not have enough kinetic energy to diffuse and reach the 

lowest potential energy location [81].  

(c) Atomic gas flux: Another crucial characteristic for achieving high-quality 2D material 

films is atomic gas flow. Only a sufficiently high vapor pressure allows atomic gases 

to combine and be transported to the substrate. To avoid unwanted reactions during 

vaporized atom transfer to the substrate, vaporized atom stability is essential. 

 

Figure 11 Comparison of advantages and limitations of some of the commonly used synthesis methods for 
TMDs growth where (a) top-down techniques, (b) bottom-up techniques 

5.7.2.3 Pulsed Laser Deposition 
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The ablation of the desired bulk TMD leads to the creation of few-layer TMD films employing 

PLD [63–66]. During this process, a pulsed laser source is used to irradiate the bulk TMD, 

which is placed in a vacuum chamber. The irradiation of a high-intensity laser cause thinning 

of bulk TMDs which is subsequently deposited on a substrate. Due to the varying evaporation 

rates of the two ions, the approach permits control over the proportion of transition metal to 

chalcogenide ions (M:X) in the film. The defect in the produced few-layers TMD sample may 

be minimised by adjusting the M:X ratio [31]. 

5.7.2.3 Hydrothermal synthesis 

The hydrothermal process is carried out in a sealed autoclave at elevated temperatures 

with high pressure. Although the method is simple with wide applicability, it results in the 

growth of TMDs materials with lateral sizes ranging from sub-micrometres to a few 

micrometres. 

Moreover, the wet chemical routes are still in their preliminary stage where the 

electrical and optical properties of the as-synthesised material are not fully explored, hence 

these methods are in infancy.  

Among all the above-mentioned techniques, the most widely used technique to grow 

layered materials for device application is chemical vapour deposition as it is a versatile 

method that offers several advantages over other techniques including, scalability, 

morphological control, controlled growth (lateral as well as vertical) and synthesis of high-

quality films with interesting electronic and optical properties[32]. Figure -11 summarises the 

advantages and limitations of some of the commonly used synthesis techniques used for 

fabricating 2D TMDs. 

In this regard, viable techniques for large-scale multilayer semiconductor synthesis have 

yet to be devised. Hence, in this study a simple and facile route is explored to grow these next-

generation materials directly over commercial substrates. For instance, pristine or metal-oxide 

decorated WS2 films were grown via a novel two-step technique wherein, at first, pristine or 

metal-oxide decorated WO3 nanomaterial was grown by using aerosol-assisted chemical vapor 

deposition technique which was later sulfurized to form pristine, or metal/oxide decorated WS2 

films. The method is described in detail here. [33]  
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1. First step deposition using aerosol-assisted chemical vapour deposition technique 

(AACVD)  

In the first step, either pristine or metal-oxide NPs loaded nanowires of WO3 were 

grown, directly on a commercial alumina substrate, with screen-printed, interdigitated platinum 

electrodes on one side and a platinum resistor heater on the backside. It is a one-step growth 

process achieved via the AACVD method. This technique is widely used to deposit nano and 

microstructures of metal oxides. Pristine nanowires of WO3 were grown using 50 mg of 

tungsten hexacarbonyl (WCO6) dissolved in a solution of 15 mL acetone (CAS: 67–64–1) and 

5 mL methanol (CAS: 67–56–1). The solution was kept in an ultrasonic bath for 20 min. After 

the solution was fully solubilised, it was placed in an ultrasonic bath to convert the solution to 

an aerosol. Nitrogen (N2) was used as a carrier gas and the flow rate was set to 0.5 L/min to 

transport the aerosol to the deposition chamber, where the alumina substrate was kept. Before 

this, the deposition chamber was heated to a temperature of 400 ºC. The growth process took 

approximately 30 min to complete. Afterwards, the chamber was allowed to naturally cool 

down and later the substrate with WO3 nanowires was annealed at 500 ºC for 2 h using a 

carbolite CWF 1200 muffle furnace. Annealing was done to remove any carbon residual left 

from the precursor, resulting in fully oxidised WO3 nanowires. Metal-oxide NPs loaded 

nanowires were fabricated adopting the same procedure and equipment as described for the 

deposition of pristine WO3 nanowires. However, the solution containing precursors and the 

amount of organic solvent used varied. For instance, in the case of PdO/WO3, 25 mg of W(CO)6 

was dissolved in 9 mL acetone and 5 mg of palladium acetylacetonate (Pd(C5H7O2)2) was 

dissolved in 3 mL methanol separately. The solutions were then mixed and sonicated for 15–

20 mins, whereas for PtO/WO3, 25 mg of W(CO)6 was dissolved in 9 mL acetone and 36 mg 

platinum acetylacetonate Pt(O2C5H7)2 was dissolved in 3 mL methanol separately. Again, the 

two solutions were then mixed and sonicated for 15–20 mins. After this, the same procedure 

was followed as described previously for growing pristine WO3 nanowires. However, for 

growing metal-oxide-loaded nanowires the deposition chamber was heated to a temperature of 

350 ºC only instead of 400 ºC. 

2. Second step deposition using atmospheric pressure chemical vapour deposition 

technique (CVD) 

 In the second step of the synthesis, the as-grown WO3 nanowires are sulfurized to form 

WS2 nanomaterial using a quartz tube furnace via atmospheric pressure chemical vapour 
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deposition technique (CVD). This experiment is performed inside an in-house custom-built 

CVD reactor under hydrogen-free conditions. Preceding the sulfurization process, the quartz 

tube is flushed with 0.5 L/min of argon gas to remove any oxygen content present in the reactor. 

Two ceramic boats containing an equal amount of sulphur (S) powder each (>99.95%, Sigma 

Aldrich, CAS: 7704–34–9) are placed at different temperature zones of the deposition furnace. 

One of which is placed inside a secondary semi-sealed quartz tube next to the WO3 nanowires 

and the other sulphur boat is placed outside the secondary quartz tube. The boat outside the 

secondary quartz tube is placed upstream of the argon flow inside the bigger quartz tube. This 

promotes the double sulfurization of the as- grown WO3 nanowires. The furnace is then heated 

from room temper- ature to 900 ◦C with a heating rate of 40 ◦C/min to remove contaminants 

such as water or residual organics. This is done to obtain the nucleation of WS2. The growth 

of WS2 is achieved by allowing the reaction to proceed at 900 ◦C for 60 min under a constant 

flow of argon. It is vital to control all the growth parameters including the gas flow rate, heating 

rate and the quantity of sulphur powder used to obtain homogeneously sulfurized multi-layered 

films of WS2. After the growth phase, the furnace is cooled naturally to room temperature. 

Metal-oxide loaded nanowires were sulfurized adopting the same procedure and equipment as 

described for the sulfurization of pristine WO3 nanowires. Figure 12 (a) and (b) shows an 

image of the home-made setup used for the fabrication of these materials.  

 

 

Figure 12 Homemade two-temperature zone furnace used for atmospheric pressure chemical vapor deposition (APCVD) for 

the sulfurization of pristine and functionalized WO3 to form doped and undoped WS2 nanomaterial. 

Moreover, a similar approach was adopted for growing also WSe2 by simple 

selenization of WO3 nanomaterial. However, the synthesis was carried out in the Namur 
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University and the as-synthesised material was later evaluated for its gas sensing properties. 

The synthesis process is detailed in Chapter-4 of this thesis. 

In an attempt, to grow these 2D layered films in a single step, multilayered MoS2 films 

were grown using the same homemade two temperature zone furnace via controlled growth at 

atmospheric pressure. The method is discussed in detail in Chapter-5 of this thesis. Also, a 

schematic demonstrating the APCVD synthesis setup to grow multilayered films of MoS2 and 

its growth temperature profile is demonstrated in Figure-13. Furthermore, the synthesis 

methods used in this work are not limited to the TMDCs shown and may be applied to a variety 

of other TMDs materials. 

 

Figure 13 A schematic demonstrating the APCVD synthesis setup and MoS2 growth temperature profile. 

5.8 TMDs Applications 

Among the wide variety of TMDs studied so far, Molybdenum/Tungsten 

Sulphide/Selenides (Mo/W/S2/Se2) are known to be chemically stable at ambient conditions 

and therefore have found niche applications in various sectors including energy storage, 

catalysis, photonic devices, chemical sensing, to name a few. For instance, multi-layered MoS2 

has been extensively studied for its transistor application, and potential applications in 

valleytronics, spintronics and sensing. As an example, Figure-14 provides an illustration of 

the different kinds of devices fabricated employing various TMDs [32]. 

5.8.1 Optoelectronic devices 
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Owing to the broad range of bandgap energy from 1.1-2.1 eV, high absorption 

coefficient and ultrafast charge transfer, TMDs are a promising candidate for optoelectronic 

applications [34]. For instance, Lopez-Sanchez et al. [35] developed a monolayer MoS2 

phototransistor which is probed using a focussed laser beam. With a maximum external 

photoresponsivity of 880 AW-1 at a wavelength of 561 nm, the photodetector displayed an 

ultrasensitive behaviour and generated a photo response in the range of 400–680 nm. The direct 

band gap in monolayer MoS2 resulted in a photoresponsivity that was 9000 times higher than 

that of multi-layered devices. The photodevice demonstrated a rise time and drop time of 4 s 

and 9 s, respectively, when the Vds = 8 V and Vg = 70 V was applied. The delayed transition 

from on to off state could be altered. The surroundings of the MoS2 photodevice, such as 

O2/H2O molecule adsorption, may influence the sluggish change between the on and off states 

[35]. To overcome this, Zhang's group constructed a monolayer MoS2 - based photodetector 

with an outstanding switching characteristic [36]. They reported the switching length of only 

50 ms, for the current rise or decay process, which was significantly shorter than the value 

reported by Lopez-Sanchez and colleagues[37]. The calculated photoresponsivity, on the other 

hand, was extremely low, as it could only achieve 7.5 mA/W. 

 

Figure 14 Different kinds of device fabricated employing various TMDs nanostructures. 
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5.8.2 Hydrogen Evolution Reaction (HER) 

The production of new energy has been a prominent concern in academic society due 

to environmental damage resulting from the consumption of non-renewable fossil energy. One 

of the most efficient ways to generate clean hydrogen energy is by electrocatalytic hydrogen 

generation. Noble metals such as Pt have been the most effective electrocatalysts for hydrogen 

evolution reactions (HER) thus far. However, the scarcity of noble metals and their expensive 

price limits their use on a large-scale. As a result, the search for alternate new catalysts is on 

the horizon [28]. In this regard, MoS2 is the first among the layered TMDs to emerge as an 

active hydrogen evolution reaction catalyst. In the 1970s, bulk MoS2 was utilized as a HER 

catalyst, but it had weak catalytic activity (an onset potential of 90 meV and a Tafel slope of 

692 mV/dec)[37]. However, in 2005, Nørskov’s group demonstrated the application of MoS2 

nanoparticles as an active HER catalyst [38]. Since then, 2D nanostructured TMDs have gained 

lots of attention from researchers worldwide as electrocatalysts for HER [39][40][41][42][43]. 

5.8.3 Biosystems: (Biosensors, Food Safety, Medical Diagnostics, and Drug Delivery) 

Medical diagnostics, drug discovery, biosensing and food safety all rely on 

biomolecular detection. Apart from chemical and toxic gas detection, TMDs have evidenced 

significant growth in the field of biosensing. Due to the availability of a large specific surface 

area, these layered materials allow a large number of biomolecules to immobilize on their 

surface, resulting in high efficiency of biomolecules detection [44]. In this regard, many reports 

have demonstrated an increased sensitivity towards the detection of DNA, dopamine, glucose 

and so on [44]. Several studies have been published regarding the high sensitivity of MoS2 

based biosensors for the detection of DNA by taking advantage of the intrinsic fluorescence 

quenching properties of Mo ions [45]. For instance, MoS2 based label-free FET biosensor has 

demonstrated a pH detection sensitivity that is 74 folds higher than graphene-based biosensors 

[46]. Similarly, WS2 based biosensor has shown its capability for the detection of single-

stranded DNA (ssDNA) chains via fluorescence quenching [44]. 

Not only this but TMDs have also been incorporated into the food industry where many 

reports have been published regarding the potential application of TMDs materials in food 

safety for pathogen and toxin detection. For example, Diphenylamine (DPA) is commonly used 

in the food sector to prevent pathogen growth on fruits and vegetables, also while storing food. 

It has poor water solubility, making it difficult to entirely remove it from the surfaces of fruits 

and vegetables. The presence of DPA in food items is hazardous to human health, as it can 
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cause significant disorders such as eczema, hypertension, and other diseases, emphasizing the 

necessity for a sensitive DPA detection system in the food business [47]. Sakthivel et al. [48] 

used a hydrothermal technique to fabricate europium-doped molybdenum diselenide 

nanoflowers (EuMoSe2) sensors that were disseminated on GCE for the electrochemical 

detection of DPA. The as-prepared sensor showed exceptional electrocatalytic activity toward 

DPA with a LOD of 8.8 nM. The sensor was tested to detect the presence of DPA in apple 

juice. It was observed that the sensor exhibited outstanding recovery rates for DPA boosted 

apple fruit juice, ranging from 97 % to 107 %. 

The application of TMDs QDs has also been proposed for cancer radiation therapies. 

Experiments show that the cysteine protected WS2 QDs have substantial catalytic activity in 

the reduction of H2 O2 and O2, as well as exhibit wavelength dependant fluorescence. These 

characteristics made WS2 QDs a promising candidate for improving cell viability and 

removing reactive oxygen species from wounded cells. In vivo tests revealed that the WS2 QDs 

could also protect DNA in irradiated cells from high-energy gamma-ray damage. By 

participating in catalytic processes and avoiding reactive oxygen species, the cysteine protected 

WS2 QDs were able to restore superoxide dismutase and eliminate excess 

Methylenedioxyamphetamine from the liver and lung. Furthermore, around 80% of WS2 QDs 

were efficiently removed by renal pathways a day after injection, and no significant 

toxicological effects were observed up to 30 days after injection, despite the relatively large 

injection dose [49]. 

5.8.4 Gas Sensing Application:  

With the ever-growing economy, there is an increased demand for developing energy-

efficient, cheap, miniaturised, reliable and portable sensors that have a high degree of 

sensitivity and selectivity for the next-generation technologies such as Internet-of-things and 

smart devices. The demand for small, low-cost gas sensors has prompted a surge in the quest 

for novel materials. Transition metal dichalcogenides (TMDs), which are graphene-like 

materials, have emerged as a viable material for the next generation of gas-sensitive materials. 

Additionally, the recent demonstration of scalable synthesis of 2D TMDs has shown that low-

cost sensors can be developed. Furthermore, these materials have sparked a research boom in 

the future generation of flexible and wearable electronics. 

For gas sensing applications, one major advantage that TMDs materials offer is that 

they operate at room temperature, unlike conventional metal oxides-based gas sensors. 
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Moreover, the high surface to volume ratio results in large active sites for gas adsorption 

thereby resulting in a high response. Their high electrical conductivities, and low electrical 

noise (a small change in carrier concentration induced by gas exposure induces significant 

changes in electrical conductivity). The highly reactive edge sites of transition metal 

dichalcogenides (TMDs) are particularly remarkable. TMDs with a high d-orbital electron 

density at their edges can serve as chemically active sites for direct interaction with target gas 

molecules.  These outstanding properties make them a promising material for gas sensing 

applications. Moreover, these materials can be easily altered by modifying the basal planes, 

dangling bonds at the edge site and surface functionalization by doping with different materials 

to enhance their gas sensing properties. For instance, Chapter-1 of this thesis demonstrates a 

WS2 based gas sensor which has shown an unprecedented low detection limit below 5 ppb 

towards NO2 gas detection. In this regard, Table 5 summarises and compares some of the 

reported work on TMDs based gas sensors for the detection of Nitrogen dioxide gas from 

literature while also comparing the synthesis method. Moreover, owing to their diverse 

adsorption mechanism, NO2 and NH3 are the two flagship gases studied during this research 

work, for understanding the fundamental effect of gas sensing. Consequently, Table-6 

summarises all the results obtained during the development of this thesis. 

Apart from NO2, TMDs-based sensors have also been exploited for the detection of 

other toxic gases including VOCs and warfare agents. For instance, in a recent study, WSe2

based sensor has demonstrated an enhanced sensitivity of 8.91 % towards 10 ppm dimethyl 

methyl phosphonate (DMMP) detection. DMMP is a well-known stimulant of the nerve agent 

sarin which is extremely harmful to humans. Moreover, the sensor has a fast response time of 

100 s with 122-ppb limit of detection [50]. Whereas, on the other hand, the difficulty in 

developing VOC sensors is that VOC is made up of numerous compounds (such as benzene, 

ethylene glycol, formaldehyde, and others) with somewhat varied properties. For instance, a 

nanohybrid consisting of cubic Ag-MoS2@m-CN nanohybrid is found to have multifunctional 

capabilities for VOC sensing. By studying molecules of n-butanol, isopropanol, benzene, and 

xylene gas, it was found that at 175°C, all VOC molecules had a short response time (7–15 s) 

with a recovery time of 6–9.5 s [51]. 
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A B S T R A C T

Herein, we report for the first time on the facile synthesis of 2D layered WS2 nanosheets assembled on 1D WS2 
nanostructures by combining the aerosol assisted chemical vapor deposition (AA-CVD) method with H2-free 
atmospheric pressure CVD, for an ultrasensitive detection of NO2. This synthesis strategy allows us a direct 
integration of the sensing material onto the sensor transducer with high growth yield and uniform coverage. Two 
different WS2 morphologies (nanotriangles and nanoflakes) were prepared and investigated. The results show 
that the assembly of layered WS2 nanosheets on a 3D architecture leads to an improvement in sensing perfor-
mance by maintaining a high surface area in an accessible porous network. The sensors fabricated show stable, 
reproducible and remarkable responses towards NO2 at ppb concentration levels. The highest sensitivity was 
recorded for WS2 NT sensors, with an unprecedented ultra-low detection limit under 5 ppb. Additionally, this 
material has demonstrated its ability to detect 800 ppb of NO2 even when operated at room temperature (25 ◦C). 
Regarding humidity cross-sensitivity, our WS2 sensors remain stable and functional for detecting NO2 at ppb 
levels (i.e., a moderate response decrease is observed) when ambient humidity is raised to 50%. An 8-month 
long-term stability study has been conducted, which indicates that WS2-NT sensors show a very stable 
response to NO2 over time.   

1. Introduction

Anthropogenic air pollutants are having a negative impact in human
health, since these are responsible for about 4.2 million premature 
deaths yearly, according to the World Health Organization. [1] Prema-
ture deaths related to ambient air pollution, occur mainly from heart 
disease, chronic obstructive pulmonary disease, lung cancer etc. For 
instance, nitrogen oxides (NOx) and, particularly, NO2 are among the 
five major pollutants that degrade ambient air quality. NOx are gener-
ated from combustion processes, e.g. motor vehicle exhausts. NO2 has a 
direct contribution to the formation of ground level ozone in the 
stratosphere, acid rain and inorganic ambient particulate matter. [2–5] 
Exposure to NO2 may cause respiratory irritation, chronic bronchitis, 

and asthma (53 ppb set as the annual standard by the U.S. Environ-
mental Protection Agency). [6] 

The continuous and widespread monitoring of nitrogen dioxide 
would require using inexpensive sensing technologies. Nowadays, metal 
oxide chemoresistors or electrochemical cells are commercially avail-
able technologies for detecting NO2 [4,6–9]. However, the reliable and 
selective detection of nitrogen dioxide at ppb levels is still far from what 
currently marketed inexpensive sensors can offer. Therefore, it is 
crucially important to develop a new generation of reliable, accurate 
and cost-effective gas sensors that can detect and monitor in real time 
low concentrations of NO2 for air-quality monitoring and human health 
protection. 

Inspired by the intensive research efforts devoted to the application 
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of graphene nanomaterials for gas sensing, [10–13] 2D layered transi-
tion metal dichalcogenides (TMDs) materials have been receiving 
increasing attention and are becoming the target of research in gas 
sensing [14–17]. 2D TMDs consist of a metal atomic layer sandwiched 
between two atomic layers of a chalcogen material (e.g. S, Se, Te). TMDs 
often appear as many 2D layers stacked one above the other by Van der 
Waals forces of interaction [14]. 

Owing to their semiconducting properties, nanoscale thickness and 
large specific surface area, TMDs hold promise for addressing sensitivity, 
selectivity, stability and speed (response-recovery time) issues often 
encountered in gas sensitive materials. [18–20] Indeed, the thinning of 
the bulk material to a single or few layers leads to a drastic change of its 
inherent semiconductor properties, primarily due to the confinement of 
charge carriers in two dimensions (x- and y-directions) due to the low or 
absence of interactions in the z-direction [18]. 

Among the TMDs materials that have demonstrated their usefulness 
in gas sensing application, WS2, MoS2 and SnS2 are the most studied 
[21–25]. They have shown promising results towards various gases and 
vapors of VOCs, at very low operating temperatures. Additionally, TMDs 
could be used as a scaffold material to which functional groups or 
complex molecules could be grafted to tune selectivity, employing 
different approaches such as plasma treatment, low-energy ion im-
plantation/ substitutional doping, covalent or non-covalent functional-
ization. Such materials can be obtained by means of different routes 
including chemical or electrochemical Li-interaction and exfoliation 
[26–28], a mechanical cleavage method [24], liquid-phase exfoliation 
[29], chemical vapor deposition (CVD) [30], and a wet-chemical 
method [31]. 

Despite the past and current efforts to refine the sensing properties of 
these new materials and facilitate their integration to obtain functional 
gas sensor devices, TMDs are still facing many shortcomings such as low 
production yield, difficulties for their integration in standard trans-
ducing substrates and weak gas response. In fact, the adoption of these 
novel materials is somewhat limited by the synthesis processes currently 
employed to grow layered TMDs. As we mentioned above, there are 
numerous methods available for the synthesis of TMDs, however, they 
are subject to specific drawbacks. For instance, mechanical exfoliation 
produces high quality TMDs sheets, but the method cannot be scaled up 

for mass production, given its extremely low yield. In contrast, if the 
same sheets are produced via lithium intercalation exfoliation route, 
yield is substantially increased but with loss of material integrity and 
alteration of semiconducting properties due to a change in structure 
caused by lithium ions intercalating in between the exfoliated sheets 
[32]. Similarly, the production efficiency of TMD nanosheets is high if 
grown via hydrothermal or solvothermal processes at the cost of losses 
in crystalline quality. Moreover, most of the growth techniques 
described above do not allow the direct growth and integration of the 
desired material onto the sensor transducer, since they are not 
compatible with a variety of sensor substrates (e.g., ceramics, silicon, 
silicon MEMS or flexible polymers). Consequently, transfer techniques 
are needed to remove the material from its growth substrate and to place 
it onto the application one, which negatively affect fabrication costs as 
well as the stability of the sensing material (e.g. uncontrolled defects are 
generated in the transfer process or residues from solvents or polymers 
remain at the surface after the transfer process is completed). In an 
attempt to address the issue of poor gas responsiveness, Koo and 
co-workers reported that gas sensitivity could be ameliorated when the 
number of the 2D TMDs edges is increased, since higher catalytic ac-
tivity locates at the edges rather than at the basal plane of the 2D sheets 
[15]. However, most of the techniques reported lead to the formation of 
materials with large basal planes and the assembly of 2D TMDs nano-
sheets into 3D nanostructures remains highly challenging. 

Hence, to overcome all the above-mentioned drawbacks, we report 
for the first time the direct growth on standard ceramic transducers, of a 
3D assembly of WS2 nanosheets on 1D nanostructures, using a two step- 
CVD (it combines the aerosol-assisted CVD and CVD methods) for 
developing NO2 chemoresistive sensors. The nanosheets are grown at 
atmospheric pressure under argon gas flow without H2 assistance. This 
makes the process significantly simple and thermally safe. Two different 
morphologies were grown in the form of 3D assembly of 2D WS2 
nanoflakes (NFs) and/or nanotriangles (NTs) on WS2 nanorods and/or 
nanoneedles respectively. Throughout the paper, these two morphol-
ogies are denoted as WS2 NFs and/or WS2 NTs respectively. Their phase 
composition, morphology, microstructure and chemical composition 
have been characterized. Moreover, the gas-sensing performance of 
these materials towards NO2 have been studied under both dry and 

Fig. 1. (a) AACVD synthesis of WO3 nanomaterials, (b) CVD synthesis of WS2 nanomaterials.  
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humid atmospheres. WS2 NT sensors exhibited very high NO2 responses 
with good stability and, an unprecedented low detection limit below 
5 ppb at low operating temperature was achieved. Furthermore, the 
response towards potentially interfering species such as H2S, H2 and 
NH3 has been studied as well in order to assess NO2 selectivity. Finally, a 
discussion on the NO2 sensing mechanism for the 3D assembly of WS2 
nanosheets is given as well. 

2. Experimental

2.1. Material synthesis

First step deposition: either WO3 nanorods (NRs) or nanoneedles 
(NNs) were deposited directly on alumina substrates (Pt-interdigitated 
electrodes with a gap of 300 μm on the front side and Pt- resistive heater 
meander on the backside, the electrode area was 2.5 mm × 2.5 mm), via 
AACVD (Fig. 1a) using tungsten hexacarbonyl W(CO)6 (50 mg, purity 
97%) dissolved in a mixture of acetone and methanol in a ratio of 3:1. It 
is worth noting that by changing the nitrogen flow during the AACVD 
deposition, the obtained morphology can be varied from NRs to NNs. 
First, the substrates were cleaned with acetone, ethanol and distilled 
water, dried with air and then placed inside a CVD hot wall reactor. 
Next, the precursor along with the organic solvents were mixed in a glass 

flask, sonicated for 20 min and then placed in an ultrasonic bath, to 
convert the mixture to an aerosol. The deposition temperature was set to 
400 ◦C. Nitrogen gas was used as a carrier gas (0.5 L/min to obtain NRs 
and 1 L/min to obtain NNs), in order to transport the aerosol to the 
heated zone inside the reactor. The duration of the complete growth 
process was kept under 45 min. After deposition, the samples were 
subjected to annealing at 500 ◦C for 3 h in dry, zero-grade air at a flow 
rate of 2 L/min. 

Second step deposition: WS2 was synthesized via the sulfurization 
of the previously grown WO3 nanomaterial films using an atmospheric 
pressure CVD technique, as shown in Fig. 1b. For the two different 
morphologies of WO3 nanostructures, the same method of sulfurization 
was adopted. For sulfurization of WO3, S powders (99.5%), purchased 
from Alfa Aesar were used without any further purification. Prior to the 
sulfurization process, the quartz tube was flushed with 0.725 L/min of 
argon to remove any oxygen content in the reactor. Two ceramic boats 
were utilized each one loaded with 0.220 g of sulfur powder. The two 
boats were placed at different temperature zones of the deposition 
furnace such that one was positioned at the 40 ◦C temperature zone and 
the other at 850 ◦C temperature zone (total 0.440 g). WO3 samples were 
placed at the 850 ◦C temperature zone in the downstream of the argon 
flow in the quartz tube reactor. The initial step of sulfurization process 
goes for a span of 30 min wherein the S powder set at the 850 ◦C zone 

Fig. 2. SEM images of (a) WO3 nanorods, (b) WO3 nanoneedles, (c and e) WS2 nanoflakes and (d and f) WS2 nanotriangles.  

A. Alagh et al.

UNIVERSITAT ROVIRA I VIRGILI 
SYNTHESIS AND GAS SENSING PROPERTIES OF TRANSITION METAL DICHALCOGENIDES MATERIALS (TMDS) 
Aanchal Alagh 



Sensors and Actuators: B. Chemical 326 (2021) 128813

40

sublimates. The optimized second sulfurization step was performed by 
inserting the quartz tube in the hot zone of the furnace, such that the S 
powder which was initially placed at 40 ◦C reaches the 400 ◦C temper-
ature zone. The WO3 sample remained at 850 ◦C as the quartz reactor 
was moved over a few centimeters. 

2.2. Material characterization techniques 

The microstructure of the material was characterized using scanning 
electron microscopy (SEM-FEI Quanta 600). The chemical analysis has 
been performed by X-ray photoelectron spectroscopy (XPS), using a K- 
Alpha Thermo Scientific spectrometer. High-resolution transmission 
electron microscopy (HRTEM) (Jeol, JEM-2100) was used to analyze 
crystal structure at the atomic level. XRD measurements were made 
using a Bruker-AXS D8-Discover diffractometer. Lastly, RAMAN spec-
troscopy measurements were carried out using Renishaw in Via, laser 
514 nm, ion argon-Novatech, 25 mW. 

2.3. Gas sensing tests 

The gas sensing properties of the different nanomaterials were 
measured by monitoring the change in electrical resistance of the sen-
sors upon exposure to different target gaseous species (NO2, NH3, H2S, 
H2) at different operating temperatures (25 ◦C, 100 ◦C, 150 ◦C). A Teflon 
test chamber of 35 mL in volume was connected to a fully automated, 
continuous gas flow measurement set-up able to supply diluted gas 
mixtures. Sensors were placed inside this test chamber and their elec-
trical resistance was measured using an Agilent-34972A multimeter. To 
control the operating temperature of a given sensor, its heater was 
connected to an external power supply (Agilent, model 3492A). The 
total flow rate was kept constant at a value of 100 mL/min throughout 
the measurements. Some experiments were conducted under a humid 
background. Since aging often helps achieving more stable responses, 
sensors were kept for a week at 150 ◦C under a flow of dry air before 
their gas sensing properties were investigated. 

3. Results and discussion

3.1. Material synthesis and characterization

Tungsten trioxide NRs and/or NNs were directly deposited on 
alumina substrate using AACVD method. The as-deposited films were 
strongly adherent to the substrate, with dark blue color, which changed 
to light green after annealing (Fig. S1a). The color of the film was again 
changed to dark black after undergoing the process of sulfurization 
(Fig. S1b). The morphology of the synthesized material (WO3 and WS2) 
was examined using a scanning electron microscope. Fig. 2a and b show 
the SEM imaging results of the as-prepared material before it undergoes 
the sulfurization process. The results demonstrate that the starting ma-
terial was composed of either thick nanorods with aggregates of nano-
particles at their tips (Fig. 2a) or thin and elongated nanoneedle 
structures (Fig. 2b). Besides, it is observed that the grown nanostructures 
are randomly oriented, tilted and with homogeneous distribution over 
the substrate. 

Also, SEM images revealed that the morphology of WO3 samples 
(NRs and NNs) changed due to the sulfurization process. These changes 
can be observed very well from the obtained images, as shown in 
Fig. 2c–f. It can be seen that WO3 nanorods were transformed to a 3D 
assembly of 2D WS2 NFs on WS2 NRs, like flower structures with 
multilayered sheets as petals. In contrast, the WO3 nanoneedles, were 
transformed to a 3D assembly of large WS2 triangle-shaped crystals 
(NTs) on WS2 nanoneedles. Furthermore, a consistent change in color for 
both deposited films is observed, which clearly indicates the formation 
of homogeneous and uniform film of WS2. Thus, the final morphology of 
the WS2 materials strongly depends on the morphology of the starting 
WO3. 

WS2 samples were investigated by using X-ray powder diffraction 
(XRD). The XRD diffractograms of a bare Al2O3 substrate was compared 
to those of WO3 nanorods or WS2 (coating Al2O3 substrates) in view of 
checking for the presence of tungsten oxide in sulfurized samples. Fig. 3 
shows an XRD spectrum for WS2 NFs. From the spectrum, it is clear that 
many reflection peaks can be perfectly indexed to the hexagonal P63/ 
mmc space group, indicating that the structure of the WS2 phase is 2H- 
WS2 [33]. Besides, we noticed the presence of peaks belonging to 
alumina substrate [34]. Moreover, XRD did not detect any peaks cor-
responding to WO3 impurities. Equivalent results were observed for WS2 
NT films (see Fig. S2, Supporting Information). 

X-ray spectroscopy (XPS) was used to investigate the chemical states
and stoichiometry of WO3 and WS2 films. Fig. 4 depicts an example of 
the W 4f, S 2p and O 1s core level spectra recorded for the WO3 NNs, WS2 
NTs and WS2 NFs. Considering the W 4f spectra of WO3 NNs (Fig. 4a), 
three components are observed that are associated to the W 4f7/2 and W 
4f5/2 spin orbit doublet, and a low intensity peak originating from the W 
5p3/2 core level. For the WO3 NNs, the W4f doublet is centered at 
35.4 eV and 37.5 eV and the W 5p weak peak around 41 eV. These values 
are in good agreement with those found in the literature for W+6 in WO3 
stoichiometric films [35]. The W 4f spectrum can be properly fitted by a 
doublet, confirming the nature of WO3 material with W only present in 
the six-valent state. Moreover, one can note the presence of oxygen and 
the absence of sulfur on this material. Concerning the WS2 NTs and WS2 
NFs, the same features that are observed in the WO3 can be observed 
with a binding energy shift of the different components. Here, the W4f 
doublet is centered at 32.7 eV and 34.8 eV and the W 5p weak peak 
around 38.2 eV. The perfect fitting of the spectra for both WS2 NTs and 
WS2 NFs by a doublet confirms the presence of WS2 with values in good 
agreement with those found in the literature for W+6 in WS2 stoichio-
metric films [35], without the presence of oxide. This is otherwise 
correlated with the quasi absence of oxygen and the presence of sulfur. 
Indeed, in the S 2p spectrum, the known doublet peaks, S 2p1/2 and S 
2p3/2 at 163.4 and 162.2 eV, respectively, with a spin–orbit energy 
separation of 1.2 eV corresponding to WS2 (S2− oxidation state), can be 
seen in Fig. 4b. The experimental shape is very well fitted by a doublet 
demonstrating the presence of the unique phase WS2. Considering the O 
1s region (Fig. 4c), the difference between the two materials is well 
visible, with a lower intensity peak of oxygen in the WS2 material 
around 533 eV, most likely related to physically adsorbed oxygen mol-
ecules. This can be compared to O 1s core level spectrum of WO3 ma-
terial with a main peak at 530.8 eV related to the WO3 (O2− oxidation 
state). Based on the XPS analysis, the complete conversion of WO3 to 
WS2 is demonstrated for both morphologies (at least for the sample 
depth probed by XPS, which is considered a surface analysis method), 

Fig. 3. XRD diffractograms for a bare Al2O3 substrate (lower patter), WO3 NRs 
(middle pattern and WS2 NFs (upper pattern). 
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since sulfurized materials show the same stoichiometry than that of a 
WS2 single crystal. 

The purity of the grown films was studied by using Raman spec-
troscopy, which is a powerful tool to evaluate the crystal quality [36] 
and to determine whether a TMD material is monolayer or multilayer. 
Fig. 5a shows an example of WO3 NRs Raman spectrum. All the peaks 
(271 cm− 1, 327 cm− 1, 715 cm− 1 and 805 cm− 1) are indicative of 
monoclinic tungsten trioxide phase, which is in a good accordance with 
our previous reported works. [37–39] Fig. 5b and c indicate the Raman 
spectra collected from WS2 NTs and NFs films, respectively. Two 
important Raman peaks characteristic of 2H-WS2 were observed in both 
samples: E1

2g at 348.5 and A1g at 414.5 cm-1 associated to WS2 NTs, and 
E1

2g at 349 and A1g at 416.8 cm− 1 appertained to WS2 NFs. The E1
2g 

mode corresponds to the in-plane vibration of W and S atoms and the A1g 
mode indicates vibration of sulfides in out of plane direction. [40,41] 
The ratio of relative peak intensity I[E1

2g]/I[A1g] for both samples turns 
out to be 0.89, revealing the formation of multilayered WS2 [42]. In 

contrast, at 700 cm-1 and 803 cm− 1, two broad peaks were detected with 
low intensity compared to WO3 spectrum, indicating the presence of 
some WO3 impurities. These results are indicative that Raman is more 
sensitive than XRD or XPS for detecting traces of tungsten oxide rem-
nants within the WS2 films. Additionally, it is clear that the morphology 
did not affect the composition and crystallinity of the WS2 material. 

Fig. 6 shows an example of TEM and HRTEM images obtained from a 
WS2 NT sample. TEM analysis revealed that upon sulfurization of WO3 
nanoneedles (i) transformed to WS2 nanoneedles (Fig. 6) and (ii) that 
sulfurization triggered the growth of WS2 triangular nanosheets from 
side walls and tips of WS2 nanoneedles (Fig. 6a and Fig. S3a), Supporting 
Information). Beside nanoneedles also nanotubes with diameters up to 
20 nm were observed (Fig. S3b). The HRTEM image of a triangular WS2 
nanosheet with its corresponding FFT pattern show the hexagonal lattice 
structure with lattice d-spacing of 0.28 nm corresponding to the 2H-WS2 
(100) planes (PDF pattern 84-1398) (Fig. 6b). HRTEM images of the WS2 
nanoneedles tip and its sidewall (Fig. 6c and d) reveal the (002) crystal
plane distances are expanded in comparison to the distance of 0.616 nm
in PDF pattern 84-1398. For instance,d-spacings of (002) planes
decrease from the outer side toward the inner part of the nanorod
(Fig. 6d) from 0.68 to 0.62 nm. The lattice expansion may be connected
to crystallographic defects, especially dislocations in the nanoneedles
(see red arrows in Fig. 6c and d) [43,44]. TEM analysis did not reveal the
presence of WO3 impurities in the WS2 materials.

Thus, XRD, XPS, and HRTEM results show good accordance in be-
tween them and support the total transformation of WO3 nanomaterials 
to WS2 ones. Moreover, these results were similar for the two mor-
phologies (NFs and NTs) achieved. This apparent discrepancy with 
Raman results in which the presence of tungsten oxide traces are 
detected can be explained as follows. XPS is a method that only probes 
the surface of the sample while XRD and Raman probe the entire sample. 
Raman is far more sensitive than XRD. All these results taken together 
are indicative that some tungsten oxide traces remain in the core of the 
material. 

3.2. Gas sensing results and discussion 

The gas sensing performances of WS2 NF or WS2 NT sensors were 
examined towards different concentrations of NO2 and other species 

Fig. 4. XPS spectra of the W 4f (a), S 2p (b) and O 1s (c) core levels for WO3 
NNs (before the sulfurization reaction), WS2 NFs and WS2 NTs (i.e., after the 
sulfurization reaction). 

Fig. 5. Raman spectra of (a) WO3 NRs, (b) WS2 NTs and (c) WS2 NFs.  
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such as H2S, H2 and NH3. For all direct-current resistance measurements, 
the target gas was injected for 10 min into the test chamber where 
sensors were placed, which was followed by 50 min purging with a dry 
air flow for sensors to regain their initial baseline resistances. The 
equation used to calculate sensor response is as follows: 

R =
(Rair − Rgas)

Rair
∗100 (1) 

To study the effect of the operating temperature on sensor behavior, 
various NO2 gas measurements were performed at temperatures ranging 
from 25 ◦C to 150 ◦C. Fig. 7, panels a) and b) depict the intensity of 
sensor responses as a function of the operating temperature. It is 
observed that sensor response for both morphologies, WS2 NFs as well as 
WS2 NTs increased almost linearly with the increase in operating tem-
perature. This can be explained well by enhanced adsorption of gas 
molecules at higher temperatures. Indeed, as the temperature is 

Fig. 6. TEM image of a WS2 nano-
needles (a). Triangular WS2 nanosheet 
growing from a nanoneedles longest 
side. The white frame in the image in-
dicates the area where HRTEM image 
was taken (bottom inset); the upper 
inset is the corresponding FFT pattern 
(b). HRTEM images of the WS2 nano-
needle end (c), and sidewall of the WS2 
nanoneedle (d). Arrows in panels (c) 
and (d) are pointing to dislocations. Red 
frames in panel (a) indicate the areas 
shown in HRTEM images (b), (c) and 
(d). (For interpretation of the references 
to colour in this figure legend, the 
reader is referred to the web version of 
this article.)   

Fig. 7. (a and b) gas sensor response of WS2 NTs and WS2 NFs as a function of temperature, towards NO2 at 800 ppb and 300 ppb, respectively and (c and d) electrical 
resistance change of both sensors operated at 150 ◦C, toward these concentrations. 
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increased the activation barrier is lowered which enhances the rate of 
gas adsorption on the surface, leading to a much higher response at an 
elevated temperature. However, measurements beyond 150 ◦C were not 
performed, since the evaporation of sulfur would start and the formation 
process of WO3 will initiate leading to a formation of a WO3/WS2 
composite. Thus, for subsequent studies, 150 ◦C was considered as the 
optimal working temperature for both types of sensors. This operating 
temperature is quite low in comparison to the standard operating tem-
peratures for most metal oxide gas sensors. Fig.7, panels b) an c) show 
the evolution of the electrical resistance of the sensors operated at 
150 ◦C under repeated exposure and recovery cycles of NO2. As we can 
see WS2 NT films are more resistive than WS2 NF films, since the baseline 
resistance of WS2 NTs is significantly higher than that of WS2 NFs. 

Fig. 8 shows typical repeated response and recovery cycles for WS2 
NF and WS2 NT sensors towards 800 ppb of NO2. As it is clear from the 
figure, sensors show a decrease in their electrical resistance when 
exposed to NO2 (i.e., an oxidizing gas), indicating a p-type semi-
conducting behavior. This can be explained by the spontaneous 
adsorption of NO2 gas molecules on the WS2 surface, thereby with-
drawing electrons via the valence band causing an increase in hole 

concentration and resulting in an overall decrease in the electrical 
resistance of the film. [45] Moreover, both sensors show stable, repro-
ducible and remarkable responses towards 800 ppb of NO2 gas. While 
the WS2 NF sensor response is 26.6%, the response of the WS2 NT sensor 
is significantly higher and reaches 56%. 

Also, the sensors were exposed to consecutive concentration pulses 
of NO2 that ranged from 50 to 300 ppb, as depicted in Fig. 9. During 
these measurements, the two sensor types were tested at five different 
concentrations of NO2 at a constant operating temperature of 150 ◦C. A 
diluted mixture of NO2 in dry air was injected for 10 min in steps of 
increasing concentrations of 50, 80, 100, 200 and 300 ppb. It is evident 
from the results obtained that there is an increase in response with each 
increment in analyte concentration. The WS2 NF sensor response was 
calculated to be 0.16%, 0.96%, 2.28%, 3.41%, and 6.69% for 50, 80, 
100, 200 and 300 ppb of nitrogen dioxide, respectively. In contrast, the 
response increased to higher values (19.6%, 38.04%, 39.3%, 40.265, 
41.75%) for the WS2 NTs sensor. Hence, WS2 NTs are significantly more 
sensitive to NO2 than WS2 NFs. These results encouraged us to investi-
gate the responses of WS2 NTs towards NO2 at concentrations lower than 
50 ppb. 

Fig. 10a and b present the responses of WS2 NTs towards very low 
concentrations of NO2 (5 ppb and 10 ppb) at 150 ◦C. It is clearly 
observed that the nanomaterial was able to detect such small concen-
trations with good responses and enough signal to noise ratio. For 5 ppb 
and 10 ppb of NO2 the responses recorded were 3.20% and 7.23% 
respectively. It is worth noting that no responses above the noise level 
were obtained from WS2 NFs at such low concentrations of NO2. Hence, 
the detection limit is roughly 50 ppb of NO2 for WS2 NFs, while this 
detection limit is clearly below 5 ppb of NO2 for WS2 NTs. Indeed, 
considering the low noise levels observed in Fig. 10 a, the limit of 
detection for NO2 lies in the ppt concentration levels. To the best of our 
knowledge, none of the reported works in the literature have achieved 
such a small detection limit of NO2 gas (below 5 ppb) using a WS2 
nanomaterial. Fig. 10c depicts the response of WS2 NTs to pulses of 10 
and 20 ppb of nitrogen dioxide. Five consecutive replicate measurement 
sequences were performed to study repeatability. Similarly, Fig. 10d 
shows four replicate measurement sequences for concentration pulses 
ranging from 50 to 800 ppb of NO2. From these results, it is clear that 
WS2 NTs were able to discern between all the concentrations tested. 
Additionally, sensor responses were remarkably stable and reproduc-
ible, which can be attributed to the direct growth of the nanomaterial on 
the sensor transducer. While all the above-discussed measurements were 
performed at the operating temperature of 150 ◦C, Fig. 10e shows the 
responses towards 800 ppb of NO2 of WS2 NTs operated at room tem-
perature. Despite the higher drift experienced in the baseline resistance, 
surely due to the difficulty of desorbing NO2 molecules from the surface 
during the cleaning cycles at room temperature, the nanomaterial was 
able to detect NO2 at room temperature with an acceptable and repro-
ducible response of 10.6%. To further study the sensing performance of 
WS2 NTs, its behavior in a humid environment was considered as well. 
The effect of ambient moisture was studied as it is well known that water 
vapor can affect sensor response by affecting its electrical resistance in a 
similar way to that of a reducing gas, resulting in an interfering effect for 
gas detection. Fig. 10f shows three replicate sensor response and re-
covery cycles towards 800 ppb of NO2 for a WS2 NT sensor operated at 
150 ◦C in dry (~3% RH @ 25 ◦C) and humid (50% RH @ 25 ◦C) back-
grounds. One can observe that under humid conditions, sensor remains 
fully functional with good and reproducible response. However, there is 
a tolerable decrease in response intensity, since response decreased from 
56% to 30%. It is worth noting that most of the reported studies on 
layered TMD gas sensors have not studied the effect of ambient humidity 
on sensing performance, an essential aspect for the real application of 
gas sensors. 

The response toward NH3, H2S, H2 was studied as a way to assess the 
potential selectivity of the nanomaterials studied in the detection of 
NO2. Typical sensor response and recovery signals for these reducing 

Fig. 8. WS2 NFs (orange), WS2 NTs (black) sensor responses (4 replicate 
response and recovery cycles) towards 800 ppb of NO2 at the operating tem-
perature of 150 ◦C. 

Fig. 9. WS2 NF (orange), WS2 NT (black) sensor response and recovery towards 
pulses of increasing concentrations of NO2 gas (from 50 to 300 ppb). Sensors 
were operated at 150 ◦C. 
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species can be found in Fig. S4. The concentrations tested for these 
interfering species were chosen to be much higher than that of the target 
gas. Fig. 11 summarizes the obtained results. The responses towards 

these species are negative, because sensor resistance increases in the 
presence of these electron donor species, which further confirms the p- 
type behavior of our WS2 nanomaterials. It is evident from the bar graph 
that both WS2 NF and WS2 NT sensors were highly sensitive and NO2. 
NO2 response is significantly higher than the one recorded for any of the 
other species tested. Besides, it is noticeable that WS2 NTs sensor showed 
high responses to H2S, however it must be stressed that the concentra-
tion tested for hydrogen sulfide was fifty times higher than the one for 
NO2. These results are in line with previously reported theoretical 
studies indicating that the interaction of the NO2 molecule with the 
surface of 2D TMDs is characterized by higher adsorption energy and 
charge transfer than for other molecules such as NH3 or H2S [21]. These 
results indicate that WS2 sensors show potential for the selective 
detection of NO2 traces, provided some surface functionalization is 
conducted to decrease the current cross-sensitivity experienced. 

Based on the obtained results, sensor with large nanotriangular 
sheets assembled on 1D nanoneedles (WS2 NTs) displayed the best NO2 
gas sensing performances. This can be attributed to the difference in the 
morphology, since it can have a huge impact on how gas molecules 
interact with and get adsorbed on the sensing surface. Further, the 
material characterization results showed that both nanomaterials are 

Fig. 10. Repeated response and recovery cycles for a WS2 NT nanomaterial towards different concentrations of NO2. Unless otherwise specified, the operating 
temperature was set to 150 ◦C. (a) 5 ppb; (b) 10 ppb; (c) five replicate measurements for consecutive 10 and 20 ppb pulses; (d) four replicate measurements for 
increasing concentration pulses ranging from 50 to 800 ppb; (e) four replicate measurements for 800 ppb pulses while operated at room temperature; (f) three 
replicate measurements for 800 ppb in dry and 50% RH backgrounds. 

Fig. 11. Response histogram of WS2 NFs and WS2 NTs sensors operated 
at 150 ◦C. 
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identical in terms of chemical composition and crystallographic phase, 
whereas the only difference was in their morphologies. 

Table 1 summarizes the main results achieved and puts them in 
context with the state of the art. In this table, the performance in the 
detection of NO2 reported here are compared against those in the 
literature NO2 gas detection. From these results it is clear that sensors 
based on WS2 NTs show very remarkable gas responses with high 
sensitivity an unprecedented detection limit below 5 ppb for NO2 gas at 
150 ◦C. The long-term stability of the NO2 sensing properties for WS2 
materials was studied (see the Supporting Information, Fig. S5). It was 
found that WS2-NTs show a very stable response to NO2 over 8 months of 
tests. 

3.3. NO2 gas sensing mechanism 

NO2 molecules behave as electron acceptors and H2S, H2 or NH3 
behave as electron donors. The resistance of the WS2 devices decreases 
in the presence of NO2 and increases in the presence of the above 
mentioned electron donor species, which is indicative that our multi-
layer tungsten disulfide behaves as a p-type semiconducting material. 
While single layer WS2 behaves usually as an n-type semiconductor, 
[46] the n-type or p-type nature of WS2 depends on its morphology,
nanostructure alignment on the substrate or even on the presence of few
carbon atoms substituting sulfur atoms. [47] The p-type behavior of WS2 
achieved via the sulfurization of WO3 has been reported previously. [48]

The nitrogen dioxide sensing mechanism in WS2 NFs or NTs (Fig. 12) 
involves the adsorption of NO2 molecules both on the edges of flakes or 
triangles and on their surface (or basal plane). Upon adsorption, elec-
tronic charge is injected from WS2 towards the gas molecule, which 
generates a hole accumulation zone that results in a decrease in the 
resistance of the film. According to previously reported computational 
chemistry studies in MoS2, the edges are far more important than the 
basal plane for the adsorption of NO2, because the adsorption energy of 
nitrogen dioxide at S edges is higher (~− 0.4 eV) than at the basal plane 
(~− 0.13 eV) and the associated electronic charge transfer is ~0.5e and 
0.1e, respectively. [49] These adsorption energies suggest that the 
interaction between WS2 and NO2 would involve the physisorption of 
nitrogen dioxide. This is supported by the experimental results showing 
that sensor baseline resistance can be regained when flowing the sensor 
surface with clean air, even when sensors are operated at room tem-
perature (i.e. 25 ◦C). It is worth noting that the assembly of WS2 nano-
triangles on 1D nanoneedles or nanorods shows a highly increased 
porosity and increased number of edges for gas interaction in compar-
ison to the more closely packed nanoflake assembly. This explains the 
superior gas sensing properties recorded for WS2 with nanotriangle 
morphology. 

4. Conclusions

We have demonstrated an efficient route to synthesize high quality,

Table 1 
Comparison of the sensing properties to NO2 of resistive gas sensors based on different WS2 sensing materials.  

Structure Working temp. 
(̊C) 

Studied conc. Response 
(%) 

Sensitivity 
(Response%/ppm) 

Detection limit Reference 

Nanotriangles 150 800 ppb 55.9 70 <5 ppb (experim.) This work 
Nanotriangles 25 800 ppb 10.6 13.2 N/A This work 
Nanoflakes 150 800 ppb 26.6 33.2 ~50 ppb 

(experim.) 
This work 

Nanoflakes 25 300 ppb 0.5 1.7 N/A This work 
Nanosheets NA 25 ppm 8.7 0.3 N/A [26] 
Nanosheets 25 5 ppm 68.4 13.7 0.1 ppm 

(experim) 
[27] 

Nanostructure 
(aerogel) 

180 2 ppm 3 1.5 10 ppb 
(theoret.) 

[28] 

Nanostructure 25 5 ppm 2.5 0.5 N/A [50] 
Nanosheets 160 5 ppm 121 242 < 200 ppb 

(experim.) 
[51] 

N/A: Not available; experim.: experimentally measured; theoret.: theoretically calculated. 

Fig. 12. Gas sensing mechanism of WS2 nanosheets (W = pink, S = yellow) toward NO2 gas molecules. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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multi-layered WS2 nanosheets homogeneously assembled in 1D nano-
needles or nanorods. The nanomaterials are directly grown onto stan-
dard ceramic application transducers for developing chemoresistive gas 
sensors, using a double step CVD technique. It can be concluded that the 
final morphology of WS2 films heavily depends on that of pre-deposited 
WO3 layers, which is easily scalable and controllable, making it possible 
to meet the demands for different applications. Gas sensing results 
showed that WS2 NTs exhibited excellent NO2 gas sensing characteristics 
at low operating temperature, even at room temperature. The high 
sensitivity observed and the unprecedentedly low limit of detection 
achieved (in the ppt range), were attributed to the porous surface and 
the increased number of sulfur edges in WS2 NTs, which were created by 
the random 3D assembly of WS2 nanosheets on WS2 nanoneedles. 
Furthermore, WS2 NTs have shown an excellent response stability dur-
ing long-term stability tests conducted over an 8-month period. Hence, 
these results shed light on the important role played by the morphology 
in enhancing sensor performance. Furthermore, good stability and 
reproducibility of the responses were observed as well and these were 
related to the direct growth of the material on the sensor transducer. 
Henceforth this study paves a way to develop WS2 gas sensors with 
improved quality for NO2 detection. 
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An Ultrasensitive Room-Temperature H2S Gas 
Sensor Based on 3D Assembly of Cu2O 

Decorated WS2 Nanomaterial 
Aanchal Alagh, Fatima Ezahra Annanouch , Polona Umek, Carla Bittencourt , Jean François Colomer, 

and Eduard Llobet , Senior Member, IEEE 

I. INTRODUCTION
YDROGEN sulfide (H2S) appears as a colorless gas 
having pungent odor of rotten eggs [1]. It is highly 
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toxic and flammable gas [2]. This noxious gas occurs naturally 
in crude petroleum, natural gas, volcanoes, hot springs [3], 
[4] and can be released as a by-product from industrial activities 
including food processing, water treatment, paper mills [4], [5].
Depending on the concentration present, it has a characteristic
odor, for instance at concentrations below 5 ppm it has an odor
of rotten eggs, whereas at higher concentrations above 100 ppm 
it deadens the sense of smell, which makes it a silent threat for
potential victims [6]. The effect on health of such a poisonous
gas depends on its concentration and duration of exposure. For
instance, with minimal exposure it causes eye irritation with
blurred vision whereas when present in higher concentrations it
can lead to corneal ulceration resulting in permanently impaired
vision. Moreover, at concentrations above 100 ppm, the gas acts
upon the human nervous system, which leads to paralysis and
with prolonged exposure, it could even cause immediate death
[7]. Aside from the harmful health effects to humans, wet
hydrogen sulfide can even corrode steel, carbon and other
metallic surfaces bringing out economic losses. Therefore, the
acceptable concentration of H2S (recommended by the
Scientific Advisory Board on Toxic Air Pollutants, USA) is set
in the range of 20–100 ppb [8]. For this reason, it is necessary
to constantly screen H2S gas levels to forestall spills and
limit work related dangers. In this regard semiconducting
metal oxide-based gas sensors

1558-1748 © 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. 
See https://www.ieee.org/publications/rights/index.html for more information. 
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Abstract—Herein, we report for the first time on the fabri- 
cation of a hybrid material consisting of Cu2O nanoparticles- 
decoratedmultilayeredtungstendisulfidenanostructuresand 
demonstrate their remarkable gas sensing characteristics 
towards hydrogen sulfide gas. In the first step, a contin- uous 
film of WS2 was deposited directly on commercial alumina 
substrate by adopting a facile route combining aerosol-
assisted chemical vapor deposition with H2 free atmospheric 
pressure CVD technique. For functionalization an additional 
step of synthesis was added where copper oxide 
nanoparticles were grown and deposited directly over as-
grown tungsten disulfide at low temperature (i.e., 150 ◦C) 
using a simple and cost-effective technique. The morphologi- 

studies performed shows that this hybrid nanomaterial has excellent sensitivity towards hydrogen sulfide (11-times 
increase in response compared to that of pristine WS2 sensor) at moderate temperature (150 ◦C). Additionally, function- 
alization of pristine WS2 sensor with Cu2O nanoparticles further enhances the gas sensing performance towards the 
targeted gas even at room temperature (13-times increase in response compared with that of pristine WS2 sensor). More- 
over, results obtained from humidity cross-sensitivityof Cu2O-WS2 sensor indicates superior gas sensing response (with 

is rarely found in metal oxide-based sensors. This study could add a significant research value in the gas sensor domain. 

Index Terms— 2D, APCVD, gas sensor, H2S, TMDs, WS2, Cu2O. 
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have been extensively studied for real-time monitoring of 
numerous hazardous gases at ppb levels as they offer multiple 
advantages over other sensing materials investigated [4]. The 
major advantages of these metal-oxide chemoresistive sensors 
are their small size, easy and simple fabrication, low weight, 
low cost [9]. Therefore, several metal oxide semiconductors 
have been investigated as active sensing material for H2S gas 
detection. For instance, SnO2 thin films have shown promising 
results in detecting H2S gas in the range 1-15 ppm at room 
temperature, where the gas sensing properties were enhanced 
when SnO2 films were modified with CuO resulting in faster 
response (20 s) and recovery times (40 s) [10]. Also, ZnO 
strikes as a most appealing sensing material showing superior 
detectability with detection limit as low as 20 ppb for H2S 
gas [11]. In another work, similar detectability of 20 ppb 
has been achieved using WO3 nanoparticle films [12]. How- 
ever, limited selectivity against other interfering gases, poor 
long-term stability and high working temperature have hin- 
dered the practical applications of metal oxide-based sensors 
for H2S gas detection [4]. Accordingly, in line of improving the 
existing sensing performance of chemiresistive gas sensors, 
transition metal chalcogenide (TMDs) based gas sensors have 
attracted much attention to replace oxides of the corresponding 
metals [13]–[15]. This is due to the much lower operation 
temperature of TMDs based sensors, which is attributed to their 
lower bandgap and better conductivity. However, similar to 
semiconducting metal oxide sensors, the gas selectivity of 
TMDs is related with the surface affinity for adsorbing different 
analytes and related surface charging effects [16]. 
Consequently, decoration of TMDs with certain metal-oxide 
nanocrystals have proven to improve the functional proper- ties 
of these materials and achieve sensors with enhanced 
sensitivity, excellent selectivity, fast response/recovery rate 
along with room temperature gas sensing performance. For 
instance, 2D Graphene/MoS2 heterostructure sensor is able 
to detect low concentrations of NO2 (1.2 ppm) and demon- 
strates excellent stability [17]. WS2/WO3 composite exhibits 
phenomenal gas detection towards H2 and NH3 in the range of 
1-10 ppm while operating at moderate temperature of 150 
◦ C [18]. Also, room temperature sensing towards NO2 gas 
detection has also been realized using MoS2/SnO2 nanohy- 
brids [19]. Moreover, many reports in the literature con- 
firm the suitability of Cu2O nanoparticles as additives to 
enhance the sensitivity and selectivity of sensors towards H2S 
gas [3], [20]–[25]. Accordingly, the gas sensing properties of 
WS2 are expected to be improved with the addition of Cu2O 
nanostructures. 

In this respect, we report here H2S gas-sensing perfor- mance 
of Cu2O functionalized WS2 nanosheets grown in two-steps. 
In the first step, a continuous film of WS2 was deposited 
directly on commercial alumina substrate by adopt- ing a facile 
route combining aerosol-assisted chemical vapor deposition 
(AACVD) with H2 free atmospheric pressure CVD technique. 
In the second step functionalization was incorpo- rated where 
copper oxide nanoparticles (NPs) were grown and 
deposited directly over previously grown tungsten disulfide 
nanostructures at much lower temperature (i.e., 150 ◦C) using a 
simple and cost-effective AACVD technique. Field emis- 

 

 
 

Fig. 1. (a) WO3 synthesis by AACVD process (b) WS2 synthesis 
adopting CVD technique. 

 
 

sion scanning electron microscopy (FESEM), transmission 
electron microscopy (TEM), Energy-dispersive X-ray analy- 
sis (EDX) have been used to determine the morphology, 
chemical composition, and microstructure of the deposited 
layers. Subsequently, corresponding gas sensing performance 
of the functionalized WS2 sensor was studied and compared to 
that of pristine WS2 sensor. The gas-sensing performance of 
the fabricated sensor (Cu2O-functionalised WS2 sensor and 
pristine WS2 sensor) towards hydrogen sulfide (H2S) has been 
studied under both dry and humid atmospheres. To the best of 
our knowledge, no previous reports have described the 
synthesis and gas sensing properties of Cu2O-decorated WS2 
nanostructures towards H2S gas. Conclusively, a dis- cussion 
on the H2S sensing mechanism for the 3D assem- bly Cu2O 
NPs decorated WS2 nanostructures is discussed as well. 

 
II. EXPERIMENTAL SECTION 

A. Material Synthesis 
Functionalized and non-functionalized WS2 sensors were 

grown directly on commercial alumina substrates using a com- 
bination of two techniques namely aerosol-assisted chemical 
vapor deposition (AACVD) technique and chemical vapor 
deposition technique (CVD). WS2 multilayered nanosheets 
were grown in two-steps following the procedure as reported in 
our previous work [25]. In brief in the first step, WO3 nanonee- 
dles (NNs) were grown directly on commercial alumina sub- 
strates, via AACVD technique as shown in Fig.1 (a) 50 mg 
of tungsten hexacarbonyl (W(CO)6) (purity 97%) dissolved in 
a mixture of 15 mL acetone and 5 mL methanol were first 
sonicated and then kept in an ultrasonic humidifier to generate 
vapors from the dissolution. Nitrogen gas with a flow of 
1L/min was used as a carrier to transport the aerosol inside the 
heated deposition chamber, which was kept at a 
temperature of 400 ◦C. The duration of the complete growth 
process was about 45 min. After deposition, the samples were 
annealed at 400 ◦C for 3 h under synthetic air in a carbolite 
CWF 1200 muffle furnace. 

In the second step, WS2 nanosheets were obtained via sulfu- 
rization of the as-grown WO3 nanofilms using an atmospheric 
pressure CVD technique as shown in Fig.1 (b). In a typical 
process, 0.44 g sulfur (S) powder (99.5%), purchased from 
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Fig. 2. Alumina transducer substrate used to deposit WO3 nanomaterial 
(green color), sulfurized to deposit WS2 nanomaterial (black color), 
functionalized with Cu2O nanoparticles (dark black color). 

Alfa Aesar was equally distributed in two ceramic boats and 
placed at different temperature zones of the furnace such that 
one was positioned at the 40 ◦C temperature zone and the 
other at 850 ◦C temperature zone. The substrate deposited 
with WO3 nanomaterial in the first step was placed at the 
850 ◦C temperature zone in the downstream of argon flow 
in the quartz tube reactor. Before the sulfurization process, the 
tube furnace was flushed with 0.725 L/min of argon gas 
to eliminate any oxygen content in the reactor. The primary step 
of sulfurization process goes for a period of 30 minutes (mins) 
during which the S powder set at the 850 ◦C zone sublimates. 
The second step of sulfurization was executed by pushing the 
quartz tube in the hot zone of the furnace, such 
that the S powder which was initially placed at 40 ◦C reaches 
the 400 ◦C temperature zone. As the quartz tube was pushed 
over a few centimeters, the WO3 sample remained at 850 ◦C. 
After sulfurization, the furnace was naturally cooled down to 
room temperature. 

Furthermore, Cu2O-functionalized WS2 sensor was 
fabricated by incorporating Cu2O NPs on the pregrown WS2 
nanosheets via AACVD using copper (II) acetylacetonate [7 
mg, Cu(acac)2 Sigma-Aldrich, 99.9%], mixed in chloroform 
[4mL, Sigma-Aldrich]. The sensor substrate com- 
prising WS2 nanomaterial is again placed inside the deposition 
chamber and is heated at 150 ◦C. The solution containing 
Cu precursor is placed at the aerosol generator and delivered 
into the chamber using nitrogen flow of 1L/min. The duration 
of the complete growth process was not more than 20 min. 
After deposition, the deposition chamber was naturally cooled 
down to room temperature and the sensor was taken out. 

B. Sensor Fabrication Process and Gas Sensing
Measurement System

For sensor processing, commercial alumina substrates which 
comprises of interdigitated platinum electrodes with 300 µm 
electrode gap on the front side and a platinum (Pt) resistive 
heater meander on the backside were used. Fig.2 depicts an 
image of the commercial alumina substrate used. The gas 
sensing measurements were performed using a Teflon test 
chamber of 35 mL in volume, where up to four interdigitated 
alumina sensors can be placed and measured simultaneously. 
This chamber was connected to a fully automated, continuous 
gas flow measurement set-up able to supply diluted gas 
mixtures. The electrical resistance of sensors was measured 
using an Agilent-34972A multimeter. 

Initially, the sensor was kept in a dry synthetic air flow (Air 
Premier Purity: 99.995%) at 100 mL/min for 4 h to stabilize its 
baseline resistance. The Pt heater meander was characterized to 
set the operating temperature of the sensor depending on the 
external power supply (Agilent, model 3492A). Dry air was 
chosen as the carrier and balance gas along all the experiments 
performed for the gas sensing characterization. Gas cylinders 
of H2S (100 ppm in air) were used for the sensing 
measurements. The concentration of hydrogen sulfide gas was 
adjusted by controlling the flow rates of the target and balance 
gases with a total flow rate of 100 mL/min, which was kept 
constant throughout the measurements. After each sensing 
measurement the samples were cleaned in dry air for 1 h. 
Experiments under humid conditions were also conducted. For 
performing measurements in humid atmospheres, a computer- 
controlled humidification system was used, which comprises 
of a liquid mass flow and a mixer, to set the moisture level 
to 50% at 25 ◦C. The gas sensing characteristics were examined 
in terms of response percentage, detection limit and 
repeatability. The sensor response is defined as percentile 

change in the baseline resistance of the sensor when exposed 
to an analyte gas. It can be calculated by using (1), given as: 

Response (%) 
Rgas − Rair 

100 (1) 
Rair 

Here Rair and Rgas are respectively, the sensor resistance 
before and after exposure to H2S gas. [26]. The response time 
of the sensor (tres) is defined as the time taken by the sensor to 
obtain 90% of the total resistance change when exposed to 
target gas and recovery time (trec) is defined as the time taken 
by the sensor to retrieve 90% of the total resistance change upon 
removal of target gas [27]. 

C. Material Characterization
The crystalline structure of the as-grown WO3 and WS2

material was characterized using scanning electron microscope 
(SEM-FEI Quanta 600) whereas after the sulfurization process 
the morphology of the material was characterized using a field-
emission scanning electron microscope Hitachi 2000 and FEI 
Helios Nanolab 650. A high-resolution transmission electron 
microscope (Jeol, JEM-2100) was used for crystal- lographic 
information at the atomic level. The images were acquired 
using a Gatan CCD camera ORIUS. For chem- ical phase 
analysis XRD measurements were made, using a Bruker-
AXS D8-Discover diffractometer. Finally, Raman 
spectroscopy measurements were carried out using Renishaw 
in Via, laser 514 nm, ion argon-Novatech, 25 mW. The surface 
morphology of functionalized WS2 material was investigated 
using field emission scanning electron microscope (FESEM) 
from ThermoScientific, model Scios 2 and corresponding 
energy dispersive spectroscopy (EDX) mapping were done 
using software pathfinder. Furthermore, TEM analysis was also 
carried out to analyze the morphology of the grown material. 

III. RESULTS AND DISCUSSION 
A. Material Synthesis and Characterization

1) Pristine WS2: Extensive material characterizatiosn was
performed using SEM, XRD, HRTEM, Raman spectroscopy 
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Fig. 3. SEM images of (a) WO3 NNs, (b) WS2 NTs/NNs film. 

to assess a variety of material properties including morphol- 
ogy, structure and chemical composition. Scanning electron 
microscopy (SEM) gave an insight into the morphology and 
arrangement of the as-grown WO3 and WS2 nanomaterial. 
Fig.3 (a) shows the SEM imaging results of the material 
prepared during the first step of synthesis. 

In view of the results obtained, WO3 grown by AACVD 
technique consisted of thin and 6 µm long nanoneedles 
(Fig.S1(a)) which were haphazardly aligned and evenly dis- 
tributed on the alumina substrate. After sulfurization, the mor- 
phology of these nanoneedles changed completely to form a 
31µm thick nanostructured film (Fig. S1(b)) of WS2 having 
a mixed morphology of nanotriangles (NTs) and nanoneedles 
(NNs), as shown in Fig.3 (b). SEM image shows that WS2 NTs 
are adhered to the WS2 NNs and form an integral part of the 
nanostructured film in accordance with an arrangement that 
results a 3D architecture. The morphology and other 
characteristics of the grown WO3 and WS2 NTs/NNs hybrid 
material examined from SEM were identical to those reported 
in our previous work [28]. Additionally, it was deduced from 
our previous research work that the ultimate morphology of 
WS2 nanofilms is dependent on the assembly of the starting 
material (WO3) [28]. 

The as-grown WO3 as well as WS2 nanofilms were further 
investigated by using X-ray powder diffraction (XRD) to 
identify their crystallographic phase. Fig.4 displays the XRD 
pattern (upper spectrum) obtained for the grown WS2 nanos- 
tructured film, which is compared with the spectrum of WO3 
(lower spectrum) to detect the presence of any WO3 impurities. 
From the diffractograms obtained, the diffraction peaks were 
perfectly indexed to the 2H-WS2 [29]. The presence of sharp 
peaks in the spectrum further confirms the crystallinity of the 
grown nanofilms. Also, some peaks belonging to the alumina 
substrate were present [22] however peaks from any other 
impurity were not detected, indicating that a well-crystallized 
single phase WS2 was obtained. 

Raman spectroscopy is a powerful technique to evaluate the 
crystal quality and film thickness of 2D materials and hence is 
used to analyze the as-synthesized material [30]. Fig.5 depicts 
Raman spectra obtained for the as-synthesized WO3 and WS2 
nanofilms. The lower spectrum depicts peaks at 271 cm-1, 327 
cm-1, 715 cm-1 and 805 cm-1, which indicates the formation
of monoclinic tungsten trioxide phase, which is in good
accordance with our previous results [22]. From the upper
spectrum, the two main Raman active modes for 2H-WS2 were
found, E12g at 348.5 cm-1 and A1g at

Fig. 4. XRD diffractograms for WO3 NNs (bottom spectrum) and WS2 
NTs/NNs (upper spectrum). 

Fig. 5. Raman spectra of WO3 NNs (lower spectrum), WS2 NTs/NNs 
(upper spectrum). 

414.5 cm-1, where A1g and E12g mode indicates in plane and 
out-of-plane vibrations respectively. The sharp Raman peaks 
further indicates the crystallinity of the multilayered film, 
consistent with XRD results. Furthermore, it is possi- ble to 
evaluate the number of layers present in the grown material by 
calculating the peak intensity difference between E12g and A1g 
mode (I E12g/I A1g). The observed dif- ference of 0.89 
indicates that the grown nanofilms consist of multilayers of 
WS2, stacked together by van der Waals forces of interaction, 
which suppresses atom vibrations [31]. In addition, two broad 
peaks at 700 cm-1 and 803 cm-1, were also detected with low 
intensity compared to WS2 spectrum, indicating the presence 
of some WO3 impurities. Hence it can be concluded that 
Raman spectroscopy is more sensitive than other 
characterization techniques at detecting traces of tungsten 
oxide which could be present within the bulk core of grown 
WS2 films. Observations from TEM and HRTEM are presented 
in Fig.6 wherein (a) shows characteristic WS2 cluster composed 
of several 2D nanotriangles with side walls of about 800 nm. 
It appears that triangles are growing on top of one another. 
They are crystalline and no amorphous material is observed on 
their edges (Fig. 6b). Besides 2D nanostructures, also 1D 
nanostructures, i.e., nanoneedles, are observed. The 
characteristic interlayer distance of (002) planes 
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Fig. 6. TEM images of WS2 cluster composed of nanotriangles with 
side wall of about 800 nm (a, b) and a middle part of the nanoneedle 
with diameter of 180 nm (c). Blue frames in images b and c indicate 
areas where HRTEM insets were taken. 

 

Fig. 7. FESEM image depicting decoration of WS2 NTs/NNs with Cu2O 
NPs. 

 

Fig. 8.   TEM image depicting Cu2O NPs functionalized WS2 
(a) nanotriangle (b) nanoneedles. 

 
in the nanoneedle close to the surface is 0.69 nm (Fig. 6c). The 
planes are expanded compared to the (002) planes in WS2 
single crystal most likely due to crystallographic defects, 
especially dislocations [32]. 

Thus, results from different characterization techniques per- 
formed, confirm the transformation of WO3 nanomaterial to 
WS2 with small traces of WO3, which may be present in the 
bulk of the sulfurized multilayered nanofilms. 

2) Functionalized WS2: Details of the morphological and 
structural features after decoration of WS2 NTs/NNs with 

Cu2O were studied using FESEM, TEM and EDX. The 
presence of nanoparticles (NPs) can be well observed in Fig. 7. 
The NPs are deposited on top of the as grown WS2 nanosheets. 

Furthermore, Fig. 8 (a) and (b) display low magnification 
TEM images of Cu2O NPs decorating WS2 nanotriangles and 

nanoneedles respectively. The formation of nanoparticles with 
an average diameter of about 5-6 nm and the co-existence of 
a few bigger ones with diameter of about 15-20 nm can be 

observed. 
In addition to this, presence of Cu2O was also confirmed 

using EDX. The spectrum is displayed in Fig. 9. From the 

 
 
 
 
 
 

Fig. 9. EDX spectrum of the as prepared Cu2O functionalized WS2 
hybrid nanomaterial. 

 
EDX analysis, it is detected that the concentration of copper 
present is less than 3%, hence it can be concluded that the 
doping concentration is very less. Nevertheless, results from 
FESEM, TEM and EDX confirms the decoration of WS2 
NTs/NNs with Cu2O NPs. 

 
IV. GAS SENSING RESULTS AND DISCUSSION 

The gas sensing properties towards 40 ppm of H2S gas of 
pristine WS2 and Cu2O-functionalized WS2 were examined 
at three different operating temperatures (25 ◦C, 100 ◦C and 
150 ◦C). For all measurements, H2S gas was injected for 
10 mins followed by 60 mins purging with dry airflow so that 
the sensor can recover its initial baseline resistance. Excellent 
response stability was achieved using 10 min exposure fol- 
lowed by  1  h recovery. As shown in Fig.10 (a) the sensor 
response increases with increase in operating temperature, 
which clearly indicates more interactions between the target gas 
and the WS2 sensing surface at higher temperature. 

This can be attributed to the minimum activation energy 
required for the adsorption of gas molecules at the sensor 
surface, which is provided by applying heat, hence results 
in higher response at an elevated temperature. However, 
measurements beyond 150 ◦C were not performed, since at 
temperatures above 150 ◦C sulfur could evaporate and could 
lead to the formation of a composite of tungsten oxide and 
sulfide. Thus, for subsequent studies with both functionalized 
and pristine sensor, 150 ◦C was considered as the optimal 
working temperature for the two fabricated sensors. Con- 
sequently, lower operating temperature is one of the many 
advantages of using transition metal dichalcogenides based 
sensors (such as WS2 nanofilms) for H2S gas detection in 
comparison to the higher operating temperatures used for most 
metal oxide based H2S gas sensors. 

Furthermore, Fig.10 (b) and (c) depicts the dynamic elec- 
trical responses for the two sensors towards 40 ppm of H2S 
gas at the optimal working temperature (150 ◦C). The 
maximum gas response recorded for pristine WS2 at 150 ◦C 
was 54.70% towards 40 ppm H2S gas, while it reached 
610% for Cu2O/WS2. Thus, the decoration with Cu2O NPs 
on WS2 NTs/NNs sensor has resulted in 11-fold increase in 
the sensor response. The response and recovery time for 
pristine WS2 sensor towards 40 ppm of H2S gas were 230 s and 
1710 s respectively. With the addition of Cu2O NPs to WS2 
nanomaterial, the response and recovery time were 
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Fig. 10. Response towards 40 ppm H2S gas (a) for pristine sensor as a 
function of temperature, (b) depicting change in electrical resistance of 
pristine sensor (4 replicate response and recovery cycles) when operated 
at 150 ◦C (c) depicting change in electrical resistance of functionalized 
sensor (4 replicate response and recovery cycles) when operated at 150 
◦C.

reduced to 141 s and 328 s respectively (Fig. S3). To evaluate 
the long term stability of the sensors, we have monitored them 
over a period of 7 months towards 40 ppm of H2S gas. 
Results demonstrate good stability in terms of sensor response 
and baseline resistance for both sensors (Fig. S4). H2S response 
was decreased compared to the initial values by only 16%. 
The steady and reproducible gas response in both the sensors is 
attributed to the direct growth of tungsten disulphide 
nanomaterial at the electrode surface. 

Moreover, it is observed that when the sensor is exposed 
to a reducing gas, the baseline resistance increases, indicating a 
p-type semiconducting behaviour for both sensors. This is
consistent to the results reported in the literature for WS2

nanofilms [27], [33]–[36].
Moreover, the two sensors were also tested towards 40 ppm 

H2S gas at room temperature and the corresponding responses 

Fig. 11. Response recorded at room temperature towards 40 ppm H2S 
gas depicting change in electrical resistance of (top) pristine sensor 
(down) functionalized sensor. 

are presented in Fig. 11. As expected, the sensing response was 
much lower at room temperature, where the highest response 
was only 10% for pristine WS2 sensor whereas the response 
was much more intensified and rose to 138% from 10% with 
the addition of Cu2O NPs to pristine WS2. Also, a small drift 
is observed in both the sensors which can be attributed to the 
slow desorption of gas molecules when operated at room 
temperature. Nevertheless, a response value of 138% at room 
temperature is significantly higher for Cu2O/WS2 nanofilms 
that is ever reported in literature. 

Additionally, sensing characteristics of bare WS2 sensor for 
H2S gas in humid environment were also tested and the 
corresponding results are shown in Fig.12 (a). The sensor was 
tested for 3 replicates towards 40 ppm of H2S, operated at 
150 ◦C in humid backgrounds with 50% RH. It was observed 
that the sensor response for pristine sample dropped down from 
54.7% to 20% with the adsorption of water vapor on the 
WS2 sensor surface which apart from changing the 
baseline resistance, blocks the reaction sites, also reported 
in literature [35]. The sensing characteristics of the Cu2O 
functionalized WS2 sensor for H2S gas in humid environment 
were also tested and the corresponding results are shown in 
Fig.12 panel (b) and (c). This sensor was also tested for 
3 replicates towards 40 ppm of H2S, operated at 150 ◦C 
and room temperature in humid backgrounds with 50% RH. 
Surprisingly, even after humidity exposure there was not much 
change in sensor response as the response dropped down by 
only 14% from 610% to 596% when operated at 
150 ◦C. At room temperature, there is a drop of 41% in 
gas response from 138% to 97% in the similar humidity 
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Fig. 12. Electrical resistance towards 40 ppm H2S in 50% RH back- 
ground recorded for (a) pristine sensor at 150 ◦C (b) functionalized 
sensor at 150 ◦C (c) functionalized sensor at room temperature. 

conditions. It is very important to note here, that most of 
the reported studies on layered WS2 gas sensors have not 
studied the effect of ambient humidity on sensing performance, 
which is an essential parameter for the practical application of 
gas sensors. Therefore, the addition of Cu2O to pristine WS2 
sensor for H2S detection, would enable suppression of the 
moisture cross-sensitivity. These results highlight the superior 
gas sensing performance of Cu2O functionalized WS2 sensor 
towards H2S gas sensing. 

A selectivity study was performed by exposing the sen- sors 
towards other interfering gases such as NO2 and NH3. The 
results are depicted in Fig. S5 which demonstrates the 
important role played by Cu2O in enhancing the sensitivity and 
selectivity of WS2 towards H2S gas detection. 

In this respect, Table I gives more insights by comparing the 
performance in the detection of H2S reported in this paper with 
those found in the literature. From the results obtained, the 
fabricated Cu2O functionalized WS2 sensor shows outstanding 
gas responses with high sensitivity towards H2S gas and a 

TABLE I 
COMPARISON OF THE SENSING PROPERTIES OF H2 S RESISTIVE AND 

FET TYPE GAS SENSORS BASED ON DIFFERENT WS2 SENSING
MATERIAL STRUCTURES IN THE LITERATURE AND THE 

TWO WS2 SENSORS IN THIS STUDY 

detection limit below 500 ppb when operated at 150 ◦C. 
Besides that, the sensor remains functional and demonstrates 
good sensitivity towards the targeted gas (H2S) even at room 
temperature. 

V. H2 S GAS SENSING MECHANISM
The It is evident from the gas sensing measurements the 

addition of Cu2O NPs significantly enhances the sensing 
response of the WS2 nanomaterial towards H2S gas. The sens- 
ing mechanism (Fig. S6) of WS2 nanosheets is based on charge 
transfer process. When the sensor is exposed to a reducing gas 
such as H2S in our case, the gas molecules get physiosorbed on 
the sensing layer resulting in change of electrical resistance of 
the material. H2S being an electron donor, upon adsorption the 
molecule donates electrons to the multi-layered WS2, thereby 
decreasing the concentration of charge carriers (holes), which in 
turn increases the overall resistance of the material. The 
reaction equations are provided in SI. This indicates a p-
type semiconducting behavior for the fabricated tungsten 
disulfide sensor. In this regard, many reports have revealed a 
similar behavior. Additionally, according to previous research 
findings in literature, the adsorption energy for a monolayer 
WS2 nanofilm for H2S gas molecule is slightly lower than 
that for bilayer WS2 nanofilms which is 246.2 meV [35]. This
suggests that as the number of layers increases from mono to 
multi layered WS2, their corresponding adsorption energy 
towards H2S increases resulting in a qualitatively higher 
sensitivity towards H2S, which is in accordance with our 
experimental results for multilayered WS2. In the case of Cu2O 
decoration, with addition of p-type Cu2O NPs to the p-type 
WS2 NTs/NNs there is a formation of a p-p junction 
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between the two materials. Considering the fact that the band 
gap of bulk WS2 is 1.4 eV and that of Cu2O is 2.2 eV [16], from 
a thermodynamic view, the electrons from the conduction band 
or donor level of Cu2O will jump to the conduction band of 
WS2 nanomaterial. This transfer of electrons towards WS2 
diminishes the number of majority carriers (holes), which 
results in an increase in the baseline resistance of the material 
(Fig. 11). According to our previous findings supported by XPS 
studies, when Cu2O nanoparticles are exposed to H2S there is a 
transition from oxide (Cu2O) to sulfide (Cu2S), which results 
in the injection of electronic charge from Cu2S towards WS2, 
thereby decreasing the concentration of charge carriers (holes) 
of the WS2 host matrix. This transition is reversible, namely 
Cu2S is oxidized back to Cu2O when H2S is removed from the 
sensor environment [27]. Furthermore, the synergistic effect 
between Cu2O and WS2 surface resulting from remarkable 
increase in surface area and exposed active sites further 
increases the sensor response. In addition to the high surface 
to volume ratio of nanoneedles-nanotriangle nanostructure, the 
nanoparticles offer more interspace, as a result, the assembly 
shows an increased porosity with a greater number of edges, 
resulting in availability of abundant active sites for gas 
interaction [36]. Moreover, multilayered nanofilms offer more 
electron transfer channels for improved reaction between the 
material and target gas, in comparison to the more closely 
packed nanoflake assembly. This may explain the supe- rior gas 
sensing properties recorded for Cu2O nanoparticles decorated 
WS2 with nanotriangle and nanoneedle morphology. 
Additionally, a significant change in resistance is observed 
at room temperature, which is attributed to the formation of 
metallic Cu2S [27] when the sensor surface is exposed to H2S. 

VI. CONCLUSION
A We have investigated the H2S gas sensing performance of 

Cu2O decorated WS2 sensor fabricated directly on commercial 
sensor transducer via a combination of AACVD and CVD 
technique and compared its sensing performance with pristine 
WS2 sensor. The sensor is composed of a hybrid structure of 
nanoneedles and nanotriangles of WS2 with high quality and 
crystallinity as confirmed by XRD, Raman, TEM characteriza- 
tion techniques and Cu2O nanoparticles attached on top of its 
surface confirmed by FESEM, TEM and EDX spectroscopy. 
The gas-sensing results have revealed that the decoration of 
WS2 nanoneedles/nanotriangles with Cu2O nanoparticles 
dramatically increases their response to H2S (i.e., 11-times 
increase in response compared to that of pristine WS2 sensor 
from 54% to 610%. Additionally, this hybrid nanomaterial 
shows negligible moisture cross-sensitivity with a small drop in 
sensing response from 610% to 596%, which is rarely found in 
metal oxides. Moreover, the fabricated sensor shows excellent 
stability over a period of 7 months with only 16% fall off 
in its sensing response from 610% to 510%. Also, room 
temperature measurements show interesting results where the 
Cu2O decorated WS2 sensor shows significantly high gas 
sensing response of 138% as compared to that of pristine 
sensor with only 10% sensing response towards hydrogen 
sulphide detection. Furthermore, the direct growth of Cu2O-
functionalised WS2 nanofilms on the sensor transducer 

with high degree of scalability and controllability makes the 
production of these nanofilms much more feasible. In this 
regard, our results provide new insights and paves a way to 
improve the gas sensing performance for next-generation 
materials with commercial potential due to the stable and high 
responses attained at much lower operating temperatures (even 
room temperature) than those of metal oxides. 

APPENDIX 
Supplementary material related to this article. 
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A B S T R A C T

In this work tungsten disulphide nanostructures loaded with platinum-oxide (PtO), or palladium-oxide (PdO) 
were grown directly onto alumina substrates. This was achieved using a combination of aerosol-assisted chemical 
vapour deposition (AA-CVD) method with atmospheric pressure CVD technique. At first, tungsten oxide nano-
wires loaded with either PtO or PdO nanoparticles were successfully co-deposited via AA-CVD followed by 
sulfurization at 900 ◦C in the next step. The morphological, structural, and chemical characteristics were 
investigated using FESEM, TEM, XRD, XPS and Raman spectroscopy. The results confirm the presence of PdO and 
PtO in the WS2 host matrix. Gas sensing attributes of loaded and pristine WS2 sensors were investigated, at room 
temperature, towards different analytes (NO2, NH3, H2 etc.). Both pristine and metal-oxide loaded WS2 gas 
sensors show remarkable responses at room temperature towards NO2 detection. Further, the loaded sensors 
demonstrated stable, reproducible, ultrasensitive, and enhanced gas sensing response, with a detection limit 
below 25 ppb. Additionally, the effect of ambient humidity on the sensing response of both loaded and pristine 
sensors was investigated for NO2 gas. The response of PtO loaded sensor considerably decreased in humid en-
vironments, while the response for pristine and PdO loaded sensors increased. However, slightly heating (at 
100 ◦C) the sensors, suppresses the influence of humidity. Finally, the long-term stability of different sensors is 
investigated, and the results demonstrate high stability with repeatable results after 6 weeks of gas sensing tests. 
This work exploits an attractive pathway to add functionality in the transition metal dichalcogenide host matrix.   

1. Introduction

While technological advancements have improved an individual’s
lifestyle, they have also contributed to the emergence of environmental 
issues, such as global warming and pollution. In particular, the number 
of pollutant emissions in the atmosphere has increased dramatically, 
leading to air pollution [1]. This phenomenon is caused by particulate 
matter and several harmful gases, including nitrogen dioxide (NO2), 
ammonia (NH3), carbon monoxide (CO), sulphur dioxide (SO2), 
hydrogen sulphide (H2S), carbon monoxide (CO), and ozone (O3) [2]. 
These gases not only pose a threat to the environment but are also 
detrimental to human health, as they are a leading cause of ailments 
such as respiratory irritation syndrome, lung diseases, and bronchitis, 
only to name a few. According to research, air pollution is responsible 
for one out of every nine deaths each year, making it the leading cause of 

death. Besides, around 92% of the world’s population lives in areas with 
poor air quality, putting them at significant risk of premature death [3]. 
Furthermore, among all, NO2 is one of the life-threatening contami-
nants. Therefore, the legitimate airborne permissible exposure limit of 
NO2, as stipulated by the Occupational Safety and Health Administra-
tion (OSHA) is 5 ppm, which cannot be surpassed [4]. Also, the Amer-
ican Industrial Hygiene Association has set a 5-minute emergency 
exposure limit for NO2 at 35 parts per million (ppm) as exposure above 
this concentration can cause skin damage and respiratory issues [5]. 
Therefore, it is now more important than ever to regularly monitor and 
evaluate the air quality. 

In this respect, gas sensing devices play an essential role in the 
detection and monitoring of poisonous pollutants like NO2 to reduce 
their damaging effects. Based on their working mechanism, these de-
vices are categorised into chemoresistive, optical, electrochemical, and 
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gravimetric (e.g., micro-cantilever) sensors. Among them, the chemo-
resistive type gas sensors have obtained broad consideration as they 
offer significant advantages over other sensors in terms of their simple 
fabrication, ease of operation and affordable cost. In general, these 
sensors are based on metal oxide semiconductors (MOX), thanks to their 
excellent gas-sensing performance towards harmful gases, such as NH3, 
H2S and CO [6]. However, conventional MOX chemoresistive sensors 
typically work at elevated temperatures above 200 ºC, which along with 
high power consumption brings a huge hindrance to their portability 
and long-run reliability [7]. As a result, in the last few years, consider-
able efforts have been directed towards the development of room tem-
perature gas sensors for application in consumer electronics, wearables 
and wireless sensing networks. 

Consequently, 2D materials like inorganic analogues of graphene 
(GR), such as transition-metal dichalcogenides (TMDs), have emerged as 
a viable material for gas sensing applications. Similar to GR, this class of 
materials have a layered structure. They have X-M-X architecture, where 
M is a transition metal atom and X is a chalcogen atom, however, unlike 
GR, they do not have a single layer of atoms. The chalcogen atoms are 
arranged in two hexagonal planes separated by a plane of metal atoms, 
forming sandwich structures. The atoms in these three layers are bonded 
together by strong covalent connections, whereas each three-layer sheet 
is attached to its neighbouring atoms by weak Van der Waals forces of 
attraction. Moreover, TMDs, unlike other carbon-based 2D structures 
(such as GR), have an inherent energy bandgap, which gives them 
remarkable chemical and electrical characteristics [8]. As a result, these 
materials are extremely useful in a variety of sectors including aero-
space, military, semiconductor, automotive, and medicine. For instance, 
they are utilized as a photovoltaic material for solar cell application [9], 
light-emitting devices [10], transistors [11], diodes and many more. 

While there has been a recent spike in interest in the synthesis and 
study of TMDs thin films, most of these studies have focused on MoS2 
and WS2. 2D layered tungsten disulphide, on the other hand, has fasci-
nated the gas sensing community with its remarkable electrical and 
optoelectronic capabilities. A two-dimensional layer of WS2 is made up 
of covalently bound W-S atoms that are stacked together by a weak Van 
der Waals interaction [13], which permits gases to diffuse smoothly in 
between the layers. Furthermore, because of its large surface area and 
active gas adsorption sites (edges, vacancies, and surface defects), its 2D 
structure outperforms conventional MOX-based gas sensors at signifi-
cantly lower operating temperatures [3,6,12]. It is not only due to its 
unique features, but also to the ease with which these properties may be 
tuned through dimension control, surface design, and doping. 

However, despite all the above-stated properties, pristine WS2 shows 
poor gas sensing response at room temperature, this is due to the strong 
adsorption of gas molecules on the WS2 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 WS2 based gas sensors in the real 
environment [12,13]. 

In MOX chemoresistors, loading the active layer with noble metals is 
a successful way to enhance the gas sensing performance, as these noble 
metals can induce electronic and chemical sensitization effects at the 
surface of the host matrix. Catalytic metal particles increase the number 
of active sites and lower the activation energy for gas adsorption, 
resulting in higher adsorption rates and lower operating temperatures. 
Subsequently, improved sensing response, better recovery characteris-
tics and enhanced selectivity are achieved [14–16]. A similar approach 
has also been reported for enhancing the sensing response of TMDs. The 
dispersion of noble metal particles on the surface of TMDs creates 
spill-over effects that aid to increase the rate of surface reactions, 
resulting in faster response and recovery times [17]. For instance, it has 
been reported that loading WS2 nanosheets with Ag nanowires 
dramatically improves the sensing response with a 12-fold increase 
(667%) towards NO2 exposure via a spillover effect [18]. Similarly, a 
study of Au decorated WS2 nanosheets reported enhanced sensing 

response towards CO using very low power consumption (28.6 μW), 
which is attributed to the spillover effect brought about by Au NPs. 
Moreover, the sensor showed enhanced selectivity towards CO owing to 
the catalytic effect of Au NPs [13]. Decoration of WS2 with WO3 NPs via 
layer-by-layer self-assembly technique displayed enhanced gas sensing 
results. The response values of WS2, WO3, and WS2/WO3-LbL sensors 
toward 10 ppm of ethanol gas were 37.82%, 14.88%, and 74.50%, 
respectively. The enhanced sensing performance towards ethanol 
detection is attributed to the WS2/WO3 heterojunction unique 
charge-transfer properties as well as the synergistic effects of the two 
materials [19]. Moreover, our recent study on Cu2O doped WS2 also 
revealed enhanced gas sensing properties (11-fold increase in the sensor 
response) towards H2S gas detection. Herein, the proposed gas sensing 
mechanism is based on the p-p heterojunction formed between the two 
materials. [20]. Even though the literature reviewed above indicates 
that the modification of TMDs results in enhanced gas sensing proper-
ties, there is a need for sensors that work at room temperature and are 
simple to fabricate. 

To date, a variety of methods have been explored to graft functional 
groups or complex molecules onto pristine TMDs, such as plasma 
treatment [22], [23], low-energy ion implantation/substitutional 
doping [24], [25], and covalent or non-covalent functionalization [26]. 
However, each method has its limitations. For instance, substitutional 
doping causes defects in the TMD structure [27], [28]. Another study 
suggests functionalisation of TMDs flakes with different solutions to 
achieve the effect of doping, nevertheless, the procedure is often difficult 
and time-consuming [29], [30]. Moreover, doping with plasma has also 
been reported in previous studies, resulting in defect formation along 
with a considerable reduction in charge mobility [22], [23]. Sputtering 
is another technique that is widely used for depositing metal/metal 
oxide NPs. Besides, the use of sputtering equipment is involved, and the 
overall operating cost is high. As a result, it is necessary to investigate 
efficient loading strategies that are stable, simple to perform, and do not 
result in severe defects appearing in the TMD material. 

Alternatively, inspired by our previous research works [31,32], 
deposition via aerosol-assisted chemical vapour deposition (AACVD) is 
an excellent choice to incorporate metal additives on the TMD host 
matrix. Indeed, it allows us to simultaneously incorporate two or more 
materials along the host matrix, using one step deposition. It is easy and 
practical compared to the above-mentioned techniques. Moreover, by 
combining CVD with AACVD, we can directly grow the sensing material 
onto the sensor transducer, resulting in a high growth yield, uniform 
coverage and stable gas sensing responses. Besides, the direct growth of 
these films, which has a high degree of scalability and controllability, 
makes nanostructure production considerably closer to mass 
production. 

In this regard, we propose for the first time, the successful growth of 
tungsten disulphide nanosheets loaded with PdO and PtO materials, 
using the combination of AACVD and CVD methods for the fabrication of 
room temperature NO2 gas sensor. Throughout the paper, loaded sensors 
are either denoted by WS2/PtO (platinum-oxide) or WS2/PdO (palla-
dium-oxide) whereas pristine sensors are denoted by WS2. Tungsten 
oxide nanowires loaded with PtO and/or PdO nanoparticles were co- 
deposited via aerosol-assisted chemical vapour deposition, followed by 
sulfurization at 900 ◦C in the corresponding step. The sensing films were 
then characterised by FESEM, TEM, XRD, Raman spectroscopy, PL 
spectroscopy and X-ray photoelectron spectroscopy (XPS) to verify the 
material characteristics of pristine and loaded nanostructures. More-
over, the gas sensing properties of pristine and loaded WS2 sensors were 
investigated and compared towards NO2 detection under both dry and 
humid atmospheres. Additionally, the selectivity of the fabricated sen-
sors was also studied by exposing them to different analytes such as NH3, 
H2S, CO and H2. To the best of our knowledge, no previous reports have 
described the synthesis of platinum (PtO), or palladium (PdO) loaded 
WS2 adopting the methodology we exploited in our study. Finally, the 
underlying gas sensing mechanism for the loaded WS2 nanostructures is 
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also discussed in detail. 

2. Experimental section

2.1. Material synthesis

Multi-layered nanosheets of pristine and/or loaded WS2 films were 
grown in two steps. 

2.1.1. First step deposition using aerosol-assisted chemical vapour 
deposition technique (AACVD) 

In the first step, either pristine or metal-oxide NPs loaded nanowires 
of WO3 were grown, directly on a commercial alumina substrate, with 
screen-printed, interdigitated platinum electrodes on one side and a 
platinum resistor heater on the backside. It is a one-step growth process 
achieved via AACVD method. This technique is widely used to deposit 
nano and microstructures of metal oxides (Fig. S1 gives a pictorial 
description of the complete process). Pristine nanowires of WO3 were 
grown using 50 mg of tungsten hexacarbonyl (WCO6) dissolved in a 
solution of 15 mL acetone (CAS: 67–64–1) and 5 mL methanol (CAS: 
67–56–1). The solution was kept in an ultrasonic bath for 20 min. After 
the solution was fully solubilised, it was placed in an ultrasonic bath to 
convert the solution to an aerosol. Nitrogen (N2) was used as a carrier 
gas and the flow rate was set to 0.5 L/min to transport the aerosol to the 
deposition chamber, where the alumina substrate was kept. Before this, 
the deposition chamber was heated to a temperature of 400 ◦C. The 
growth process took approximately 30 min to complete. Afterwards, the 
chamber was allowed to naturally cool down and later the substrate with 
WO3 nanowires was annealed at 500 ◦C for 2 h using a carbolite CWF 
1200 muffle furnace. Annealing was done to remove any carbon residual 
left from the precursor, resulting in fully oxidised WO3 nanowires. 

Metal-oxide NPs loaded nanowires were fabricated adopting the 
same procedure and equipment as described for the deposition of pris-
tine WO3 nanowires. However, the solution containing precursors and 
the amount of organic solvent used varied. For instance, in the case of 
PdO/WO3, 25 mg of W(CO)6 was dissolved in 9 mL acetone and 5 mg of 
palladium acetylacetonate (Pd(C5H7O2)2) was dissolved in 3 mL meth-
anol separately. The solutions were then mixed and sonicated for 15–20 
mins, whereas for PtO/WO3, 25 mg of W(CO)6 was dissolved in 9 mL 
acetone and 36 mg platinum acetylacetonate Pt(O2C5H7)2 was dissolved 
in 3 mL methanol separately. Again, the two solutions were then mixed 
and sonicated for 15–20 mins. After this, the same procedure was fol-
lowed as described previously for growing pristine WO3 nanowires. 
However, for growing metal-oxide loaded nanowires the deposition 
chamber was heated to a temperature of 350 ◦C only instead of 400 ◦C. 

2.1.2. Second step deposition using atmospheric pressure chemical vapour 
deposition technique (CVD) 

In the second step of the synthesis, the as-grown WO3 nanowires are 
sulfurized to form WS2 nanomaterial using a quartz tube furnace via 
atmospheric pressure chemical vapour deposition technique (CVD). This 

experiment is performed inside an in-house custom built CVD reactor 
under hydrogen-free conditions (Fig. S2). Preceding the sulfurization 
process, the quartz tube is flushed with 0.5 L/min of argon gas to remove 
any oxygen content present in the reactor. Two ceramic boats containing 
an equal amount of sulphur (S) powder each (>99.95%, Sigma Aldrich, 
CAS: 7704–34–9) are placed at different temperature zones of the 
deposition furnace. One of which is placed inside a secondary semi- 
sealed quartz tube next to the WO3 nanowires and the other sulphur 
boat is placed outside the secondary quartz tube. The boat outside the 
secondary quartz tube is placed upstream of the argon flow inside the 
bigger quartz tube. This promotes the double sulfurization of the as- 
grown WO3 nanowires. The furnace is then heated from room temper-
ature to 900 ◦C with a heating rate of 40 ◦C/min to remove contaminants 
such as water or residual organics. This is done to obtain the nucleation 
of WS2. The growth of WS2 is achieved by allowing the reaction to 
proceed at 900 ◦C for 60 min under a constant flow of argon. It is vital to 
control all the growth parameters including the gas flow rate, heating 
rate and the quantity of sulphur powder used to obtain homogeneously 
sulfurized multi-layered films of WS2. After the growth phase, the 
furnace is cooled naturally to room temperature. 

Metal-oxide loaded nanowires were sulfurized adopting the same 
procedure and equipment as described for the sulfurization of pristine 
WO3 nanowires. 

2.2. Material characterization techniques 

The morphology of the as-grown WO3 nanowires loaded with PtO or 
PdO NPs were examined using a transmission electron microscope 
(JEOL 1011) and a field-emission scanning electron microscope 
(FESEM) Hitachi 2000 and FEI Helios Nanolab 650. Furthermore, once 
the films were sulfurized, they were again examined using FESEM. For 
crystalline phase analysis, XRD measurements were made, using a 
Bruker-AXS D8-Discover diffractometer equipped with a parallel inci-
dent beam (Gober mirror), vertical XYZ motorized stage and with a 
GADDS (General Area Diffraction System). The elemental and chemical 
composition was studied via X-ray photoelectron spectroscopy (XPS) 
using a versaprobe PHI5000 spectrometer (equipped with a mono-
chromatic Al Kα X-ray source). For spectrum analysis, the CASA XPS 
software was used. The Raman spectroscopy measurements were ob-
tained using a Renishaw in Via, laser 514 nm, ion argon-Novatech, 25 
mW. Moreover, Photoluminescence measurements at room temperature 
were also 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 in 360 nm was used to 
stray light. All spectra were corrected for the response function of the 
setups. 

Fig. 1. Gas sensing measurement system setup.  
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2.3. Gas sensing tests 

The gas sensing characteristics of the as-fabricated loaded and pris-
tine WS2 sensors were measured using a homemade detection system. 
Commercial alumina substrates with interdigitated platinum electrodes 
(with 300 µm electrode gap) on the front side and a platinum resistive 
heater meander on the backside were used to grow either PtO or PdO 
loaded WO3 nanowires which were later sulfurized to grow pristine or 
loaded films of WS2. The as-fabricated sensors were then tested under a 
continuous gas flow (100 sccm) in a Teflon test chamber (35 mL in 
volume) that can accommodate four sensors simultaneously. This testing 
chamber was connected to a fully automated, continuous gas flow 
measurement set-up, able to supply diluted gas mixtures as well as hu-
midified gas mixtures using mass flow controllers. An illustration of a 
typical gas measurement setup is shown in Fig. 1. The gases employed 
for testing were used from calibrated gas cylinders balanced in dry 
synthetic air. Unless otherwise specified, all the gas sensing measure-
ments were performed at room temperature. 

The sensing measurements consisted of monitoring the change in 
electrical resistance of the sensor upon exposure to different concen-
trations of various analytes (such as NO2, NH3, H2, CO, H2S) performing 
up to four replicates for each analyte concentration. The electrical 
resistance was measured by using an Agilent-34972A multimeter. The 
sensors were exposed to a given analyte for 10 min and subsequently, 
the chamber was purged with dry air for 110 min to recover initial 
baseline resistance. The time left to recover the initial baseline resis-
tance was kept longer purposely since gas sensing measurements were 
done at room temperature, and desorption of gas molecules takes 
generally longer than when sensors are operated at elevated tempera-
tures. Sensors were kept overnight in a dry air flow to better stabilise 
their baseline resistance every time they had to be exposed to a new 
target gas. The total flow rate was kept constant at a value of 100 mL/ 
min throughout the measurements. Some experiments were also con-
ducted under a humid background (e.g., 50% RH at room temperature, i. 
e., 21ºC) to investigate the humidity interference. This humidity level 

was kept constant while exposing the sensor to different concentrations 
of NO2 gas. 

3. Results and discussion

3.1. Structural and morphological characteristics

AACVD of pure W(CO)6 and/or a mixture of W(CO)6 with Pd 
(C5H7O2)2 and/or Pt (O2C5H7)2 resulted in the formation of adherent 
uniform films of tungsten trioxide nanoneedles and/or tungsten trioxide 
nanoneedles loaded with PdO and/or PtO nanoparticles, grown directly 
onto commercial alumina sensor substrates. The as-grown films were 
initially dark blue while after annealing, they change to pale green for 
tungsten oxide, brown for tungsten trioxide decorated with palladium- 
oxide nanoparticles, and off-white for the tungsten trioxide decorated 
with platinum-oxide nanoparticles. Once these films have been sulfu-
rized the colour for all the samples changes to dark black confirming the 
formation of WS2. 

A field-emission scanning electron microscope (FESEM) was used to 
characterise the as-deposited films before and after sulfurization. Fig. 2a 
and b show the FESEM imaging results of the as-synthesised material 
loaded with either PtO or PdO NPs. It was observed that loading the 
material with different nanoparticles did not affect the morphology 
resulting in 60–120 nm thick nanoneedles with similar structures. 
Moreover, a cross-section of the loaded and pristine films was obtained 
using an ETD detector installed in the FESEM. The results (Fig. 2c-d) 
show a small difference in morphology and film thickness between 
loaded and pristine materials. As depicted in Fig. 2c, pristine nano-
material consists of 60–120 nm thick nanoneedles with a film thickness 
of roughly 6–7 µm. After decorating, the nanoneedles are loaded with 
nanoparticles along with their bodies, as well as an accumulation of 
these nanoparticles at their tips, resulting in an 8–9 µm film thickness, as 
seen in Fig. 2d. Furthermore, the nanoneedles were found to be verti-
cally aligned, slanted, and dispersed equally across the entire substrate. 

The as-grown films containing WO3 nanoneedles were also analysed 

Fig. 2. FESEM images of WO3 nanoneedles decorated with (a) PtO, (b) PdO nanoparticles. Cross-section image depicting vertically aligned (c) pristine (d) metal- 
oxide NPs loaded on WO3. 
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using TEM before sulfurization. The films were scraped from the 
alumina substrate and deposited over carbon-coated copper grids for 
analysis. As shown in Fig. 3, the nanoneedles were randomly aligned and 
uniformly decorated with PdO and/or PtO NPs, indicating that the 
tungsten oxide nanoneedles had been loaded with well-dispersed metal- 
oxide NPs. The diameter of the NPs was between 4 and 6 nm in the case 
of PdO decorated nanoneedles, as shown in Fig. 3a and b, but signifi-
cantly smaller (1–2 nm) in the case of PtO NP decoration, as shown in 
Fig. 3c and d. 

Following that, the annealed films were sulfurized in a CVD chamber 
using the methodology described earlier. The films were then examined 
using FESEM, revealing a change in surface morphology from nano-
needles to nano triangles (in pristine WS2), nanoflakes (in WS2/PtO), 
and nanoplatelets (in WS2/PdO). The NPs were not visible at the surface 
after sulfurization, as they had been before. The arrangement of nano-
material that forms nanotriangles in pristine WS2 is depicted in Fig. 4a 
and b, whereas the morphology obtained in loaded films differ slightly, 
as shown in Fig. 4b-f. 

The sensor substrate is uniformly covered with nanoflakes that seem 
considerably thinner with defined shape and sharp edges with PtO 
loading, whereas the shape of these nanosheets changes to hexagonal 
nanoplatelets that are randomly oriented covering the entire substrate 
with PdO loaded WS2. As a result, the differences in the two morphol-
ogies could be linked to differences in the initial morphology of WO3 
nanocomposite (nanoparticles size) as well as the film composition 
(different functionalization sources). A cross-section of the sulfurized 
films was also obtained, revealing film thickness in the 30–32 µm range, 
as shown in Fig. 4g. 

The structural and chemical characteristics of the loaded and pristine 
films were also evaluated using Raman spectroscopy. In all three sam-
ples, Raman features confirm the formation of WS2. Fig. 5a corresponds 
to the Raman spectra obtained for pristine and loaded WS2, using a 
514 nm excitation wavelength laser. E1

2 g and A1 g are the two typical 

Raman modes, with the former representing in-plane vibrations of S and 
W atoms and the latter representing out-of-plane vibrations of S atoms. 
These two typical Raman modes of pristine WS2, E1

2 g and A1 g appear at 
349 and 415 cm− 1 respectively [13,32]. The loaded samples, on the 
other hand, show a small upshift in both modes, with the E1

2 g of 
WS2/PtO and WS2/PdO samples shifting by 1 cm− 1 (from 349 to 
350 cm− 1) and 6 cm− 1 (from 349 to 355 cm− 1) respectively, which can 
be attributed to the effect of adding functionality [3]. Likewise, an up-
shift of A1 g band by 1 cm− 1 (i.e., from 415 to 416 cm− 1) and 4 cm− 1 (i.e. 
from 415 to 419 cm− 1) was also observed for PtO and PdO loaded WS2 
films, respectively. In contrast, two broad peaks with very low intensity 
were observed at 693 cm− 1 and 806 cm− 1 for pristine WS2 film, and at 
696 cm− 1 and 800 cm− 1 for WS2 /PtO film. These peaks are indicative of 
the presence of some WO3 impurities, as previously reported [11,13]. 
Whereas, in the WS2 /PdO material, no such peaks were discovered. 
However, additional characterisation results discussed below also 
confirm the presence of tungsten oxide in WS2 /PdO. In our previous 
results [33], we have observed such impurities (WO3) in the WS2 sam-
ples. They can be originated from the uncompleted sulfurization process 
as well as the presence of some oxygen traces inside the CVD tube since 
the growth occurs at atmospheric pressure. 

For both pristine and loaded WS2 films, the ratio of A1 g to E1
2 g peaks 

remains constant at 0.84, suggesting the formation of multi-layered 
WS2. The crystallinity of the multi-layered film is further shown by 
the strong Raman peaks. Also, the Raman analysis results are consistent 
with those found in prior studies [17,19]. 

Furthermore, X-ray powder diffraction was used to detect the crys-
tallographic phase of the films. The XRD diffractograms of a pristine WS2 
sample (upper panel) was compared to those of WS2/PtO (middle panel) 
and WS2/PdO (lower panel) nanostructured films in view of checking for 
the presence of additional peaks in loaded samples and the results are 
depicted in Fig. 5b. The three diffractograms obtained were perfectly 
indexed to the 3R-WS2 (JCPDOS card no. 01–084–1399). In the WS2/ 

Fig. 3. TEM imaging results depicting WO3 nanoneedles (NNs) decorated with nanoparticles of (a and b) palladium oxide, having a particle size in the range of 
4–6 nm and (c and d) platinum oxide with significantly smaller size in the range of 1–2 nm. 
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PdO sample, some additional low-intensity diffraction peaks suggesting 
the presence of PdO were also discovered. These peaks indicate the 
presence of tetragonal PdO (002) at 2θ of 33.54 (JCPDOS card no. 
41–1107). Additionally, a small peak at 2θ of 23.1(002) was also found 
in this sample, indicating the presence of WO3 impurities. For the WS2/ 
PtO sample, peaks at 2θ of 33.5 (002) and 41.4 (110) indicate the 
presence of tetragonal PtO (JCPDOS card no. 43–1100). Whereas some 

additional peaks with low intensity indicating the presence of PtS in low 
quantity were also observed at 2θ of 29.59 (101) and 47.52 (112) 
(JCPDOS card no. 26–1302) in PtO decorated WS2. Furthermore, some 
peaks corresponding to the alumina substrate were present in all three 
samples, however, peaks from any other impurity were not detected, 
indicating that a well crystallised single-phase WS2 was obtained. 

The room-temperature photoluminescence (PL) spectra for WO3 

Fig. 4. FESEM images (a and b) pristine WS2 (c and d) WS2/PdO, (e and f) WS2/PtO NPs. Cross-section image depicting WS2 film thickness (g).  
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decorated either with PtO or PdO NPs and WS2 loaded either with PtO or 
PdO are presented in Fig. 6a and b respectively. The intensity of each 
spectrum was normalized to the maximum emission intensity for rela-
tive comparison. By pumping at 325 nm, we observed an emission peak 
of WO3 nanoneedles at around 450 nm (2.75 eV) with a full width at half 
maximum (FWHM) of 370 meV (Fig. 7a). When loading the WO3 
nanoneedles with the PdO or PtO NPs, the emission peak is shifted to 
490 nm (2,53 eV) and 530 nm (2,34 eV) and the FWHM are around 540 
and 660 meV, respectively. This broadening observed on the FWHM 

indicates that the quantity of intrinsic defects is higher when loading the 
WO3 NWs with the PdO or PtO NPs. On the other hand, by pumping at 
325 nm, we observed an emission peak of WS2 nanostructures at around 
393 nm (3.16 eV) with a full width at half maximum (FWHM) of 
440 meV (Fig. 6b). When loading the WS2 nanostructures with the PdO 
or PtO NPs, the emission peak is shifted to 430 nm (2,88 eV) and 461 nm 
(2,69 eV) and the FWHM are around 540 and 480 meV, respectively. 
This broadening observed on the FWHM indicates that the quantity of 
intrinsic defects is higher when loading the WS2 nanostructures with the 

Fig. 5. (a) Raman spectra and (b) XRD diffractograms of pristine WS2, WS2/PtO and WS2/PdO NPs.  
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PdO or PtO NPs. Emission peaks at around 393 nm (3.16 eV), 420 nm 
(2,95 eV) and 461 nm (2,69 eV) were previously observed in WS2 
quantum dots [1] and are assigned to the direct gap (~3.16 eV) of 
monolayered WS2 quantum dots and to defect levels, respectively. Then, 
the shift observed in the emission peaks is due to the additional emission 
contributions originated from new defect levels, which generates the 
main emissions at around 430 and 461 nm in the WS2 nanostructures 
loaded with PdO or PtO NPs, respectively. It was reported that presence 
of PdO or PtO NPs changes the electronic band structure of WS2 
monolayers [34]. 

X-ray photoelectron spectroscopy was used to explore the chemical
composition of the sample surface. Herein, pristine, and loaded samples 

were analysed and compared with the sulfurized samples. The XPS 
survey spectra show the presence of W, C and O in WO3 while for WS2, 
an additional signal associated with the presence of sulphur atoms is 
observed [Fig. S3]. The core-level regions recorded with higher energy 
resolution allow determining the oxidation state of the elements. The 
spectrum recorded in the W4 f binding energy region of WO3 samples is 
well reproduced by three components centred at binding energies 
35.9 eV, 38.0 eV and 41.8 eV corresponding to W4 f7/2, W4 f5/2 and 
W5p3/2 core energy levels, respectively (Fig. 7a, b). These binding en-
ergy values indicate the (6 +) valence state, in both WO3: PtO and WO3: 
PdO samples [35]. 

To reproduce the W 4 f peak of the WS2 samples an additional 

Fig. 6. PL spectra of (a) pure WO3, WO3/PdO and WO3/PtO, (b) pristine WS2, WS2/PdO and WS2/PtO.  

Fig. 7. XPS W 4 f core level (a) WO3: PtO (b) WO3: PdO (c) WS2: PtO (d) WS2: PdO.  
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doublet with components centred at 32.4 eV (W4 f7/2) and 34.6 eV 
(W4 f5/2) was used, this high-intensity doublet demonstrates the pres-
ence of tungsten atoms in the (4 +) valence state in WS2 (Fig. 7c,d) [36]. 
The low-intensity doublet indicates the presence of WO3 in a very small 
quantity which is sometimes present as an impurity, also observed in our 
[33] previous research work. The S 2p spectra show the presence of S-O
bonds (S2p at 168.8 eV) [36] in the WS2:PtO, though S-W ( S2p1/2 and
S2p3/2, respectively at 163.3 eV and 162.) [33] is most of the bonding
confirming the formation of WS2 in both samples (Fig. 8a, b). Fig. 9
shows the Pd and Pt XPS core level spectra of the WO3 samples. The Pd
3d doublet peak with components centred at 336.5 eV (3d5/2) and

341.8 eV (3d3/2) suggests the formation of PdO [37]. The Pt 4 f peak is 
reproduced by two doublets, one with components at 71.2 eV (4 f7/2) 
and 74.5 eV (4 f5/2) indicating the presence of metallic Pt and the other 
with components at 72.5 eV (4 f7/2) and 75.8 eV (4 f5/2) associated with 
the formation of PtO and PtS [37]. Indeed, these two materials have 
narrow binding energies [37,38] and by considering the synthesis 
method and the FWHM of the Pt 4 F we suggest that both materials 
coexist. The Pd and Pt core level XPS spectra recorded on WS2 samples 
are shown in Fig. 9c and d. The Pd 3d spectrum is reproduced by two 
doublets related to the presence of PdO (336.5 eV (3d5/2) and 341.8 eV 
(3d3/2)) and the formation of Pd-S bonding (337.0 eV (3d5/2) and 

Fig. 8. XPS S 2p core level (a) WS2: PtO (b) WS2: PdO.  

Fig. 9. XPS core level spectra: (a) PtO 4 f region in WO3: PtO (b) 3d PdO region in WO3: PdO (c) PtO 4 f region in WS2: PtO and (d) 3d PdO region in WS2: PdO.  
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343.6 eV (3d3/2)) [39]. 
Thus, Raman, PL, XRD, XPS, TEM and FESEM results show good 

accordance between them and confirm the formation of WS2, WS2/PdO 
and WS2/PtO with the presence of some WO3 impurities produced by the 
uncompleted sulfurization of the initial WO3 nanomaterial as well as the 
presence of a small quantity of oxygen within the quartz tube where the 
experiment is conducted. 

3.2. Gas sensing results 

NO2 Gas 
The gas sensing characteristics of loaded and pristine sensing films 

(WS2, WS2/PtO, WS2/PdO) to both oxidising (NO2), as well as reducing 
(NH3, H2, CO, H2S) gases, has been analysed using a homemade gas- 
sensing detection system as described above (Fig. 1). The perfor-
mances of the as-fabricated sensors were determined at room tempera-
ture utilising dry air balance. To calculate the sensor response towards 
oxidising gas, we have used equation-1 whereas in the case of reducing 
gases the sensor response is calculated using equation-2, given as: 

R =
(Rair − Rgas)

Rair
∗ 100 (1)  

R =
(Rgas − Rair)

Rair
∗ 100 (2) 

Accordingly, as shown in Fig. 10 we exposed both loaded and pris-
tine WS2 films towards 800 ppb of NO2. It is worth noting that this is the 
highest gas concentration tested, and it is still well below the NO2 
exposure limit recommended by the American Conference of Govern-
ment Industrial Hygienists [6]. For the three different materials oper-
ated at room temperature, Fig. 10a-c displays the dynamic film 

resistance change towards 800 ppb NO2 gas. The figure clearly shows 
that when exposed to an oxidising type of gas, such as NO2, sensors 
exhibit a decrease in their electrical resistance, thereby indicating a 
p-type semiconducting behaviour for all of them. This is in good
accordance with the findings of our previous study, in which pristine
WS2 sensors exhibited similar p-type behaviour [33]. While the response
of the pure WS2 sensor is 10.68%, one of the loaded sensors, WS2/PdO
and WS2/PtO, is much greater, reaching 26.5% and 27.5%, respectively.

Fig. 10. Pristine WS2 (grey), WS2/PdO (orange), WS2/PtO (olive), 4 replicate response and recovery cycles towards 800 ppb of NO2 at room temperature.  

Fig. 11. Gas sensing response of pristine WS2 (grey) WS2/Pd (orange), WS2/Pt 
(olive) as a function of NO2 gas concentration at room temperature. 
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At this concentration, all three sensors showed consistent and replicable 
responses where the maximum response was recorded from the loaded 
ones. Furthermore, during the recovery cycle, when the target gas is 
removed and the sensors are only exposed to dry air, they return 
completely to their baseline resistance, which is shown in Fig. 10. We 
also exposed pristine and loaded WS2 sensors to various NO2 gas con-
centrations. Fig. 11 displays the sensor response as a function of NO2 
concentrations. The experimental results for pristine WS2 are equivalent 
to those obtained in our previous study for WS2 NT sensors [33]. In 
contrast, both loaded sensors (PdO and PtO) perform similarly and 
display an enhanced sensing response towards NO2 gas detection when 
compared to pristine WS2. 

Furthermore, Fig. 12a-c shows three replicate measurements cycles 
to increasing concentration pulses of NO2 ranging from 200 to 800 ppb 
in a background of dry air. During each cycle, sensors were exposed to 
three different concentrations of NO2 while operated at room tempera-
ture. The results show an increase in sensing response with each incre-
ment in analyte concentration. The sensing response for pristine WS2 
was calculated to be 4%, 8.1%, 10.7% towards 200, 500 and 800 ppb of 
nitrogen dioxide, respectively. Again, responses for WS2/PdO and WS2/ 
PtO were very similar. These were calculated to be 15.9%, 23.8% and 
27.5% for WS2/PtO and 13.6%, 23% and 27% for WS2/PdO towards 
200, 500 and 800 ppb of nitrogen dioxide, respectively. It can be 
observed from Fig. 12 that the response for WS2/PtO is significantly 
more stable because this sensor completely regains its initial baseline 
resistance after each cycle of measurement. These results encouraged us 
to explore the NO2 gas sensing characteristics towards NO2 at the much 
lower concentrations of 50 and 25 ppb. The responses of the three 
sensors to very low NO2 gas concentrations (25 and 50 ppb) at room 
temperature are shown in Fig. 13a-c and Fig. S4. To test repeatability, 

four consecutive replicate measurements and recovery sequences were 
performed. The results demonstrate that both PdO and PtO loaded WS2 
sensors have an adequate response to NO2 for a concentration as low as 
25 ppb, whereas the pristine sensor stays unresponsive until the gas 
concentration is increased to 100 ppb. At such a low concentration, the 
sensing response of the loaded sensors was reproducible and was re-
ported to be practically equal with a value of 4%. However, at such low 
response signals and because the desorption of the gas molecules at 
room temperature is difficult, considerable drift in the response was 
detected for the loaded sensors. 

Hence, it is observed that loading improves (i.e. lowers) the detection 
limit (LoD) of pristine WS2 sensors. While the NO2 LoD for pristine WS2 
sensors is 100 ppb, the LoD is lower than 25 ppb for the loaded sensors. 
To the best of our knowledge, such a low detection limit under 25 ppb of 
NO2 had never been reported before using either loaded or pristine WS2 
nanomaterials operated at room temperature. 

Selectivity test 
In addition to NO2 gas sensing studies, the performance of pristine 

WS2, WS2/PtO and WS2/PdO sensors were investigated for reducing 
gases such as, H2, CO, NH3, H2S to determine the potential selectivity of 
each sensor towards NO2 gas detection. Fig. S5 illustrates typical 
response and recovery cycles for each gas. 

The histogram in Fig. 14 summarises the results obtained from the 
selectivity measurements for each material. MOX loading clearly en-
hances the response towards NO2 and diminishes the cross-sensitivity 
towards ammonia and hydrogen sulphide observed in pristine WS2. 
WS2/PtO shows some cross-sensitivity towards H2 and CO. However, 
considering that possible interfering species were measured at signifi-
cantly higher concentrations than that of NO2, it can be derived that the 
loading has improved selectivity towards nitrogen dioxide. 

Fig. 12. Electrical resistance change of (a) pristine WS2 (grey), (b) WS2/PdO (orange) and (c) WS2/PtO (olive) towards pulses of increasing concentrations of NO2 gas 
(from 200 to 800 ppb), operated at room temperature. 
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Humidity. 
The influence of humidity on the sensor response towards NO2 has 

also been studied. The sensors were tested towards 0.8 ppm NO2 at room 
temperature in a 50% humidified background (@ 21ºC), and the results 

are presented in Fig. 15. According to the findings, all three sensors have 
different responses to humidity. For example, the pristine WS2 sensor, as 
well as the PdO/WS2 sensor, showed enhanced gas sensing response, 
with the PdO/WS2 sensor response increasing from 26.5% to 54% and 
the pristine WS2 sensor response increasing from 10.68% to 53%. 
However, the PtO/WS2 sensor, on the other hand, exhibited a 
completely different behaviour, with sensor response dropping from 
27.5% to only 3%. Based on the literature, it is suggested that when PtO/ 
WS2 sensor is exposed to humidity, the OH- occupy most of the active 
sites that were previously available for the interaction with NO2 gas 
molecules. As a result, the access of NO2 gas molecules to the surface- 
active sites is reduced [40]. Thereby resulting in negligible sensing 
response (3%) under a humid atmosphere. Regarding pristine as well as 
PdO/WS2 sensor, the effect of humidity is quite different, as both sensors 
showed enhanced gas sensing responses towards NO2. This behaviour 
has been reported earlier for WS2 nanoflakes based gas sensor towards 
NH3 detection [42]. They suggested that the enhancement observed in 
the sensor response is due to the sulphides-ions assisted hydroxylation of 
the co-adsorbed water molecules and due to the oxidation of the sol-
vated ammonia with adsorbed oxygen ions on the surface of WS2 
nanoflakes . Another study reports WS2/graphene aerogel-based sensor, 
where the sensor response towards NO2 increases when humidity 
imncreases [41]. They interpret this behaviour by Grotthus transport 
mechanism where the resistance change is related to the movement of 
protons H+ or H3O+ within the physisorbed water molecules. Since all 
the measurements were done at room temperature, the migration of 
protons becomes much easier, which results in a further decrease in film 
resistance, thereby increasing sensor response towards NO2 detection . 

Fig. 13. Electrical resistance change of (a) pristine WS2 (grey), (b) WS2/PdO (orange) and (c) WS2/PtO (olive) towards NO2 at 25 ppb, operated at room 
temperature. 

Fig. 14. Response histogram of pristine WS2, WS2/PdO and WS2/PtO sensors 
towards NO2 (0.8 ppm), NH3 (10 ppm), H2 (100 ppm), H2S (10 ppm) and CO 
(50 ppm) gas, at room temperature. 
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The behaviour of TMD gas sensors under humid conditions is not deeply 
studied and needs to be further explored. 

After the humidity was removed from the background, all sensors 
regained their original sensing response after applying mild heating 
(100 ◦C) for 4–5 h and the corresponding results are presented in Fig. S6. 
These results also indicate that PdO/WS2 shows the best NO2 sensing 
characteristics among the different materials tested. This difference 
observed in the gas sensing properties between the loaded sensors can be 
attributed to the metal used as well as the size of the nanoparticles. 
Additionally, a stability study was performed by exposing the sensors 
towards 0.8 ppm NO2 at room temperature for 6 weeks (Fig. S6) and all 
three materials showed good stability. 

4. Gas sensing mechanisms

4.1. Detection of nitrogen dioxide

NO2 molecules are electron acceptors and H2S, H2, CO or NH3 are 
electron donors. The resistance of the different WS2 devices decreases in 
the presence of NO2 and increases in the presence of the above- 
mentioned electron donor species. This is indicative that our pure or 
loaded tungsten disulphide samples behave as p-type semiconducting 
materials. The n-type or p-type nature of WS2 depends on its 
morphology, nanostructure alignment on the substrate or even on the 
presence of few carbon atoms substituting sulfur atoms [29,30]. The 
p-type behaviour of WS2 achieved via the sulfurization of WO3 has been
reported previously [33,45]. The nitrogen dioxide sensing mechanism in
WS2 involves the adsorption of NO2 molecules both on the edges of
flakes and on their surface (or basal plane). Upon adsorption, an elec-
tronic charge is injected from WS2 towards the gas molecule, which

generates a hole accumulation zone that results in a decrease in the 
resistance of the film. According to previously reported computational 
chemistry studies in MoS2, the edges are far more important than the 
basal plane for the adsorption of NO2, because the adsorption energy of 
nitrogen dioxide at S edges is about 4 times higher than at the basal 
plane and so is the associated electronic charge transfer [46]. The 
computed adsorption energies suggest that the interaction between WS2 
and NO2 involves the physisorption of nitrogen dioxide. This is sup-
ported by the experimental results showing that sensor baseline resis-
tance can be regained when flowing the sensor surface with clean air 
when sensors are operated at room temperature. 

PL analysis conducted on pure WO3 and PtO or PdO loaded WO3 
indicates that PtO or PdO loaded tungsten oxide have an increased 
number of defects in comparison to pure tungsten oxide. Since WS2 is 
achieved via the sulfurization of tungsten oxide samples, these addi-
tional defects translate into an increased number of S edges in PtO or 
PdO loaded WS2. Indeed, the PL studies have shown that PtO and PdO 
loaded WS2 samples are characterized by a redshift of the PL maximum 
and by a higher FWHM in comparison to the one for pure WS2 samples, 
which can be associated with a higher number of defects being present in 
loaded samples. This explains why PtO and PdO loaded WS2 show 
significantly higher responses to NO2 than pure WS2. 

Some authors have reported that platinum and palladium oxide 
nanoparticles supported on a semiconducting nanomaterial play a role 
in the sensitization of this nanomaterial to NO2. These authors described 
both electronic and chemical sensitization effects for explaining the 
increased responses towards nitrogen dioxide observed [47,48]. PtO and 
PdO were found on the surface of loaded WS2 samples by XPS (also 
detected by XRD). Therefore, the presence of such oxides could also 
contribute to the enhanced NO2 response shown by PtO or PdO loaded 

Fig. 15. Relative humidity (50%) cross-sensitivity of pristine WS2, WS2/PdO and WS2/PtO sensors towards 0.8 ppm NO2, at room temperature.  
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WS2. 

4.2. Response to hydrogen 

Besides the significant improvement in the response towards nitro-
gen oxide observed for PtO or PdO loaded WS2 samples, a small increase 
in response towards hydrogen was observed too. Platinum and palla-
dium oxides are p-type materials well known for acting as chemical and/ 
or electronic sensitizers towards hydrogen when dispersed in n-type 
metal oxides [30] and this may be the reason why PtO or PdO loaded 
WS2 samples show an increased response towards hydrogen in com-
parison to the one of pure WS2. However, as already stated, this response 
increase is rather moderate. The sulfurization of PtO and PdO oxides 
results in PtS and PdS, which hinders the above-described hydrogen 
sensitization effect. While the presence of PdS was confirmed both by 
XPS and XRD, PtS could be confirmed by XRD only. These results indi-
cate that PtS is found in lower quantities than PdS, which explains why 
PtO loaded WS2 is slightly more sensitive to hydrogen than PdO loaded 
WS2. 

5. Conclusion

We have been able to develop a unique method to fabricate loaded
WS2 directly on commercial sensor substrate via a combination of 
AACVD and CVD techniques. This co-deposition approach demonstrates 
an effective route to bring functionality in metal sulphides. Metal-oxide 
loaded sensors are composed of a hybrid structure of nanoneedles and 
nanosheets of WS2 with high quality and crystallinity, as determined by 
Raman, XRD, and FESEM characterization techniques, and either a 
combination of PtO and PtS or PdO and PdS NPs are present between its 
surface, as determined by TEM, XRD and XPS spectroscopy. Moreover, 
we have investigated the gas sensing performance of both loaded sensors 
and unloaded sensor. The electrical characteristics of pristine WS2 were 
tuned through loading with metal-oxide ions. It is fascinating to know 
that all the gas sensing measurements were carried out at room tem-
perature and the WS2-based gas sensors exhibited stable, reproducible, 
and ultrasensitive responses towards NO2 at ppb concentration levels. 
The sensing results revealed that loading of WS2 nanosheets with either 
PtO or PdO ions significantly increases their gas response towards NO2 
(i.e., double the response as compared to pristine WS2 sensor from 10% 
to 26.5%, thereby lowering the detection limit of the sensor (lower than 
25 ppb after loading, which is far lower than that of pristine WS2 gas 
sensor). To our knowledge, no previous research has used a loaded or 
pristine WS2 nanomaterial to obtain such a low detection limit of 25 ppb 
of NO2 at room temperature. Even though the sensor displayed consid-
erable humidity cross-sensitivity at room temperature, once the mois-
ture was removed with mild heating, it regained its original sensing 
response, demonstrating its outstanding NO2 gas detection properties. 
Moreover, when compared to the WS2/PtO sensor, the WS2/PdO sensor 
is extremely selective for NO2, exhibiting little or no response to other 
gases. In the end, the synthesis methodology adopted during this study is 
promising to incorporate metal-oxide ions on transition metal dichal-
cogenides. Henceforth, we believe, the results obtained in this study at 
room temperature are intriguing and encouraging in terms of devel-
oping a sensitive, cost-effective, and energy-efficient NO2 gas sensor. 
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Abstract  

Herein, we present for the first time, a chemoresistive-type gas sensor composed of 

two-dimensional WSe2, fabricated by a simple selenization of tungsten trioxide (WO3) 

nanowires at atmospheric pressure. The morphological, structural, and chemical composition 

investigation shows the growth of vertically oriented 3D assemblies of WSe2 nanoplatelets 

arrayed in nanoflower’s shape. The gas sensing attributes of flowered nanosheets (2H-WSe2) 

are investigated thoroughly towards the specific gases (NH3 and NO2) at different operating 

temperatures. The integration of 3D WSe2 with unique structural arrangements resulted in 

exceptional gas sensing characteristics with dual selectivity towards NH3 and NO2 gas. 

Additionally, the selectivity of the sensor can be tuned by selecting its operating temperature 

(150°C for NH3 and 100°C for NO2). For instance, the sensor has shown stable, reproducible, 

and ultrasensitive responses (24.5 %) towards 40 ppm NH3 gas detection with an experimental 

LoD < 2 ppm at moderate temperatures. The gas detecting capabilities of CO, H2, C6H6 and 

NO2 gas were also investigated to better comprehend the selectivity of the nanoflower sensor. 

The sensor showed repeatable responses with high sensitivity to NO2 molecules at a 

substantially lower operating temperature (100° C) (even at room temperature) and LoD < 

0.1ppm. However, the gas sensing attributes reveal high selectivity towards NH3 gas at 

moderate operating temperature. Moreover, the sensor demonstrated great resilience against 

high levels of ambient humidity (Rh = 50%), demonstrating its remarkable stability towards 
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NH3 gas detection. While for NO2 detection in humid ambient there was a modest increase in 

sensor response (5.5%). Furthermore, four-month long-term stability assessments were also 

taken towards NH3 gas detection, and the sensor showed good stability. Therefore, this study 

highlights the practical application of the 2H variant of WSe2 nanoflower gas sensor for NH3 

gas detection.  

1. Introduction 

Year by year, gas sensors have known tremendous developments in term of size, sensing 

material, heater power consumption, fabrication cost, etc. They become indispensable items in 

the monitoring of indoor and outdoor toxic gases, to ensure the safety, the air quality, or the 

environmental monitoring. 1–4 Among the main toxic and air pollutant gases, we find nitrogen 

dioxide (NO2) and ammonia (NH3), which are generated from motor vehicle exhaust, 

refineries, power plants, etc. They have a direct contribution in the formation of ground level 

ozone in the stratosphere, acid rain and inorganic ambient particulate matter. 5–7For instance, 

exposure to nitrogen dioxide and ammonia may cause chronic bronchitis, respiratory irritation, 

mucous membrane inflammation syndrome and asthma. The odor thresholds of NO2 and NH3, 

in the air, are around 400 ppb and 40 ppb, respectively, while the thresholds limit values (TLV) 

were set by the Occupational Safety and Health Administration (OSHA) to 5 ppm and 25 ppm 

respectively. Exposure to high concentrations of these gases is a serious health threat. Hence, 

developing new generation of gas sensor that can monitor such pollutant gases in a real time 

and can detect concentrations from as low as a few parts per billion to the several hundred parts 

per million in the air is of a strong industry demand. In this context, chemiresistive sensors 

based on nanostructured metal oxide semiconductors, such as WO3, ZnO, SnO2 and In2O3, etc. 
5,8–10have been extensively used for detecting pollutant gases, owing to their advantages of low 

cost, simple fabrication process, reliability etc. They were launched as new building blocks 

material for gas sensors, owing to their high surface-to- volume ratio, low number of defects, 

electron confinement effect etc. 11–13Yet, the lack of selectivity and humidity cross-sensitivity 

remain the major drawbacks to overcome. Additionally, these sensors are normally operated at 

100–400 °C, leading to high power consumption and reduced sensor stability and lifetime 

owing to an induced growth of metal oxide grains. Thus, it limits the achievement of wider 

real-time applications. 

Inspiring by these drawbacks, researchers and scientists have recently drawn towards 

atomically layered two-dimensional (2D) transition metal dichalcogenides (TMDs) 
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nanomaterials, thanks to their unique properties such as direct band gap, large specific surface 

area due to sheet-like structures, semiconducting properties etc. 14,15 They are consisted of 

metal atomic layer (such as Mo, W, Hf, Ti, Zr, V, Nb, Ta, Re, etc) collocated between two 

chalcogen atomic layers (S, Se or Te) and then these multiple trilayers are stacked on top of 

another one by van der Waals interactions.16 Among the TMDs nanomaterials that have proven 

its feasibility as a gas-sensing element, we cite tungsten diselenide (WSe2), which has 

ultimately sparked the interest of many researchers especially in the detection of NO2 and 

ammonia. Guo and co-workers17 have reported ultrasensitive room temperature NO2 sensors 

based on liquid phase exfoliated WSe2 nanosheets. Medina and co-workers18 synthesized a 

wafer-scale of WSe2 monolayers toward phase-engineered hybrid WOx/WSe2 films with Sub-

ppb NOx gas sensing by a low-temperature plasma-assisted selenization process. Ko and co-

workers19 developed high-performances NO2 and NH3 gas sensor based on three-layer WS2

nanomaterial. Up to now, most of the reported works have synthesized WSe2 in a two-

dimensional direction, in the form of mono or multilayer nanosheets. However, it has been 

reported that vertical orientation (3D) of these nanomaterials is very suitable for gas sensing 

application. 20–22 It offers a large surface area to volume ratio with enriched exposed edge sites, 

has many defects that make it highly reactive with gas molecules and has plenty of voids for 

gas diffusion. Indeed, the gas adsorption at the edge sites of the TMDs is more important 

compared to their basal plan which has minimal dangling bonds and with the effect of 

thermodynamic forces it is very challenging to expose their edges to the environment. 

In this respect, there are two techniques that are mostly used for the growth of 3D 

assemblies of edge enriched WSe2 nanosheets: hydrothermal and atmospheric pressure 

chemical vapor deposition methods. 23–25 Hydrothermal synthesis has the advantage of low 

cost; however, it is a time-consuming technique (multistep fabrication) and sometimes it needs 

hazardous precursors that hinders its development. In contrast, atmospheric pressure CVD has 

a large yield deposition with the control of the layer number. Moreover, it is a catalyst free 

technique, and it allows as the direct deposition of the material on the alumina sensor 

transducer.  

Herein, we report for the first time, on the successful synthesis of 3D assemblies of edge 

enriched tungsten diselenide nanoflowers, using a combination of aerosol assisted CVD and 

atmospheric pressure CVD techniques, for the development of bifunctional NO2 and NH3 gas 

sensor. The films were directly synthesized on alumina substrate, at atmospheric pressure 

without the need of any catalyst seeding. It is worth noting that very few papers have succeeded 
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to synthesis and use 3D assemblies of edge enriched WSe2 nanoflowers for gas sensing 

application. Moreover, the grown films were highly investigated by using SEM, FESEM and 

HRTEM to analyze their morphology, XRD to determine their structure and Raman and XPS 

to define their composition. Additionally, the films were studied against small concentrations 

of NH3 and NO2 at very low operating temperatures ranging from 25 ºC to 150 ºC. Besides, the 

sensors were examined in the presence of moisture. Finally, a comparison study between this 

work and the literature has been performed and the gas sensing mechanism for both gases has 

been illustrated and discussed.   

2. Experimental details

2.1 Synthesis of WSe2 nanosheets 

The gas-sensitive nanomaterial was synthesized in two steps. In the first step, WO3 

nanowires were grown on commercial alumina substrate (Ceram Tech GmBH, Germany). The 

front side of this substrate consists of interdigitated platinum electrodes (having a gap of 300 

µm), while the backside comprises a heater (having a resistance of 8 Ω) to modify the operating 

temperature of the sensor. 

 The WO3 nanofilms were grown using the aerosol-assisted chemical vapour deposition 

method, following a protocol discussed in detail in our previous reports [1][2]. Afterwards, the 

as-grown nanowires were selenised to grow WSe2 nanomaterial via double selenization of WO3 

nanofilm using an ambient-pressure Chemical Vapor Deposition (CVD) technique. The quartz 

tube was flushed for one hour to remove (reduce) oxygen, using a 0.475 L min−1 argon flow 

outside of the furnace, prior to the selenization process. The growth conditions were taken from 

the previously reported vertically aligned WSe2 nanosheets synthesis method [3]. As in a typical 

selenization process, the Se powder (purity 99%) was placed into two temperature zones, one 

part at 40 °C and the other at 850 °C (in total 0.700 g), along with the WO3 nanofilm sample, 

which was placed at 850 °C with the argon flow, into the reactor. A 0.150 L-min−1 H2 flow was 

inserted. In the first step of 30 min, the Se powder was placed at the 850 °C zone. The optimized 

second selenization step was performed by inserting the quartz tube in the hot zone of the 

furnace, such that the Se powder placed at 40 °C reaches the 400 °C temperature zone. The 

sample remained at 850 °C as the quartz reactor was moved over a few centimetres. After the 

reaction, the H2 flow was stopped, and the quartz tube was removed from the reactor (quartz 

tube) and was cooled with the argon flow for 1 h.  
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2.2 Characterization Techniques 

 

The morphology of the as-grown WO3 nanowires was examined using a scanning electron 

microscope (JEOL 7500F microscope operating at 15 kV) whereas, after the selenization of 

WO3 nanowires, the as-grown WSe2 nanosheets were analyzed using a field-emission scanning 

electron microscope Hitachi 2000 and FEI Helios Nanolab 650. Transmission Electron 

Microscopy (TEM) studies were carried out on a TECNAI T20 microscope working under 200 

kV. To prepare a sample, the material was scratched from the surface of an electrode, dispersed 

in ethanol using sonication and a droplet was put on the holey-carbon copper grid. For chemical 

phase analysis, XRD measurements were made, using a Bruker-AXS D8-Discover 

diffractometer. The chemical composition of the WO3 nanowires and WSe2 nanosheets was 

studied by X‐ray photoelectron spectroscopy (XPS) using an Escalab 250i Thermo Fisher 

spectrometer (Al Kα 1486.68 eV). The O 1s, Se 3d and W 4f core levels have been recorded at 

pass energy of 20eV, with 20 scans, on a spot size of 250x250µm. A flood gun has been used 

for charge compensation and no additional energy shifting is applied to the spectra. The authors 

are aware of the recent warnings about XPS analysis on insulating samples [4][5][6]. The spectra 

are analysed with Thermo Avantage® software, considering a shirley background. The Raman 

spectra were obtained using a Renishaw in Via, laser 514 nm, ion argon-Novatech, 25 mW.  

 

2.3 Gas Sensing Device Fabrication and Gas-Sensing Measurements. 

The gas sensing characteristics of the fabricated WSe2 nanoflower sensor were measured 

by using a homemade gas-sensing detection system. A schematic diagram of the home-made 

gas sensing detection system is shown in Fig.1. The as-fabricated sensor was placed inside a 

teflon test chamber of 35 mL in volume. This testing chamber was connected to a fully 

automated, continuous gas flow measurement set-up able to supply diluted gas mixtures as well 

as humidified gas mixtures using a mass flow controller (Bronkhorst High-Tech B.V.) and 

electro valves. The gases employed for testing were used from calibrated gas cylinders 

balanced in dry synthetic air (Air Premier purity: 99.999%). The operating temperature of the 

sensor was controlled by connecting its heater to an external power supply (Agilent, model 

3492A). 

The sensing measurements were done by recording the change in electrical resistance 

of the sensor upon exposure to several different concentrations of target gases such as NO2, 

NH3, H2, CO, and C6H6 at different operating temperatures (100 °C and 150 °C). The sensor 
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was kept in a dry airflow for a period of 2 h before gas sensing measurements to stabilise its 

baseline resistance. Then the sensor was exposed to a given concentration of gaseous species 

for 10 mins followed by 50 min exposure to dry air to stabilise. The electrical resistance of the 

sensor was measured by using an Agilent-34972A multimeter. The gas flow and humidity were 

controlled using mass-flow controllers (MFC). Throughout the tests, the overall flow rate was 

maintained at 100 mL/min. To evaluate humidity interference, certain tests were done in a 

humid environment (e.g., 50 % RH at 23 °C). While the sensor was exposed to varying 

concentrations of NO2 and NH3, the humidity level was kept constant. For an oxidising gas, 

such as NO2, the sensor response was calculated by using equation 1 while in the case of a 

reducing gas (such as NH3) the gas sensing response value was calculated using equation 2. 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅−𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅

∗ 100                                        (1) 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅−𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅

∗ 100                                        (2) 

Here Rair and Rgas are respectively the real-time resistances of the sensor exposed to air-

condition and target gas, respectively. For practical applications, the response and recovery 

times are very important paramEters. In this work, the response time of the sensor (tres) is 

defined as the time taken by the sensor to obtain 90% of the total resistance change when 

exposed to the target gas and recovery time (trec) is defined as the time required to recover to 

within 10% of the total resistance change when the flow of analyte gas is removed. 

 

Fig. 1 Schematic demonstrating home-made gas sensing detection system. 
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3. Results and discussion  

3.1 Material Characterization 

The morphological and chemical characteristics of as-fabricated tungsten diselenide 

nanomaterial were assessed through various techniques, discussed in detail in this section. 

3.1.1 SEM and FESEM characterisation  

 

Fig. 2 SEM and FESEM images depicting the growth of vertically aligned (a) WO3 nanowires (b) WSe2 
nanosheets (c) (d) WSe2 nanoflowers. 

The AACVD method was employed to grow adherent uniform films of tungsten trioxide 

nanowires on alumina substrates. A scanning electron microscope was used to analyze the 

morphology and microstructure of these nanowires, as presented in Fig. 2a. The result 

demonstrates that the sensor substrate is homogeneously covered with vertically aligned thin 

nanowires of WO3. The length of as-grown nanowires is in the range of 6-7 µm since these 

films are obtained using the same procedure as reported in our previous works [1][7]. 

Afterwards, the as-grown WO3 films were selenized to produce WSe2 nanofilms, which were 

subsequently examined using a high-resolution scanning electron microscope (Fig. 2b-d). It is 

evident from the results obtained that after undergoing the selenization process the morphology 

of these nanowires changes completely resulting in platelets with well-defined shapes and 

sharp edges. Moreover, the layer-stacked bulk platelets grow vertically, similar to WO3 
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nanowires, as illustrated in Fig. 2b. The results highlight that these platelets are evenly 

distributed and piled on top of one another, resulting in WSe2 nanowires with platelet 

attachments covering the entire length of the nanowires, as seen in Fig. 2b. Furthermore, SEM 

pictures reveal nanoplatelets assembled in the form of nanoflowers at the tips of these 

nanowires (Fig 2c). Also, the higher magnification image presented in Fig. 2d reveals the 

thickness of these platelets which is in the range of 40-50 nm. 

 

3.1.2 TEM characterization 

 

Fig. 3  Low magnification TEM images of (a) WSe2 nanowires and (b) WSe2 nanoflower petals with an inset of 
the SAED pattern along the [100] axis and high-resolution images of (c) a petal showing the (001) crystal planes 

and (d) the layered structures of WSe2 nanosheets composing of the petals with the (002) interlayer spacing. 

The morphology, structure, and crystallinity of the as-prepared nanoflowered material were 

further investigated using TEM (Fig. 3). It can be observed in Fig. 3a that WO3 nanowires 

completely transform into WSe2 nanowires after undergoing the selenization process. These 
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WSe2 nanowires, which are about 10 µm in length contain WSe2 nanosheets along their entire 

length. These nanosheets arrange themselves in nanoflowers at the ends of the nanoneedles, as 

shown in SEM, but not in Fig. 3a, certainly due to the TEM preparation. However, these 

nanosheets composing the petals of these nanoflowers are found dispersed on the grid as shown 

in Fig. 3b. In the inset of Fig. 3b, the selected area electron diffraction (SAED) pattern of a 

single petal was acquired along the [100] axis and reveals only a single set of diffraction points 

arranged in a hexagonal symmetry, demonstrating its high crystallinity. The (001) planes in 

Fig. 3c have a lattice spacing of about 0.29 nm, which is consistent with the 2H-phase of WSe2. 

Furthermore, Fig. 3d displays an interlayer spacing of roughly 0.66 nm, corresponding to the 

(002) plane of the hexagonal WSe2.  

 

3.1.3 Raman characterization 

Raman spectroscopy is a powerful and non-destructive tool for assessing nanomaterial 

quality and device feasibility. It is also very useful to determine the number of layers that 

contribute to the film thickness of a sample. In this respect, Raman spectroscopy was used to 

further examine the grown sample. To check for the presence of tungsten oxide in the selenized 

samples, the Raman spectra of the starting material (WO3 nanowires) were compared to the 

films formed after the selenization process. Two spectra were obtained using a laser with an 

excitation wavelength of 532 nm, where the upper spectrum (Fig. 4a) corresponds to the 

nanoflowers film obtained after selenization of WO3 nanowires and the lower spectrum 

corresponds to the WO3 nanowires (Fig. 4b). As presented in Fig. 4a, two main peaks were 

obtained, the peak at 251 cm-1 corresponds to the E1
2g (in-plane vibration of the Se and W 

atoms) while a small shoulder peak at 257.6 cm-1 corresponds to the A1g (out-of-plane 

vibration) modes, respectively. These are the two characteristic peaks associated with the 

presence of 2H-phase WSe2. An additional peak was observed at 306 cm-1 (B2g
1 mode) which 

has been linked to interlayer interaction.The absence of this peak is associated with the growth 

of monolayers, which is not the case here. [7][8]. The Raman analysis results are consistent 

with prior publications, demonstrating that the as-grown WSe2 nanoflowers films are 

multilayered structures [9][10]. Moreover, there was no other peak that indicated the presence 

of WO3 impurities or any other impurity. Furthermore, to compare, the Raman spectra of WO3 

NWs are shown in Fig. 4b. All of the peaks (271 cm−1, 327 cm−1, 715 cm−1and 805 cm−1) are 
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indicative of the monoclinic tungsten trioxide phase, which is consistent with our previous 

reported works [2], [11] 

 

Fig. 4 Raman spectrum of (a) as-grown WSe2 nano-flowered film (b) WO3 nanowires. 

 

3.1.4 XRD analysis 

The crystallographic structure, as well as the purity of the WSe2 nanoflowers film, are 

evaluated by the X-ray diffraction technique. The XRD pattern obtained (Fig. 5) reveals the 

presence of intense peaks at 13.65°, 27.50°, 31.44°, 37.86°, 41.78°, 47.43°, 55.99°, and 57.92°, 

in agreement with the (002), (004), (100), (103), (006), (105), (110), (112) crystal planes of the 

hexagonal WSe2, respectively. All the diffraction peaks are indexed to the ICDD no: 01-071-

0600 confirming the presence of 2H phase WSe2, marked with black colour in the spectra. The 

high-intensity peaks imply a highly crystalline material, having a crystallite size above 400 nm, 

also reported earlier [3]. Additionally, peaks corresponding to alumina substrate were also 

detected and their lattice planes are highlighted in red. It was found that the peaks at 32.9°, 

45.3°, 49.0°, and 60.3° can be indexed to the (011), (012), (110), (021) crystal planes indicating 

the presence of platinum selenide sulfide, Pt(SSe). These diffraction peaks are coloured blue 
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in the spectra and are referenced to the ICDD number 01-078-9794. Moreover, the absence of 

a diffraction peak towards the impurity phase indicates that a single-phase WSe2 is formed. As 

a result, the XRD analysis confirms the presence of 2H-phase WSe2 in the grown material 

along with the presence of some small impurity of Pt(SSe).  

 

Fig. 5  XRD pattern of as-grown WSe2 nano-flowered film. 

 

3.1.5 XPS analysis 

To further investigate the chemical composition of the as-prepared material, an XPS 

analysis was performed. The analysis of the sample before and after selenization is shown in 

Fig. 6, confirming that the tungsten oxide nanomaterial has been completely transformed. 

Before selenization, the W4f signal (Fig. 6a) is composed of a doublet centred at 35.5 and 

37.7eV, corresponding to W 4f7/2 and W4 f5/2 and an additional contribution at 41.2eV, 

attributed to W 5p3/2 level. These positions are in agreement with WO3 formation [12]. On the 

O 1s level (Fig. 5b), an intense contribution at 530.3eV, corresponding to WO3, confirms the 

oxide production. Two additional peaks are observed at 531.9 and 533.5 eV, attributed to 

organic oxygen (C-O, C=O), which are most likely from synthesis. As expected, no selenium 
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is present before the selenization steps (Fig. 6c). However, after selenization, the W 4f signal 

shifts to lower binding energy, and exhibits a unique doublet contribution centred at 32.2 and 

34.3 eV, which is consistent with WSe2 2H phase formation, where literature reports binding 

energy in the range 32.0 to 32.4 eV [13][14] and up to 32.7eV [15] for large oxygen-free tungsten 

diselenide flakes. Following WSe2 2H phase creation, the Se 3d signal is composed of a unique 

doublet contribution centred at 54.4 and 55.26 eV due to the Se 3d5/2 and Se 3d3/2 levels, 

respectively. After selenization, there is no evidence of significant oxygen presence. As a 

result, the presence of the 2H phase is confirmed by XPS, XRD, and RAMAN analysis, as the 

1T (or 1T’) phase exhibits W 4f and Se 3d signals that are slightly shifted to lower binding 

energy (≈ 31.9 eV for W 4f signal and 53.6-54.1 eV for Se 3d) [13][14][16].  

In summary, the results of SEM and TEM demonstrate the growth of vertically aligned 

WSe2 nanoflowers. Furthermore, the results from the XRD analysis reveal that the as-grown 

WSe2 nanoflowers exhibit excellent crystallinity. The lack of a diffraction peak towards the 

impurity phase also suggests that WSe2 is formed as a single phase. We may also conclude, 

that the WSe2 nanoflowers have a multilayered structure based on the Raman and XRD 

findings. 

Fig. 6 (a) W 4f, (b) O 1s and (c) Se 3d XPS core levels spectra, of WO3 nanowires and WSe2 nanoflowers. 
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3.2 Gas sensing results 

3.2.1 NO2 detection 

The gas sensing properties of the as-fabricated WSe2 nanoflower sensor were evaluated 

using a homemade gas monitoring system (described in detail in the previous section). 

Choosing the optimal working temperature for a gas sensor is crucial for evaluating its 

performance. The temperature-dependent responses of the sensor to 800 ppb NO2 were initially 

investigated to determine the ideal working temperature because the sensitivity, selectivity, and 

response/recovery speed of gas-sensitive materials are all heavily dependent on the operating 

temperature. As a consequence, we subjected our sensor to 800 ppb NO2 in dry air balance and 

measured the resulting responses at various operating temperatures below 150 °C. This is due 

to the thermal instability of 2H-WSe2 at high temperatures as well as to prevent ambient 

oxidation of 2H-WSe2 which is also beneficial for developing low-power devices [17]. 

 

Fig. 7 (a) WSe2 sensor response as a function of temperature towards NO2 gas (b) Film resistance change as a 
function of time, towards 800 ppb of NO2 at 100 °C (c) Film resistance change as a function of time, towards 

800 ppb of NO2 at 25 °C. 

The sensor response to 800 ppb NO2 gas is shown in Fig. 7a at varying operating 

temperatures ranging from 25°C to 150°C. As demonstrated, the sensor response increases with 

an increase in operating temperature from 25°C to 100°C, then gradually decreases as the 
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temperature climbs more. The presence of potential selenium vacancies is attributed for the 

increased response at 100°C. For instance, it has been reported in the literature that these 

vacancies promote NO2 molecule adsorption at the WSe2 surface, thereby increasing the 

interaction with the target gas molecules[18].  

 Furthermore, the sensor response is calculated to be 18.5 % at room temperature (25 ºC), 

rising to more than 20.5 % at an operating temperature of 100°C before dropping down to only 

14.2 % at 150°C. Consequently, 100°C has been determined to be the optimal operating 

temperature for the fabricated WSe2 nanoflowered sensor for NO2 gas detection. It is worthy 

to mention that when compared to various metal oxides and other TMDs materials, this 

temperature is relatively low [19][20]. 

Fig. 7 (b) and (c) show an example of dynamic film resistance change in response to 

800 ppb NO2 gas, at 100 °C and 25 °C respectively. When exposed to an oxidising gas, such 

as NO2, the WSe2 sensor responds as a p-type semiconductor with decreasing resistance. The 

electron-acceptor characteristics of oxidizing gases like NO2 can elucidate this behaviour. 

When a p-type material is exposed to an oxidizing atmosphere, electrons are removed from the 

conduction band, increasing the hole density and decreasing the material's electrical resistance, 

and vice versa when exposed to a reducing atmosphere [1]. Besides, it is observed that the 

sensor does not completely return to its baseline resistance when the target gas is withdrawn 

and the sensor is exposed to only dry air, however, the baseline resistance is recovered when 

the temperature is raised to 100 °C. This is due to the fact that higher temperature promotes 

faster desorption of gas molecules, resulting in a faster recovery cycle. In addition, the sensor's 

response and recovery time for 800 ppb NO2 varied considerably with temperature. For 

instance, at room temperature, the response and recovery times towards 800 ppb of NO2 gas 

are computed to be 411 s and 5446 s (Fig S1a), respectively, while at 100°C, they fall to 196 s 

and 2218 s (Fig. S1b). This decrease in response, as well as recovery times, is attributed to the 

much faster adsorption and desorption of NO2 gas molecules at an elevated temperature.  

Furthermore, at an operating temperature of 100 °C, the sensor was tested against a 

wide range of NO2 gas concentrations ranging from 0.1 to 0.8 ppm. As expected, increasing 

NO2 concentrations lead to higher resistance changes, resulting in an enlarged sensing 

response. Fig. 8 depicts the observed data, which indicate a superlinear increase in sensing 

response with each increase in gas concentration (Fig. 8a).  
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Fig. 8 (a) WSe2 sensor response as a function of different NO2 concentrations (b) Film resistance change as a 
function of time, towards different NO2 concentrations, at 100 °C. 

An example of the dynamic film resistance change over time in response to various 

NO2 gas concentrations is presented in Fig. 8b. The responses towards 0.1 ppm, 0.2 ppm, 0.6 

ppm, and 0.8 ppm NO2 were calculated to be 111.5%, 14%, 17.6% and 20.4%, respectively. It 

is worth mentioning that the sensor demonstrated a remarkable sensitivity and high stability 

when detecting lower concentrations. The WSe2 sensor, as shown in Fig. 8b, can detect NO2 

gas concentrations as low as 0.1 ppm, which is substantially lower than the threshold exposure 

limit of NO2 as recommended by the American Conference of Government Industrial 

Hygienists [21]. Henceforth, it can be deduced that the sensor exhibited exceptionally low LoD 

which is below 100 ppb at moderate temperature (100 ˚C). 

Moreover, Table 1 gives more insights by comparing the performance in the detection 

of NO2 gas reported in this paper with those found in the literature. From the results obtained, 

the fabricated WSe2 sensor shows outstanding gas responses with high sensitivity towards NO2 

detection and with LoD < 0.1 ppm when operated at 100 ºC. Besides that, the sensor remains 

functional and demonstrates acceptable sensitivity towards the targeted gas (NO2) even at room 

temperature.  
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Fig. 9 (a) WSe2 sensor response as a function of temperature towards NH3 gas (b) Film resistance change as a 
function of time, towards (b) 10 ppm of NH3 (c) 40 ppm of NH3, at 150 °C. 

3.2.2 NH3 sensing 

Aside from NO2 gas sensing, the performance of the WSe2 nanoflower sensor against 

NH3 gas is also investigated. Ammonia is most widely used in livestock, food manufacturing 

and textile industries. This gas is of particular interest due to its adverse effects on human health 

and the environment at higher concentrations. Nevertheless, the exposure to  even low levels 

of ammonia can cause irritation of nose and throat [22]. We investigated the optimal 

working temperature for the WSe2 nanoflower sensor in the presence of NH3 gas once more. 

As shown in Fig. 9a, sensor response increases linearly with temperature, with practically little 

response at room temperature, which can be expected due to rapid reaction rates at elevated 

temperatures.  This behaviour is more prominent when the concentration of the target gas is 

increased from 10 ppm to 40 ppm. For instance, the gas response at 100 °C and 150 °C is 13% 

and 15.5% respectively, towards 10 ppm of NH3 gas. Furthermore, as the NH3 gas 

concentration is further increased to 40 ppm the calculated response climbs up to a value of 

20.5% and 24.5% at 100 °C and 150 °C respectively. This can be attributed to the hierarchical 

nanoflowered structure resulting in a high surface area which in turn enhances the active sites 

for NH3 gas adsorption and surface reactions. Considering a higher sensing response at 150 °C 
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it has been considered the optimal working temperature for subsequent measurements with 

NH3 gas. 

Fig. 9(b) and (c) show typical repeated response and recovery cycles for the WSe2 

sensor towards 10 and 40 ppm of NH3 respectively. As mentioned earlier, the sensor shows p-

type semiconducting properties resulting in increased electrical resistance upon exposure to 

NH3 molecules (i.e., a reducing gas). Furthermore, the sensor exhibits a repeatable response at 

each concentration, with the response and recovery time being substantially shorter for the 

higher NH3 concentration (40 ppm) (Fig. S2). For instance, for 10 ppm of NH3, the WSe2 sensor 

has a response time of 460 s and a recovery time of 2282 seconds, respectively (Fig. S2a). For 

40 ppm, the sensor has a response time of 396 s and a recovery time of 1917 s (Fig. S2b). The 

lengthy recovery time is associated to the strong adhesion of NH3 molecules to the sensing 

material's surface, which promotes high sensitivity for analyte detection at the cost of 

difficulties in removing these molecules. 

Fig. 10 (a) WSe2 sensor response as a function of NH3 concentrations, (b-c) Film resistance change as a function 
of time, towards different concentrations of NH3 at 150 °C.  

Fig. 10a demonstrates the response to varied NH3 concentrations at a constant operating 

temperature of 150 °C. The results reveal that as the concentration of analyte rises, so does the 
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sensing response. During this measurement, the sensor was exposed to five successive NH3

concentration pulses ranging from 2 to 10 ppm, as illustrated in Fig. 10b. For 10 minutes, a 

diluted mixture of NH3 in dry air was injected at concentrations of 2, 4, 6, 8, and 10 ppm. The 

WSe2 sensor response was calculated to be 8.2%, 10.3%, 12%, 13.4% and 14.5% towards 2, 4, 

6, 8, and 10 ppm of NH3, respectively. In addition, as shown in Fig. 9c, the sensor was evaluated 

for increasing and decreasing NH3 gas pulses from 20 to 40 ppm and vice versa. During this 

measurement, the sensor was exposed to 20, 30, 40, 30, and 20 ppm of NH3 pulses. As 

expected, the sensing response increases manifolds with an increase in analyte concentration. 

For instance, the sensor response rose from 15.6% to 24.6% towards 10 and 40 ppm NH3 

respectively. It is evident from the results obtained that the sensor shows reproducible and 

repeatable responses.  

Fig. 11 Relative humidity cross-sensitivity to (a) 0.8 ppm NO2 at 100 °C (b) 40 ppm NH3 at 150 °C. 

3.2.3 Humidity 

To verify the practicability of the WSe2 sensor, the influence of relative humidity on 

the sensor response towards NO2 and NH3 gas were also investigated. The results are presented 

in Fig. 11(a) and (b), where the sensor was tested at 100°C for 0.8 ppm NO2 gas and 150°C for 

40 ppm NH3 gas in a 50% humidified background. It was observed that the sensor response 

was increased from 20.5% to 26% when the sensor was subjected to 0.8 ppm NO2 gas in the 

presence of ambient moisture (50% R.H). This slight increase in response could be assigned to 

the ionization of NO2 molecules in presence of water molecules. Similar results regarding 

water-enhanced sensor response have previously been reported in the literature [23]. 

However, no apparent decrease in sensor response is observed when exposed to NH3 

gas in presence of water vapour. The sensor response to 40 ppm NH3 is calculated to be 24.1 
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% in the presence of 50 % RH, indicating a negligible change in its sensing response. This is 

owing to our sensor's high resistance to the presence of the hydroxyl group. Moreover, water 

vapour is widely recognized for interfering with gas detection by changing a sensor's electrical 

resistance in a similar way to reducing gas. The great resilience of the sensor films, on the other 

hand, illustrates the WSe2 nanoflower sensor's strong reproducibility and stability towards NH3 

gas, especially in humid conditions [23]. Also, it's worth mentioning that only a few studies, 

particularly for WSe2 based gas sensors, have documented its anti-humidity characteristics. 

In this respect, when compared to prior research works using WSe2 and other TMDs 

material, the WSe2 sensor fabricated in this work, possess relatively high performance  (Table 

2), with high sensitivity, low LoD, and outstanding tolerance to humidity cross-sensitivity. 

Table 1. Comparison of the NO2, NO, and NOx sensing performance of WSe2 nanosheets 
with other sensing materials 

2D material Studie
d 

conc. 

Working 
temp. 
(°C) 

Response LoD 
(ppm) 

Gas 
detected 

Response 
time 

Recovery 
time 

Ref. 

WSe2 
NFs 

0.8 
ppm 

100 20.5% 0.1 
(exper.) 

NO2 196 s 2218 s This 
work 

WSe2 
vertical 

structure 

500 
ppm 

RT 4.5% not 
available 

NO not 
available 

not 
available 

[24] 

hybrid 
WOx/WSe2 

25 
ppm 

RT ̴ 13% 0.3 
(theor.) 

NOx 250 s not 
available 

[25] 

WSe2
nanoscrews 

1 ppm RT ̴ 350% 0.072 
(theor.) 

NOx 120 s not 
available 

[26] 

WS2 
nanosheets 

5 ppm 160 121 % 0.2 
(exp.) 

NO2 not 
available 

not 
available 

[27] 

WS2 
aerogel 

3 ppm 250 0.36 
(∆R/R0) 

8 ppb 
(theoret.) 

NO2 2 min 14 min [28] 

MoS2/ 
graphene 

5 ppm 150 1.08/5 
ppm 

1200 ppb NO2 not 
available 

not 
available 

[29] 

MoS2 /rGO 
hybrid 

3 ppm 160 1.29 
Ra/Rg 

100 ppb NO2 8 s 32 s [30] 

WS2 
graphene 
aerogel 

2 ppm 180 3 % 10 ppb 
(theoret.) 

NO2 100 s 300 s [31] 

NFs: nanoflowers; 5L: 5 layers; ns: nanosheets; conc.: concentration; exper.: experimental; 
theoret.: theoretical; LoD: limit of detection 
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Table 2 Ammonia gas sensing characteristics reported in this work are compared with various 
TMDs materials. 

2D 
material 

Studied 
conc. 
(ppm) 

Working 
temp. 
(°C) 

Response LoD 
(ppm) 

Selectivity 
study 

Response 
time 

Recovery 
time 

Ref. 

WSe2 
NFs 

40 150 24.65% 2 ppm NO2, 
C6H6, CO 

and H2 

396 s 1917 s This 
work 

3D WSe2 
on 5L 
Al2O3 

50 150 1.3 
(Rg/Ra) 

not 
available 

NO2, CO, 
C3H6O 

not 
available 

not 
available 

[32] 

2D WSe2 
on 5L 
Al2O3 

50 150 1.1 
(Rg/Ra) 

not 
available 

NO2, CO, 
C3H6O 

not 
available 

not 
available 

[32] 

MoS2 
ns 

10 25 11% 2 ppm CO and H2 

WS2 
aerogel 

800 250 -0.8
(∆R/R0) 

13 ppm 
(theoret.) 

H2 and 
NO2 

3 min 5 min [28] 

Cu2S thin 
films 

500 25 19.78 % Not 
available 

Not 
available 

60 s 90 s [33] 

SnS2 100 200 7.4% 0.5 ppm CO2, H2, 
CH4, 

ethanol, 
acetone 

40.6 624 s [34] 

Mixed-
phase WS2 

100 150 4.72 1 ppm C3H8O, 
C6H5Cl, 
C6H12O2, 
C2H5OH, 

C7H8, 

19 s 33 s [35] 

WS2 thin 
films 

5 25 -0.019 %
(∆R/ R0)

1.2 ppm 
(theoret.) 

Not 
available 

Not 
available 

In-
complete 

[36] 

NFs: nanoflowers; 5L: 5 layers; ns: nanosheets; conc.: concentration exper.: experimental; 
theoret.: theoretical 

3.2.4 Selectivity 

One of the most essential criteria in determining a sensor's performance is selectivity. 

At 150°C, we tested our sensor's selectivity by exposing it to fixed concentrations of various 

gases such as benzene, carbon monoxide, and hydrogen gas. These gases are also of particular 

importance since they represent substantial health risks; for example, exposure to 5 ppm of 

benzene vapours for more than 15 minutes has been linked to the development of cancer [37]. 
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The results in Fig. 12 reveal the WSe2 nanoflower sensor's selectivity for NH3 gas, with 

a maximum response of 24.65 % and minimal responses to benzene and carbon monoxide. In 

addition to NH3, the sensor exhibits some small reactivity to hydrogen gas (5%). However, it 

must be noticed that the hydrogen concentration tested was 20 times higher than the NH3 

concentration. The sensor also responds moderately (14 %) to 0.8 ppm NO2 gas at 150 °C 

which could be ascribed to the dual selective nature of the WSe2 sensor. Although the sensor 

shows dual selectivity towards NH3 and NO2 gas detection, it cannot be denied that the sensor 

is significantly more sensitive to NH3 than NO2 at 150 ºC. In the line of research, 

functionalization with various nanomaterials can be considered to overcome the existing cross-

sensitivity issues and increase the sensor selectivity towards NH3 gas detection. Moreover, the 

sensor's high resilience towards humidity cross-sensitivity cannot be neglected. In this respect, 

these findings could pave a way for the development of WSe2-based sensors that can operate 

at lower temperatures with ambient moisture in comparison to traditional metal oxide-based 

gas sensors. 

 

Fig. 12 WSe2 nanoflower sensor response based on exposure to 8 ppm C6H6, 80 ppm CO, 800 ppm H2, 40 ppm 
NH3, and 0.8 ppm NO2 gas at an operating temperature of 150 °C. 

Furthermore, the sensor's stability has been investigated, with the results shown in Fig. 

13. The evolution of the baseline resistance and sensor response was studied when NH3 

measurements (40 ppm) were repeated at regular intervals over a prolonged period (4 months). 
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While the baseline resistance remains stable, the WSe2 sensor exhibits a substantial downward 

trajectory with time but also recovered back the original sensing response. The sensor response 

towards 40 ppm NH3 gives consistent values for the first 4 months after the initial 

measurement, but gradually starts decreasing, eventually falling to 16% after four months. 

However, the baseline resistance of the sensor shows insignificant change and remains stable 

over the 4 months duration. 

 

Fig. 13 Long-term stability study. (a) Stability study for WSe2 sensor towards NH3 gas over time, (b) evolution 

of the baseline resistance with time. 

4. Gas Sensing Mechanism 

A gas sensor´s performance is linked to its sensing mechanism. While in traditional 

metal oxide-based sensors, their gas sensing mechanism is based on a surface reaction between 

the analyte gas molecules and pre-adsorbed oxygen ions on the metal-oxide surface. TMD-

based gas sensors, on the other hand, depend completely on the adsorption/desorption and 

charge transfer processes between the target gas and the reactive sites in these materials [36]. 

The NH3 gas sensing mechanism of 2D WSe2 nanoflowers could be illustrated as the 

physisorption of the NH3 gas molecules and charge transfer between WSe2 nanoflowers and 

NH3 [9]. As a result of the induced charge transfer the conductance of the material changes. To 

better understand the sensing mechanism, a concise schematic is illustrated in Fig. 14.  

Meanwhile, to fully comprehend the gas sensing mechanism, the presence of oxygen 

in ambient air cannot be neglected, as it is one of the prominent absorbates during the gas 

sensing measurements [18] [38]Therefore, the gas sensing mechanism of a 2H variant of WSe2 

is based on two consecutive reactions occurring at the WSe2 surface. Initially, when the sensor 

is exposed to dry synthetic air, oxygen molecules are adsorbed on the exposed surface [18]. 

From literature, it is well known that the adsorbed oxygen species exists as O2
¯ (<150 ºC), O¯ 
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(150-400 ºC) and O2¯ (>400 ºC) [39]. Since all the gas sensing measurements are performed at 

and below 150 ºC (owing to the thermal degradation of WSe2 material at temperature above 

200 ºC) the adsorbed oxygen molecule is equivalent to O2
¯. The as-adsorbed oxygen molecule 

results into extraction of electrons from the valence band of WSe2 which results in the 

formation of a hole accumulation region (HAR) near the valence band, as shown in Fig. 15a. 

The reaction can be represented by the following equation. 

O2
¯→ O2

¯ + h+                                                                                         (1) 

 Afterwards, when the sensor is exposed to NH3 gas, the spontaneously adsorbed 

nucleophilic molecules donate electrons to the WSe2 surface as well as it may react to the pre-

adsorbed oxygen species present at the surface, resulting in the formation of free electrons. The 

free electrons that are released during the reaction combine with holes present in the valence 

band thereby reducing the concentration of holes and subsequently increasing the resistivity of 

the sensor (as shown in Fig. 8). As, a result, the concentration of holes in the HAR region is 

reduced (Fig. 15b). The p-type semiconductor behaviour of WSe2 nanoflowers could be 

described by the following equation [40]: 

4NH3(ads) +3O2
¯ → N2 + 6H2O+3e¯                                                        (2) 

As the NH3 gas concentration is further increased, the electron density increases leading 

to the high resistivity of the sensor, resulting in much higher sensitivity of the sensor towards 

increasing gas concentrations (as shown in Fig. 10b and c). Furthermore, when the gas is 

removed and the sensor is exposed only to dry air at room temperature, there is an inadequate 

recovery of the WSe2 sensor due to the difficulties in desorption of these gas molecules at room 

temperature. However, mild heating of the sensor at 150°C resulted in complete baseline 

recovery while the recovery time was larger. 

Contrary to this, when the sensor is exposed to NO2 molecules, an opposite behaviour 

is seen owing to the oxidising nature of NO2 gas. Because NO2 molecules are electrophilic, 

they extract electrons from the valence band of 2D WSe2 nanoflowers, causing electron deficit 

and a rise in hole concentration (Fig. 15c). Consequently, the electrical conductance of the 

material increases, thereby resulting in a decrease in the sensor´s resistance, as shown in Fig. 

6 (where the baseline resistance of the WSe2 nanoflower decreases when exposed to NO2 gas). 

Similar to NH3, NO2 gas molecules might as well interact with the preabsorbed oxygen species 

at the WSe2 surface resulting in the formation of NO3
¯. The reactions occurring at the surface 

of WSe2 can be described by the following equations [18] : 
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O2
¯→ O2

¯ + h+  (1) 

NO2 → NO2 
¯+ h+ (2) 

NO2 + O2
¯→ NO3

¯ +2O¯ +h+ (3) 

Fig. 15 Energy band diagram of 2H WSe2 demonstration (a) reaction in air, (b) on reaction with NH3 gas, (c) on 
reaction with NO2 gas, where Ec is the conduction band, Ef is the fermi level and Ev is the valence band. 

Furthermore, both edge atoms and in-plane defects of WSe2 have previously been 

demonstrated to be active sites for molecule adsorption, resulting in providing additional 

surface area for gas adsorption, thereby enhancing the overall gas sensing. Moreover, these 

reactions are particularly prevalent at the 2H defect sites, mainly at the Se vacancies. These 

vacancies contribute to the carrier charge transfer on the TMDs surface and play a crucial role 

in the gas sensing mechanism since prior research has shown that adsorption of NO2 molecules 

is impossible without Se vacancies[41]. This is further supported by the DFT theories, which 

demonstrated that in the absence of disulphide vacancies, the adsorption of N2 molecules on 

MoS2 is low [42]. Despite the lack of research in the case of WSe2, current studies on MoS2 

suggest that sulphur vacancies are one of the major defects in MoS2 due to their low formation 

energy. 

Gas sensing might also benefit from the active sites on the edges of these 2D materials. 

The 2D morphology of the WSe2 nanoflowers that are attached to the 1D WSe2 nanowires 

plays a significant role in providing a high surface area for the adsorption of these gaseous 

molecules (NO2 and NH3). Similar reports in the literature have revealed enhanced gas sensing 

characteristics of vertically distributed MoS2 nanostructures supported by vertically arranged 

carbon nanotubes in comparison to horizontally arranged MoS2 [43] . Moreover, in our previous 

studies, we have reported enhanced gas sensing properties of 2D assemblies of WS2 
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nanoflowers on 1D nanowires in comparison to the more closely packed nanoflake assembly 

[1] 

Conclusions  

We used an atmospheric pressure CVD approach to demonstrate a simple, effective, 

and high-yield synthesis process to obtain WSe2 films. The morphology of as-grown WSe2 is 

nanoflowers, which are composed of highly crystalline vertically aligned nanoplatelets. 

Furthermore, the synthesis approach is scalable and enables the direct growth of nanostructured 

material over functional substrates.  The as-grown material is used to develop a chemoresistive 

type gas sensor having dual sensitivity towards NH3 and NO2 gas detection, depending on the 

operating temperature used. To the best of our knowledge, no previous research on WSe2-based 

gas sensors has yielded such intriguing results. Moreover, the cross-sensitivity test revealed 

that H2, C6H6, and CO have a negligible effect on NH3 gas detection while the presence of NO2 

molecules shows some cross-sensitivity which could be assigned to the dual sensitive nature 

of the WSe2 films. Moreover, water vapour at 50% relative humidity also resulted in having no 

interference to the measure of NH3 gas, attesting to promising characteristics of WSe2 for gas 

sensing applications. Henceforth, we believe the results obtained in this study at moderate 

temperature are intriguing and can provide a useful conceptual framework for detecting low 

concentrations of NH3 in the real environment. 
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Abstract 

Herein, we report on the successful controlled growth of edge enriched 3D assemblies of MoS2 

nanosheets by adjusting the gas flow rate, during atmospheric pressure CVD deposition. The 

results revealed that 30 ml/min was the optimal flow rate, in which the growth direction shifts 

from in-plane nanosheets to out-of-plane 3D assemblies of MoS2 nanosheets. It is suggested that 

at this flow rate, we have an ideal tradeoff between the surface interaction and the mass transport 

of precursor molecules. Morphological, structural and chemical composition analysis showed the 

formation of vertically oriented MoS2 nanosheets with MoO3-x impurities, resulting from the 

incomplete sulfurization during the synthesis. Based on the morphological evolution of the 

studied material, the growth mechanism was explored. Gas sensing properties of the as grown 

films were tested against NH3 and NO2. They exhibited stable and reproducible responses with 

excellent sensitivity to ppm-level NH3 (20 % response to 2 ppm) and to ppb-level NO2 (11% 

response to 20 ppb). Additionally, this nanomaterial showed dual selectivity towards NH3 at room 

temperature and NO2 at 100 ºC. To the best of our knowledge, none of the reported works on 

MoS2 based gas sensor have described this dual selectivity. The experimental detection limit for 

NH3 was below 2 ppm while it was lower than 20 ppb for NO2. Besides, the vertical growth of 

edge enriched MoS2 bestows sensors with notable resilience against high levels of ambient 

humidity. Sensor response was only slightly increased (R=70 %) in a humid ambient compared 

to a dry background (R= 65 %) when measuring 800 ppb of NO2. Therefore, this paper shows for 

the first time that by adjusting flow rate it is possible to tune the morphology of AP-CVD grown 
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MoS2 for achieving a 3D sponge-like assembly of nanoflakes, showing high sensitivity to NO2 

and NH3, and low humidity cross-sensitivity. In addition, the nanomaterial can be made quite 

specific for detecting NO2 or NH3 by selecting its operating temperature. 

Keywords: TMDs; gas sensors; MoS2; APCVD; 3D assemblies; dual selectivity. 

Introduction 

Graphene with its hexagonal lattice structure was the first two dimensional (2D) material that 

fascinated researchers and scientists, thanks to its unique properties and broad relevant 

applications.1,2 In contrast to conventional gas sensors based on MOX nanostructures,3,4 graphene 

offers some advantages as large specific surface area (i.e., atomically 2D form), high conductivity, 

moderate operating temperatures, and low electrical noise.5,6 Its lack of band gap, however, 

prevents this material from showing semiconducting properties.3,7 This shortcoming is relevant 

for developing chemoresistive gas sensors and has inspired researchers to move towards others 

atomically layered 2D semiconductor materials with assigned band gap. Among the 2D materials 

which have been identified and investigated for gas sensing application, we find tin sulfide (SnS2), 

molybdenum selenide (MoSe2), tungsten disulfide (WS2), molybdenum disulfide (MoS2), 

phosphorene and tellurene, only to cite a few.8–15  

Molybdenum disulfide belongs to the family of transition metal dichalcogenide materials 

(TMDs) in which molecular layers are stacked together by van der wall forces. It is an n-type 

semiconductor with a band gap ranging from 1.2 eV for bulk MoS2 (indirect band gap) to 1.83 

eV for monolayer MoS2 (direct and wider band gap).16 Indeed, the bandgap of TMDs materials 

depends on the number of their atomic layers, which opens different possibilities for their 

application in various fields such as optoelectronics17, solar cells18, photocatalysis and gas sensors. 
19 It was reported that high quality monolayer fit well with FET devices, whereas few layer TMDs 

are suitable for gas sensing applications. Babar and co-workers found that bilayer and hetero-

bilayer MoS2 and WS2 showed improved gas sensing performances compared to their 

monolayers.20 Late and co-workers showed that few layer MoS2 exhibited excellent sensing 

performances towards NO2, NH3 and humidity, compared to MoS2 single layer.21 Additionally, 

obtaining a continuous monolayer is very challenging, most reports describe the synthesis of 

discontinue monolayer domains dispersed on top of the substrate.22–24 This non-continuity is a 

drawback for their use in chemoresitive transduction schemes in gas sensing applications.  

Recently, the three-dimensional (3D) assembly of multilayer TMDs nanosheets has attracted 

the attention of many researchers, since the gas adsorption at the edge sites of the TMDs 

nanosheets is more significant than at their basal plane, thus enhancing sensitivity as well as 

selectivity. 25–27 In the case of MoS2, its basal plane is most of the times used as chemical receptor, 
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because it is easy to expose and to produce using exfoliation or chemical vapor deposition 

techniques. However, this basal plane surface has minimal dangling bonds, and due to 

thermodynamic forces, it is difficult to expose their edge sites to the environment 28,29. In contrast, 

in 3D MoS2 nanosheets, the edge sites have a local stoichiometry with physical and electronic 

properties that make them more exposed. Moreover, the vertical nanosheets are formed by the 

(002) plane, which usually ends with the predominance of either exposed molybdenum atoms or 

exposed sulfur atoms.30,31 Cho and coworkers reported highly enhanced gas adsorption properties 

in vertically aligned MoS2 layers.28  They found about 5-fold enhanced sensitivity to NO2 gas 

molecules compared to horizontally aligned MoS2 films. This finding was corroborated by density 

functional theory (DFT) calculations. Lee and co-workers showed that the addition of active edge 

sites enhances the surface-to-mass ratio and the resulting gas-sensing properties.25 Agrawal and 

co-workers reported that the total surface free energy of MoS2 rises by increasing the density of 

the edge sites, which enhances the catalytic activity of MoS2 material.26 Therefore, it is essential 

to develop 3D assemblies of edge enriched MoS2 networks rather than in-plane MoS2 lattice 

geometries for the fabrication of highly sensitive gas sensors. The most reported techniques that 

are used for such growth are: hydrothermal and atmospheric pressure CVD (APCVD).32–36 Using 

hydrothermal method to synthesize MoS2 nanosheets needs hazardous precursors such as 

molybdenum chloride, which can release harmful chloride vapors. Moreover, it involves a many 

step fabrication process and thus, is a time- consuming technique. Conversely, in APCVD 

technique, we need sulfur and molybdenum precursor sources. The deposition occurs in a single 

step, at atmospheric pressure without the assistance of hydrogen, in a self-catalyzed process. It 

has a large yield with a direct deposition onto the sensor substrate.  Additionally, it is a catalyst 

free technique.  

In the literature, there are few reports on 3D assemblies of edge enriched MoS2 nanosheets 

for gas sensing applications. For instance, Agrawal and co-workers presented photoactivated 

mixed in-plane and edge-enriched p‑type MoS2 flake-based NO2 sensor working at room 

temperature.33 There, the vertical flakes were not interconnected between them, there were more 

in-plane flakes rather than edge enriched vertical ones. Moreover, the sensors were assisted by 

UV light and the NO2 concentrations tested were very high, ranging from 10 to 500 ppm. Jaiswal 

and co-workers reported vertically aligned edge-oriented MoS2 nanostructured thin films 

functionalized by Pd nanoparticles for gas sensing applications.37 These films were deposited via 

a single step dc-magnetron sputtering technique. Their morphology was characterized by a 

continuous porous film with dispersed grains and absence of a multilayer MoS2 nanosheet 

network. Besides, the fabricated sensor showed low sensitivity against very high concentrations 

of NH3 and NO2 gases, at room temperature. The responses were 2.5 % and 5 % against 500 ppm 

of NH3 and NO2 respectively. Hang and coworkers studied the controlled growth of vertically 
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oriented three-layer MoS2 nanoflakes for room-temperature NO2 gas sensor applications.38 The 

density and the thickness of MoS2 nanosheets were controlled by varying the heating rate of a 

CVD process conducted under vacuum. The fabricated sensors displayed a good sensitivity and 

selectivity towards NO2. The response towards 0.5 ppm NO2 at room temperature was 20.1%. 

However, the effect of ambient humidity cross-sensitivity was not studied. 

In this paper we report for the first time a successful controlled growth of, large scale, 3D 

assemblies of edge enriched MoS2 nanosheets using a single step atmospheric pressure CVD 

method for the fabrication of dually selective NH3 and NO2 gas sensors. During the depositions, 

no hydrogen assistance was used. The films were obtained by controlling the argon gas flow rate 

during the APCVD process. In addition, they were directly grown on the sensor substrate without 

the need of further fabrication steps or seeding with noble metals. Moreover, an extensive material 

characterization study of the as grown nanostructured films was performed by using FE-SEM to 

analyze the morphology, XRD and Raman spectroscopy to verify the structure, and XPS and 

HRTEM to identify the chemical composition. Besides to this, the growth mechanism was 

thoroughly studied by analyzing the morphology evolution of the 3D assembly of MoS2 

nanosheets, which is not often reported in the literature.  The gas sensing performance of the 

synthesized films were tested against low concentrations of NH3 and NO2 (at concentrations under 

the threshold limits defined for health safety standards). Sensors were operated at room 

temperature and at 100 ºC and tested under dry and humid (50% R.H.) conditions. Sensors showed 

high sensitivity with dual selectivity behavior. Namely they were selective to NH3 when operated 

at room temperature and to NO2 when operated at 100 ºC. It is worth noting that reports on MoS2 

based gas sensor have never reported such advantageous dual selectivity towards two different 

pollutant gases.  

Experimental section 

Material synthesis: 

The atmospheric pressure CVD (APCVD) method was employed to grow edge enriched 3D 

assemblies of MoS2 nanosheets. As it is shown in Fig. S1. a, the system was composed of a quartz 

tube-in-tube growth chamber, a heating belt and a CVD furnace. The small quartz tube has a 

diameter of 15 mm while the large tube is 38 mm in diameter. Before starting the synthesis, the 

substrate (SiO2, 300 nm) was cleaned with acetone (30 min), isopropanol (30 min) and distilled 

water. Then, it was dried with air, placed vertically in a homemade ceramic support and then 

pushed inside the CVD furnace. MoO3 powder (25 mg, 99.97 %, Sigma-Aldrich) and sulfur 

powder (700 mg, 99.97 %, Sigma-Aldrich) were loaded separately in two ceramic boats and 

located in distinct zones (heating belt and CVD furnace) in order to provide independent 

temperature control. The distance between MoO3 and the S was 25 cm while the distance between 

MoO3 and the substrate was 5 cm. The APCVD synthesis procedure was composed of five steps: 
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1) the growth chamber (tube-in-tube) was flushed with argon (500 ml/ min) during 30 min in

order to remove oxygen molecules; 2) the furnace was ramped to 850 ºC with an Ar flow of 100

ml/ min; 3) once the furnace reached 500 ºC, the heating belt (200 ºC) was powered on, and the

sulfur began to evaporate (Fig. S1.b); 4) when the temperature of the furnace reached 850 ºC, the

Ar flow was modified and set according to the different growth conditions (10, 30 or 70 ml/ min)

during 60 min; 5) the furnace was left to cool down while the heating belt was kept ON, to provide

a sufficiently sulfur rich atmosphere, thus avoiding the oxidation of the film deposited.

Material characterization techniques: 

The morphology of the prepared samples was analyzed by scanning electron microscopy 

(SEM-FET quanta 600) coupled with a field-emission scanning electron microscope (FESEM) 

Hitachi 2000 and FEI Helios Nanolab 650. The crystal structure at the atomic level was studied 

by high-resolution transmission electron microscopy (HRTEM) (Jeol, JEM-2100) and X-ray 

diffraction using a Bruker-AXS D8-Discover diffractometer equipped with a parallel incident 

beam (Gober mirror), vertical XYZ motorized stage and with a GADDS (General Area 

Diffraction System). The elemental and chemical analysis have been performed via X‐ray 

photoelectron spectroscopy (XPS) using a versaprobe PHI5000 spectrometer (equipped with a 

monochromatic Al Kα X‐ray source). For data analysis, the CASA XPS software was used. The 

Raman spectra were obtained using a Renishaw in Via, laser 514 nm, ion argon-Novatech, 25 

mW.   

Gas sensing measurements 

Gas sensing measurements were performed in a Teflon chamber with a volume of 35 ml. The 

test chamber has an inlet and an outlet, and connectors for housing up to four sensors at the same 

time. The inlet was connected to the gas delivery system and the outlet was connected to the 

exhaust. Regarding the sensors, they were fabricated in our lab by connecting two platinum wires 

to the growth substrate using silver paste as depicted in Fig.S2. Besides to this, the substrate was 

glued to a ceramic hotplate that comprised a platinum resistive heater, using a conductive epoxy. 

This allowed raising the operating temperature above room temperature when needed.  Finally, 

the whole device was wire-bonded to a PCB that could be plugged inside the test chamber. The 

sensor responses were obtained by monitoring the sensing film resistance using an Agilent-

34972A multimeter. To acquire the target concentration, calibrated cylinders of either nitrogen 

dioxide (total concentration, 1 ppm), Ammonia (total concentration, 100 ppm), hydrogen (total 

concentration, 1000 ppm) and carbon monoxide (total concentration, 100 ppm) were mixed with 

pure synthetic air by means of Bronkhorst mass-flow controllers and associated software. The 

total flow rate was kept constant at 100 ml/ min during all the experiments. The exposure time to 

the target gas was fixed to 10 min, while duration of the cleaning phase (dry air) was adapted to 

the sensor operating temperature. It was 50 min for measurements performed at 100 ºC and 120 
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min for the ones realized at room temperature. For calibrating the sensors, we expose them to dry 

air during 4 hours before each cycling measurements and during 1 night before measuring a new 

gas. This calibration is needed in order to reach the initial baseline resistance and to clean the 

sensor surface as well as the chamber. Moreover, humidity measurements were conducted by 

introducing 50 % of relative humidity during the hole gas cycling measurements. The sensor 

response was calculated by using (Eq.1) for reducing species and by (Eq. 2) for oxidizing ones. 

Additionally, the response and recovery time are defined as the time required to reach 90% of the 

total changes in resistance in the case of detection and recovery phases, respectively. 

(𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅−𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅)∗100
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅

                                                         (Eq. 1) 

(𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅−𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅)∗100
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅

                                                          (Eq. 2) 

Results and discussion 

Material characterization 

MoS2 nanostructured thin films were synthesized at 850 °C using a tube-in-tube, hydrogen 

free APCVD method. Samples were directly grown on a 300 nm thick SiO2 on Si substrates (1 × 

2 cm2) without any further fabrication step. This configuration (tube-in-tube) leads to stable 

provision of both gaseous precursors to the reaction area, near the substrate, during the whole 

deposition. Additionally, it allowed us to avoid the quenching and gradual sulfurization of MoO3 

caused by sublimated sulfur. The films were grown under three different carrier gas (Ar) flow rate 

conditions: 10, 30 and 70 ml/min and were labelled as: MoS2-10, MoS2-30 and MoS2-70, 

respectively. Fig. 1 depicts the FE-SEM images obtained from the three samples. It is clear that 

the flow rate significantly affected the obtained morphologies. At 10 ml/min of argon gas, we 

achieved sparse multilayer MoS2 nanotriangles dispersed all over the substrate (Fig. 1.a). Each 

one, consisted of several nanotriangles deposited on top of each other, forming a pyramidal shape. 

More images are provided in the SI Fig.S3. When the argon gas flow rate was increased to 30 

ml/min, the morphology was changed from in plane MoS2 nanotriangles to out-of-plane, edge 

enriched 3D assemblies of MoS2 nanosheets (Fig.1.b). The film was continuous (Fig.S4), 

completely coating the substrate area. The size of the nanosheets was not completely 

homogeneous, they were longer in the center of the substrate while they grew shorter at the 

borders. A further increase in the argon gas flow rate, (70 ml/ min) generated another change in 

the morphology of the samples. From Fig. 1.c we can observe a continuous layer of 2D 

quadrilateral nanostructures with different size, deposited randomly over the substrate. Based on 

the literature, at low gas flow rate (10 ml/ min), the mass transport of the precursor species limits 

the amount of the deposited nuclei onto the substrate active sites. In this reaction, the crystals 

growth is carried out by thermodynamics regime where the surface chemical reaction rate is 

proportional to the carrier gas flow rate and the deposited nuclei are grown laterally to form 
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nanotriangles. At 30 ml/ min, the direction growth becomes out-plan and the crystal growth 

changes from thermodynamics regime to kinetics one. This case of growth is further studied and 

illustrated in growth mechanism section. 

At high gas flow rate (70 ml/ min), an overdose of the precursors species arrived to the 

substrate active sites, outperforming the rate-ability of the surface reaction that could occur at the 

deposition temperature (850 °C), leading in gas phase reactions before reaching the substrate sites 

and depositing nanoflakes at the surface of the substrate. Herein, the CVD deposition is controlled 

by a surface reaction. 39–41 

Therefore, at 30 ml/ min of argon, we have a perfect fit between the surface interaction and 

the mass transport of precursor molecules, resulting in a suitable morphology for gas sensor 

fabrication. In fact, it offers a large surface area to volume ratio with enriched exposed edge sites, 

has plenty of voids for gas diffusion, and has many defects that make it highly reactive with gas 

molecules. 

 

Fig.1. FE-SEM images of the grown films using (a) 10 ml/min (b) 30 ml/min and (c) 70 ml/min 
of argon flow rate. 

The crystal structure of the films was analyzed by X-ray diffraction (XRD) method. Fig. 2 

shows the XRD patterns recorded from MoS2-30 and MoS2-70 films, in the range of 20° to 80°. 

It can be deduced that the analyzed samples have a polycrystalline structure.  For MoS2-30 we 

detected peaks at 33.4°, 34.1°, 40.9°, 44.2°, 58°, 60° and 69°, which are attributed to (101), (012), 

(015), (009), (110), (113) and (202) planes of MoS2, respectively, according to JCPDS card 

number (77-0341). Also, we noticed peaks at 25.7°, 36.7°, 37.34°, 53.15° and 66.4°, which belong 

to (-111), (200), (-202), (220) and (202) planes of MoO2, respectively, in accordance to JCPDS 

card number (32-0671), and peaks located at 23.3°, 27.3°, 38.9° and 49.2° which correspond 

respectively to (100), (011), (102) and (020) planes of MoO3 (JCPDS card number: 47-1320). 

Regarding MoS2-70, we found peaks at 25.9°, 37.4° and 57.4° indicative of (-111), (-202) and (-

303) planes of MoO2 (JCPDS card number: 32-0671), respectively, and two peaks at 44.2° and 

60° assigned to (009) and (113) planes of MoS2, respectively (JCPDS card number: 77-0341). 

The peaks indexed by black arrows in Fig. 2 are enlarged and clearly displayed in Fig.S5.  It is 
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worth noting that we could not analyze MoS2-10 samples, since the nanotriangles were very small 

and sparsely dispersed over the substrate, thus it was difficult to localize them. Therefore, the 

presence of intermediate MoO3-x in both samples can be associated to the insufficient sulfurization 

(i.e. incomplete CVD reaction) of MoO3 as well as the presence of some oxygen molecules inside 

the CVD tube during the APCVD deposition. Many works in the literature reported the presence 

of these intermediate phase when MoO3 precursor is used and this is an issue that should be 

addressed in the future. Based on the literature,42 MoO3 is first reduced to MoO3-x and with further 

sulfur it is converted to MoS2. Equations (Eq. 3) and (Eq. 4) describe the conceivable chemical 

reaction that can occur during the synthesis.  

 2𝑀𝑀𝑀𝑀𝑀𝑀3 + 𝑥𝑥𝑥𝑥 →  2𝑀𝑀𝑀𝑀𝑀𝑀3−𝑥𝑥 + 𝑥𝑥𝑥𝑥𝑀𝑀2                                            (Eq. 3) 

2𝑀𝑀𝑀𝑀𝑀𝑀3−𝑥𝑥 + (7 − 𝑥𝑥)𝑥𝑥 →  2𝑀𝑀𝑀𝑀𝑥𝑥2 + (3 − 𝑥𝑥)𝑥𝑥𝑀𝑀2                       (Eq. 4) 

Additionally, from the XRD patterns, MoS2-30 samples contain more MoS2 peaks that those 

observed in MoS2-70 samples. This can be related to the CVD reaction time as well as the amount 

of sulfur that reaches the substrate. These two parameters are strongly influenced by the gas flow 

rate used during the deposition.     

 

Fig.2. XRD patterns recorded from MoS2-30 and MoS2-70 films.  
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Fig. 3 displays Raman spectra recorded from MoS2-10, MoS2-30 and MoS2-70 samples. The 

results showed the presence of two common peaks in all the samples near 400 cm-1. They belong 

to the two vibration modes of MoS2: in-plane vibration of molybdenum and sulfur atoms 𝐸𝐸2𝑅𝑅1  and 

out-of-plane vibration of sulfur atoms 𝐴𝐴1𝑅𝑅. 26,41 Besides, in MoS2-70 samples, we observed other 

obvious peaks at 283, 336, 663, 818 and 992 cm-1, which are assigned to MoO2 phase.43–45 

Additionally, in MoS2-30 we noticed three of these peaks, located at 283, 818 and 992 cm-1, but 

with very low intensity. Regarding the MoS2-10 spectrum, we did not detect further peaks rather 

than the ones of MoS2. Consequently, these Raman results confirm the formation of MoS2 with 

intermediate MoO3-x products in samples prepared by using 30 ml/ min and 70 ml/ min, which is 

in line with XRD results.  

Table 1 summarizes for all samples, the position of 𝐸𝐸2𝑅𝑅1  and  𝐴𝐴1𝑅𝑅 MoS2 vibration modes, 

difference between them (∆) and their intensity ratio (Iratio). In fact, using ∆ information, helps to 

infer the number of MoS2 layers that compose the film. As we can see from table 1, ∆ ≥ 26, 

indicating the formation of multilayer MoS2 material in all the grown films. Moreover, the 

intensity ratio Iratio provides more information about the vertical orientation of the MoS2 

nanosheets grown by APCVD technique. Indeed, 𝐸𝐸2𝑅𝑅1   peak resulted from the vibration of Mo 

atom in the in-plane and opposite to two S atom, whereas in 𝐴𝐴1𝑅𝑅 peak the Mo atom is immobile 

and the two S atoms vibrate in opposite directions in the out-of-plane direction. Hence, 𝐸𝐸2𝑅𝑅1  is in 

preference to be emitted from the in plane oriented MoS2 nanosheets, while 𝐴𝐴1𝑅𝑅 is preferred by 

the edge sites of vertically oriented MoS2 nanosheets.41 Therefore, a decrease in the intensity ratio, 

is correlated with an increase in the vertical orientation of the MoS2 nanosheets. Based on the 

calculated intensity ratio of all the samples, the lowest ratio was observed for MoS2-30 which 

exhibits vertically oriented MoS2 nanosheets while the highest one was recorded from the sample 

composed of 2D nanotriangles. These observations are in line with FE-SEM results.  
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Fig.3. Raman spectra of MoS2-10, MoS2-30 and MoS2-70 films. 

 

Table 1: summary of Raman data for the as grown samples 

Sample name 𝑬𝑬𝟐𝟐𝟐𝟐𝟏𝟏  𝑨𝑨𝟏𝟏𝟐𝟐 ∆= (𝑨𝑨𝟏𝟏𝟐𝟐 − 𝑬𝑬𝟐𝟐𝟐𝟐𝟏𝟏 ) 
 

Iratio= (𝑬𝑬𝟐𝟐𝟐𝟐𝟏𝟏 /
𝑨𝑨𝟏𝟏𝟐𝟐) 

MoS2-10 381 408 27 0.55 
MoS2-30 379 405 26 0.49 
MoS2-70 378 404 26 0.52 

 

As we have mentioned in the introduction, samples enriched with edge sites are more suitable 

for gas sensing applications. Consequently, we have further studied the chemical composition as 

well as the morphology and the structure of MoS2-30 films by using XPS and HRTEM analysis. 

Fig.4.a displays the core level spectra of Mo (3d) obtained from MoS2-30 sample. The 

molybdenum spectrum exhibits four peaks which were reproduced by three separate doublets. 

The first one with components, located at 229.5 eV (3d5/2) and 232.8 eV (3d3/2) which correspond 

to MoS2.26 The second doublet composed of two small peaks at 229,8 eV (3d5/2) and 232.9 eV 

(3d3/2), which are attributed to MoO2.26 The last doublet with components at 232.8 eV and 236 

eV, which are assigned to MoO3.46 A long with Mo doublets, we have observed a peak at 226.8 

which correspond to S (2s). Fig.4.b illustrate the S (2p) spectrum of MoS2-30 sample. It is 

composed of a S(2p) doublet positioned at 162.6 eV and 163,8 eV, which correspond to S (2p3/2) 

and S (2p1/2) spectral lines of S2- in MoS2 and a peak at 168.5 eV. This later can be ascribed to 

MoOxSy. Thus, XPS results are in line with the ones obtained from XRD and Raman spectroscopy. 
46,47 
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Fig. 4. XPS spectra (a) Mo 3d and (b) S 2p core-levels of MoS2-30 sample. 

TEM and HRTEM were employed to investigate in detail the morphology and the 

composition of MoS2-30 samples. Fig.5.a shows multilayer nanosheets with size ranging from 

400 nm up to 1.5 µm in one dimension. The layers were crystalline, their surface was very clean 

without any amorphous material. In addition, in some regions we detected nanosheets with 

randomly deposited layers while in other regions the layers were arranged in a stepwise manner. 

On sheet 1, indexed by orange arrow in Fig.5.b, we verified the average interlayer distance 

measured on 10 fringes, the calculated value was 0.615 nm, which corresponds to (002) plane of 

MoS2 (phase 2H) (JCPDS card number 00-037-1492). In the second sheet (Fig.5.c) the measured 

d-spacing was 0.63 nm (only 6 layers). This distance coincides with (002) plane of MoS2 (phase 

2H) (JCPDS card number 75-1539). In the third sheet (Fig.5.d), the d-spacing was 0.27 nm which 

is assigned to the (100) plane of MoS2.48 In the last sheet (sheet 4, Fig.5.d) the d-spacing was 0.68 

nm, it was measured on 6 fringes. This value is ascribed to the expanded interlayer MoS2.49 

According to the literature,50 the difference observed in the (002) d-spacing can be explained by 

the presence of sulfur vacancy defects that produce an expansion at the level of the lattice. In 

addition to nanosheets, we observed quadrilateral structures (Fig.5.e) in which the core level is 

assigned to (200) planes of MoO2 (JCPDS card number 32-0671). The d-spacing from FFT pattern 

was 0.245 nm. It agrees with the most intense peak observed in the XRD pattern. Regarding the 

shell of this nanostructure, the measured d-spacing varied between 0.61 nm and 0.56 nm, which 

indicates the presence of MoS2/MoOxSy. This was observed before in the XPS results and it results 

from the incomplete sulfurization process of MoO3. In sum, the results obtained from all the 

material characterization techniques are in good agreement, while HRTEM has clarified and shed 

light on the morphological composition of MoS2-30 samples. Indeed, it has demonstrated that 

vertical nanosheets consist of pure MoS2 while the remnant MoO3-x appears in the quadrilateral 

nanostructures observed. In the next section, more details are given about the morphology and the 

growth mechanism of this sample.  
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Fig.5. HRTEM images of MoS2-30 sample: (a) TEM images of multilayer MoS2 nanosheets and 

HRTEM of (b) sheet 1 with d-spacing of 0.615 nm, (c) sheet 2 with d-spacing of 0.63nm, (d) 

sheet 3 with d-spacing of 0.27 nm and (e) quadrilateral nanostructure. 

APCVD Growth mechanism of edge enriched 3D assemblies of MoS2 nanosheets. 

Based on the morphological transformation during the growth of edge enriched MoS2 

nanosheets, we have proposed the following growth mechanism, illustrated in Fig. S6.  As a first 

step, MoO3 vapors get reduced to MoO3-x via sulfur vapors. This step is well known and is 

reported by many works in the literature.51,52 At this level, two different pathway reactions can 

occur during the deposition: 
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Reaction (1): solid phase reaction, in which the intermediate MoO3-x get adsorbed and diffused 

onto the substrate forming MoO3-x crystals (mainly MoO2). These later serve as a seeding platform 

for the growth of MoO3-x particles to eventually create quadrilateral nanostructures (Fig.6.a). 

Next, sulfur vapor will penetrate to the first top layers of MoO3-x quadrilaterals and will change 

them from MoO3-x to MoS2.52,42,26 This reaction pathway is supported by Fig. 6.e. It should be 

noted that XRD, Raman, XPS techniques used in this work revealed the presence of intermediate 

MoO3-x, which could belong to the quadrilateral nanostructures that remain underneath the layer 

of MoS2 nanosheets. This solid phase reaction can be corroborated by Eq. 3 and Eq. 4, mentioned 

above. 

Reaction (2): vapor-phase reaction, in which the reduced MoO3-x interacts directly with the sulfur 

at the gas phase and form MoS2 vapor. Based on standard Stranski−Krastanov (SK) growth model, 
26,52 when MoS2 vapor diffuses to the substrate and finds one or many MoS2 monolayers, the in-

plane growth will be unfavorable and the MoS2 will nucleate vertically (Fig.6.b) and will change 

to vertically oriented MoS2 nanosheets, as it is illustrated in Fig 6. c and d.  The suggested vapor-

phase reaction can be assisted by Eq. 5. 

  2𝑀𝑀𝑀𝑀𝑀𝑀3 (𝑅𝑅) + 7𝑥𝑥 (𝑅𝑅)  →  2𝑀𝑀𝑀𝑀𝑥𝑥2 (𝑅𝑅) + 3𝑥𝑥𝑀𝑀2 (𝑅𝑅)                           (Eq. 5) 

Hence, from FE-SEM results (Fig.6), both suggested reaction pathways can happen together 

during the APCVD growth, since we have the growth of an in-plane layer in close contact to the 

substrate (bottom layer) and of edge enriched 3D nanosheets on top of the in-plane layer (upper 

layer). Moreover, based on the growth mechanism and the material characterization results we 

can conclude that the MoO3-x impurities appear in the quadrilateral nanostructures located at the 

bottom layer of samples. They were resulting from the insufficient sulfurization process of the 

quadrilateral nanostructures as well as the presence of some oxygen molecules inside the CVD 

tube. In contrast, vertical nanosheets were mainly composed from pure MoS2 material.    
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Fig.6. morphological evolution during the growth of edge-enriched 3D assemblies of MoS2 

nanosheets. 

Gas sensing results 

Nitrogen dioxide (NO2) and ammonia (NH3) are among the most important air pollutant gases 

that thread the human health as well as the environment. Herein, the electrical properties of MoS2-

30 based gas sensors (Fig. S2) were studied towards the above-mentioned gases. The optimal 

working temperature is an essential parameter that must be defined in order to thermally activate 

the reactions between the adsorbed oxygen ionic species and the target gas molecules. For this 

reason, we exposed our sensors towards four replicates of 10 ppm of NH3, at temperatures ranging 

from 25 °C to 150 °C. From Fig.7, the sensors responses increased with increasing the 

temperature, reaching the maximum at 100 °C and then started to decrease by increasing the 

temperature. Similar behavior was observed for 800 ppb of NO2. Therefore, the optimal working 

temperature for detecting ammonia was 100 °C. This temperature it is quite low compared to the 

operating temperatures of metal oxides and of many TMDs based gas sensors, which is 

advantageous for the long term stability of gas sensitive nanomaterials. 53–56 
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Fig.7. Gas sensor response as a function of temperature.  

Fig.8 displays sensors resistance changes as a function of time, towards four replicates of 10 

ppm of ammonia (Fig. 8. a) and 800 ppb of NO2 (Fig.10. b) at an operating temperature of 100 

°C.  Overall, NH3 is an electron donor that releases electrons to the conduction band of MoS2. In 

contrast NO2 is an electron acceptor that extracts electrons from the conduction band of MoS2. 

Since the exposure to NH3 decreases the resistance of MoS2 sensors whereas NO2 increases this 

resistance, these results confirm the n-type semiconductor behavior of the edge enriched 3D 

assemblies of MoS2 nanosheets. It is clearly noticed that the sensors exhibit stable and 

reproducible responses versus the target gases. A slight drift in the baseline resistance was 

registered. Besides, the sensors response and recovery times towards NO2 were much faster 

compared to NH3 measurements. They were respectively equal to 60 s and 400 s in the case of 

NO2 and they become 193 s and 965 s in the case of NH3.  

 

Fig.8. sensor resistance changes as a function of time against (a) 10 ppm of NH3 and (b) 800 

ppb of NO2, at 100 °C. 

Fig. S7 shows the sensors resistance changes towards the same concentrations tested in the 

previous study, but this time under room temperature operation. Herein, the duration of the 
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recovery phase was twice that used in the measurements performed at 100 °C. This can be 

attributed to the difficulty of desorbing gas molecules from the surface of the material (i.e. 

cleaning of the surface in dry air) when the sensors work at room temperature. From Fig. S7.a, it 

can be derived that sensors responses to NH3, were very stable and reproducible, especially if 

compared to those recorded for NO2, where the sensors were not able to return to their initial 

baseline resistance (Fig.S7.b).The responses to repeated exposures were decreasing significantly 

as a function of time, which can be associated to the lack of complete desorption of NO2 molecules 

during the cleaning phases due to strong adsorption energy of NO2 onto the MoS2 material.20 

To further investigate the enhanced gas sensing properties of edge enriched 3D assemblies of 

MoS2 nanosheets, we exposed our sensors against a wide range of concentrations, going from 2 

ppm to 10 ppm for NH3, and from 20 ppb to 800 ppb for NO2. The obtained results are displayed 

in Fig. 9.  For NH3, we measured the above-mentioned concentration at 25 °C and 100 °C. From 

Fig.9. a and b, the sensors were able to detect ammonia with an excellent sensitivity for the 

measured concentration range. Additionally, from both insets in Fig. 9. a and b, the relationship 

between the sensor response and the gas concentrations was quite linear. The calculated responses 

at 100 °C ranged from 19.5 % to30 % when NH3 concentration varied from 2, to 10 ppm of, while 

at room temperature, the responses to the same range of ammonia concentrations varied from 6 

%to 11 %. Besides, we can conclude that the experimental detection limit of the sensors at both 

operating temperatures was lower than 2 ppm, which is 12 times lower than the exposure limit 

set by the Occupational Safety and Health Administration (OSHA) (25 ppm). Regarding NO2, the 

sensors were not able to detect the tested concentrations when operated at room temperature. This 

is why all the measurements were conducted at the optimal working temperature (100 °C) 

(Fig.9.c). Interestingly, the sensors showed two distinct behaviors: at low concentrations (from 

20 ppb to 100 ppb) the responses correlated linearly with the NO2 concentrations, however at 

elevated concentrations (200 ppb to 800 ppb) the sensors start to show response saturation. It is 

worth noting that the sensors exhibited remarkable responses towards NO2 with very good 

stability. From Fig.9. d, it is clearly seen that the detection limit was below 20 ppb, which is 

significantly lower than the permissible exposure limit of NO2 defined by the OSHA (5 ppm). 

The sensors signal at this low concentration was very clear and highly above the noise level. 
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Fig.9. sensors resistance changes as a function of time against different concentration of (a) NH3 

at room temperature (b) NH3 at 100 °C (c) NO2 at 100 °C and (d) experimental detection limit 

of NO2 at 100 °C. 

Selectivity test  

In a first approach for assessing the selectivity of our nanomaterial, the responses towards 

carbon monoxide (CO- 80 ppm) and hydrogen (H2-500 ppm) were investigated. Fig.10 displays 

the response histograms for the two different operating temperatures used. It is clear that at room 

temperature (Fig.10.a), the sensors exhibit high response towards 10 ppm of NH3, a response that 

is much higher than the one recorded for the other reducing species (CO and H2). Ammonia 

response was 4-times higher than of the one recorded for NO2. It is worth stressing that NO2 800 

ppb is a very high concentration (e.g. the EPA has set the annual average NO2 standard of 53 

ppb). When the sensors were heated at 100 ºC, the selectivity of the sensors is reversed, as it 

appears in Fig. 10. b. The sensors showed good response towards 800 ppb of NO2, higher than 

the response recorded for any of the other species tested. Indeed, the response towards 800 ppb 

of NO2 was 2-times higher than that of NH3, 30 times higher than that of H2, whereas for CO, the 

sensor displayed similar behavior as at room temperature. Therefore, by selecting their operating 

temperature (R.T. or 100ºC), edge enriched 3D assemblies of MoS2 present a dually selective 

behavior towards NH3 or NO2. This dual selectivity has been reported before for some metal oxide 
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gas sensors,57–59 whereas this behavior has never been reported before for MoS2 nanomaterials.

 

Fig.10. Comparison of the responses towards different gaseous species when the operating 

temperature is set to R.T (left panel) or to 100ºC (right panel). 

Table 2 and 3 compare the gas sensing performances of edge enriched 3D assemblies of MoS2 

nanosheets and other TMDs nanomaterials, towards NH3 and NO2. Obviously, our sensors exhibit 

high sensitivity towards the target gases, with small experimental detection limit (below 2 ppm 

for NH3 and below 20 ppb for NO2), at a lower operating temperature. Moreover, none of the 

reported TMDs materials have the advantage of a dual selectivity against two different toxic 

gases.  

 

Table 2. A comparison of NH3 sensing performance of different TMDs-based gas sensors. 

2D 
material method conc. 

(ppm) 

Working 
temp. 
(°C) 

Resp 
 LOD 

Dual 
selectivity 

test 
Ref 

MoS2 APCVD 10 100 30 % below 2 
ppm Yes This 

work 
MoS2 

 APCVD 10 25 11 % below 2 
ppm Yes This 

work 

WS2 
aerogel 

Multistep 
chemical 
synthesis 

800 250 0.8 % 
 

13 ppm 
(theoret.

) 
NO 60 

Cu2S 
Multistep 
chemical 
synthesis 

500 25 
19.78 

% 
 

N.A NO 61 

SnS2 
solvothermal 

reaction 100 200 7.4% 0.5 ppm No 62 

WS2 
AACVD+APC

VD 5 150 16 % 2 ppm No 9 

MoSe2 
Mechanical 
exfoliation 50 25 N.A 50 ppm No 63 
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Table 3. A comparison of NO2 sensing performance of different TMDs-based gas sensors. 

2D 
mater

ial 

method Studied 
conc. 

Working 
temp. 
(°C) 

Resp LOD Dual 
selectivi
ty test 

Ref 

MoS2 

 
APCVD 800 ppb 100 65 % 20 ppb Yes This 

work 
WS2  Hydrotherm

al+CVD 
5 ppm 160 121 % 200 ppb 

(exp.) 
NO 64 

WS2  Multistep 
chemical 
synthesis 

3 ppm 250 36 8 ppb 
(theoret.) 

NO 60 

MoS2  CVD 1.2 ppm 100 5 % 1.2 ppm NO 65 

SnS2/
rGO 

Drop-
casting 

12 ppm 80 54 % 0.6 ppm NO 66 

WS2/ 
graph
ene  

Multistep 
chemical 
synthesis 

2 ppm 180 3 % 10 ppb 
(theoret.) 

NO 67 

 

 

Humidity measurements: 

As we known, ambient moisture can dramatically affect the electrical properties of gas sensors 

and heavily impact sensitivity. Consequently, it is necessary to evaluate the behavior of gas 

sensors in the presence of humidity. Fig.11 illustrates the sensor response against 800 ppb of NO2 

under dry and humid background. From the results, we observed a decrease in the baseline 

resistance of the sensor from 3.9 MΩ in dry background to 1.5 MΩ in humid one.  This behavior 

has been reported before for metal oxide semi-conducting materials.68 Moreover, we noticed a 

slight difference between the sensor responses; it was 65% in dry ambient and it becomes 70% in 

humid background. Overall, during the gas detection at a humid ambient, the target gas molecules 

and the water vapor (hydroxyl group) enter in a competition at the level of the active sites. When 

the relative surface distribution of the hydroxyl group is much higher than that of the oxygen 

species, the performance of the sensor decreases and the effect of humidity is significantly more 

noticeable. In contrast, when the sensor exhibits high moisture immunity, most of the active sites 

consist of absorbed oxygen species and the sensor performance remains unchanged. Therefore, 

the obtained results indicate the high immunity of edge enriched 3D assemblies MoS2 nanosheets 

against a high level of moisture background. 68–71 
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Fig.11. Normalized sensor resistance change as a function of time, in dry (black) and 50 % of 
relative humidity (red) atmospheres, at 100 °C. 

 

 

Gas sensing mechanism 

It has been shown that the vertical orientation of MoS2 nanosheets helps the sensor to be more 

exposed to the target gas and exhibits high gas sensing performances. Indeed, the edge sites of 

the MoS2 nanosheets boundaries are thoroughly chemically reactive as compared to the basal 

plane. According to the literature,72 the adsorption energy of NO2 at S edges is higher (∼ -0.4 eV) 

than at the basal plane (∼ -0.13 eV) of MoS2 material and the associated electronic charge transfer 

is ∼ 0.5 e and 0.1 e, respectively. Herein, the proposed gas sensing mechanism is based on the 

adsorption/desorption of the gas molecules at the active sites of MoS2 nanosheets and it is 

illustrated by the schematic sketch in Fig.12. When the sensor is exposed to the air, oxygen 

molecules get adsorbed at the MoS2 surface through extracting free electrons from the conduction 

band and forming an electron-depletion layer with a partial oxidation MoS2 top layer.73–75 It is 

worth noting that the nature of the adsorbed oxygen species depends on the sensor working 

temperature as shown by Eq.6 to Eq. 9.53 Thereby, at  low temperature, 𝑀𝑀2− are the predominant 

adsorbed species.  

   𝑀𝑀2(𝑅𝑅) → 𝑀𝑀2(𝑅𝑅𝑎𝑎𝑅𝑅)                                                                               (Eq. 6) 

𝑀𝑀2(𝑅𝑅𝑎𝑎𝑅𝑅) +  𝑒𝑒− →  𝑀𝑀2(𝑅𝑅𝑎𝑎𝑅𝑅)
−            ≤ 100 °𝐶𝐶                                           (Eq. 7) 

𝑀𝑀2(𝑅𝑅𝑎𝑎𝑅𝑅)
− +  𝑒𝑒− →  2𝑀𝑀(𝑅𝑅𝑎𝑎𝑅𝑅)  

−       100 < 𝑇𝑇 < 300 °𝐶𝐶                              (Eq. 8) 

𝑀𝑀(𝑅𝑅𝑎𝑎𝑅𝑅)
− +  𝑒𝑒− → 𝑀𝑀(𝑙𝑙𝑅𝑅𝑙𝑙𝑙𝑙𝑅𝑅𝑙𝑙𝑙𝑙)

2−        > 300 °𝐶𝐶                                               (Eq. 9) 
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Next, when the sensor is exposed to an oxidizing gas such as NO2, this later not only capture 

electrons from the accepter level of the material but also react with the 𝑀𝑀2− adsorbed species as 

well as S vacancies (Eq. 10, 11 and 12) leading to the formation of more holes at the valence band 

and an increase in the sensor resistance.38,76,77  

𝑁𝑁𝑀𝑀2 + 𝑒𝑒−  →  𝑁𝑁𝑀𝑀2−                                                                          (Eq. 10) 

𝑁𝑁𝑀𝑀2 +  𝑀𝑀2− + 2𝑒𝑒−  →  𝑁𝑁𝑀𝑀2− +  2𝑀𝑀−                                               (Eq. 11) 

𝑁𝑁𝑀𝑀2− +  𝑉𝑉𝑉𝑉++ →  𝑁𝑁𝑀𝑀2 + ℎ+                                            (Eq. 12) 

In the case of a reducing gas such as NH3, the chemisorbed oxygen species interact with NH3 

molecules and release electrons to the conduction band, which dramatically decrease the thickness 

of the depletion layer and decrease the sensor resistance. Eq. 13 and describe the reaction between 

NH3 and the chemisorbed oxygen species.78,79   

4𝑁𝑁𝑁𝑁3 +  3𝑀𝑀2−  →   2𝑁𝑁2 +  6𝑁𝑁2𝑀𝑀 + 3𝑒𝑒−                                         (Eq. 13) 

 

 

 
 

Fig.12. schematic sketch of the proposed NO2 and NH3 sensing mechanism. 

 

Conclusion 

This paper explores for the first time how a simple approach such as optimizing flow rate in an 

atmospheric pressure CVD system enables achieving the self-organized, bottom up growth of 

sponge-like, 3D assemblies of MoS2 nanosheets. These 3D assemblies are porous (i.e. possess 

high surface for interacting with gases) and their edges are highly reactive, which results in highly 

enhanced sensing properties. This single step atmospheric pressure CVD method approach is used 

for the first time in the fabrication of dually selective NH3 and NO2 gas sensors. The gas flow rate 
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was found to have a strong influence in the morphology of the MoS2 grown. When the growth 

was conducted at 10 ml/min Ar flow, a discontinuous layer of sparsely dispersed MoS2 

nanotriangles was obtained.When the flow was set to 70 ml/min, quadrilateral MoS2 

nanostructures were synthesized. Finally, at 30 ml/min, a thick layer of edge-enriched 3D 

assemblies of MoS2 nanosheets was achieved. In contrast to the other two flow rates tested, at 30 

ml/min the growth of MoS2 nanosheets changes from in-plane to out-plane, which is 

advantageous for achieving 3D, sponge structures with higher surface. In fact, 30 ml/min 

represents an ideal compromise between the surface interaction and the mass transport of 

precursor molecules. Moreover, material characterization results revealed the formation of edge 

enriched 3D assemblies of MoS2 nanosheets with the presence of some MoO3-x impurities. Based 

on the growth mechanism, these impurities were coming from the bottom layer of the grown film, 

where quadrilateral nanostructures were not completely sulfurized. The gas sensing performances 

of edge enriched 3D assemblies of MoS2 were tested against NH3, NO2 and humidity. At the 

optimal working temperature, sensors exhibit an n-type semiconducting behavior towards the 

studied gases. The responses were stable and reproducible, with high sensitivity.  Specificity 

towards NH3 or NO2 could be tuned by operating the sensors at R.T. or at 100ºC, respectively.  

Regarding the experimental detection limit, it was below 2 ppm for NH3 and below 20 ppb for 

NO2. Finally, the sensor displayed high resilience against moisture interference, since sensor 

response towards NO2 barely changed when sensors were operated under dry or humid (50% R.H) 

conditions. All these results compare favorably to those previously reported for MoS2 based 

sensors. 
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Conclusions and Future 

Perspectives 
 

This chapter summarises the important accomplishments of this research work, highlighting 

the advantages of the growth process as well as the enhancement of gas sensing properties 

resulting from adding functionality with different nanomaterials.  
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In this thesis, the developed CVD growth process outlined demonstrates a simple and 

efficient route to synthesize large-area multi-layered TMDs materials, which have strong 

prospects for scalable production. Moreover, direct growth of these layered materials is 

achieved on a variety of substrates (such as Si/SiO2 and alumina substrates with interdigitated 

platinum electrodes). For instance, the combination of aerosol-assisted CVD with atmospheric 

pressure CVD technique resulted in the 3D assembly of WS2 nanosheets on WS2 nanoneedles. 

It is worth noting that the assembly of WS2 nano triangles on 1D nanoneedles or nanorods 

shows a highly increased porosity and increased number of edges for gas interaction in 

comparison to the more closely packed nanoflake assembly. 

Moreover, a unique and efficient route to add functionality to the metal sulphides is 

also explored.  For instance, we have been able to synthesise WS2 loaded with different metal 

oxides (PtO/PdO). This method is not limited to only these materials and other materials can 

be incorporated into the host matrix by adopting this 2-step growth process which takes 

advantage of a combination of AACVD with the CVD technique. 

 In an attempt to study the gas sensing properties of other TMDs materials, WSe2 based 

gas sensor was developed. This material was grown in the Namur Institute of Structured Matter 

(NISM), University of Namur, in the lab of Prof. Jean François Colomer (collaborator). It was 

found that for growing selenium based TMDs, it is necessary to incorporate H2 in the CVD 

chamber for the reaction to take place. This is because, unlike Sulfur, Selenium is not a very 

strong reductant. Therefore, WSe2 nanomaterial was grown via selenization of WO3 

nanomaterial in the presence of H2 and Ar gas during the growth process. It was found that 

using this technique vertically aligned 2H-WSe2 nanosheets assembled on nanowires were 

obtained.  

Moreover, the growth of 2D layered materials in a single step was also explored during 

this research work. For instance, optimising the gas flow rate in an atmospheric pressure CVD 

system enables achieving the self-organized, bottom-up growth of sponge-like, 3D assemblies 

of MoS2 nanosheets. The gas flow rate was found to have a strong influence on the morphology 

of the MoS2 grown. When the growth was conducted at 10 ml/min Ar flow, a discontinuous 

layer of sparsely dispersed MoS2 nanotriangles was obtained. When the flow was set to 70 

ml/min, quadrilateral MoS2 nanostructures were synthesized. Finally, at 30 ml/min, a thick 

layer of edge-enriched 3D assemblies of MoS2 nanosheets was achieved. In contrast to the 

other two flow rates tested, at 30 ml/min the growth of MoS2 nanosheets changes from in-plane 
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to out-plane, which is advantageous for achieving 3D, sponge structures with a higher surface. 

30 ml/min represents an ideal compromise between the surface interaction and the mass 

transport of precursor molecules. Moreover, material characterization results revealed the 

formation of edge enriched 3D assemblies of MoS2 nanosheets with the presence of some 

MoO3-x impurities. Based on the growth mechanism, these impurities were coming from the 

bottom layer of the grown film, where quadrilateral nanostructures were not completely 

sulfurized. 

Furthermore, all these grown materials indicate their potential for next-generation gas 

sensors. The ability to manipulate the electrical structure of TMD semiconductors is a 

fundamental key aspect to their practical use in electronics and semiconductors. In particular, 

our results indicate that multi-layered transition metal dichalcogenides have high sensitivity 

towards NO2 molecule detection due to the enhanced charge transfer.  

Gas sensing results showed that WS2 NTs exhibited excellent NO2 gas sensing 

characteristics at low operating temperatures, even at room temperature. The high sensitivity 

observed and the unprecedentedly low limit of detection achieved (in the ppt range), were 

attributed to the porous surface and the increased number of sulfur edges in WS2 nano triangles 

(NTs), which were created by the random 3D assembly of WS2 nanosheets on WS2 

nanoneedles. Furthermore, WS2 NTs have shown excellent response stability during long-term 

stability tests conducted over 8 months. Hence, these results shed light on the important role 

played by the morphology in enhancing sensor performance. 

Moreover, decoration of WS2 nanoneedles/nanotriangles with Cu2O nanoparticles 

dramatically increases their sensitivity and selectivity towards H2S (i.e., 11-times increase in 

response compared to that of pristine WS2 sensor from 54% to 610%. Additionally, this hybrid 

nanomaterial shows negligible moisture cross-sensitivity with a small drop in sensing response 

from 610% to 596%, which is rarely found in metal oxides. Moreover, the fabricated sensor 

shows excellent stability over 7 months with only 16% fall-off in its sensing response from 

610% to 510%. 

To further improve the sensitivity at room temperature loading with different metal 

oxides, such as loading WS2 with palladium oxide and platinum oxide resulted in enhanced gas 

sensing results towards low concentrations of NO2 detection. The sensing results revealed that 

loading of WS2 nanosheets with either PtO or PdO ions significantly increases their gas 

response towards NO2 (i.e., double the response as compared to pristine WS2 sensor from 10% 
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to 26.5%, thereby lowering the detection limit of the sensor (lower than 25 ppb after loading, 

which is far lower than that of pristine WS2 gas sensor). Moreover, when compared to the 

WS2/PtO sensor, the WS2/PdO sensor is extremely selective for NO2, exhibiting little or no 

response to other gases. 

The as-grown WSe2 material is used to develop a chemoresistive type gas sensor having 

dual sensitivity towards NH3 and NO2 gas detection, depending on the operating temperature 

used. To our knowledge, no previous research on WSe2-based gas sensors has yielded such 

intriguing results. The cross-sensitivity test revealed that NO2, H2, C6H6, and CO have a 

negligible effect on NH3 gas detection. Moreover, water vapour at 50% relative humidity also 

resulted in having no interference to the measure of NH3 gas, attesting promising characteristics 

of WSe2 for gas sensing applications. 

These 3D assemblies are porous (i.e. possess a high surface for interacting with gases) 

and their edges are highly reactive, which results in highly enhanced sensing properties. Gas 

sensing performances of edge enriched 3D assemblies of MoS2 were tested against NH3, NO2 

and humidity. At the optimal working temperature, the fabricated sensor exhibited an n-type 

semiconducting behaviour towards the studied gases. The sensor was selective to NH3 at room 

temperature and towards NO2 at 100 ºC. To the best of our knowledge, none of the reported 

works on MoS2-based gas sensors has shown such interesting results. Regarding the 

experimental detection limit, it was below 2 ppm for NH3 and below 20 ppb for NO2. Finally, 

the sensor displayed high resistivity against water molecules since the sensor response towards 

800 ppb of NO2 has been slightly increased (R=70 %) compared to dry background (R= 65 

%). 

 

Future Work  

We may anticipate 2D TMDs to find practical applications in electronics, 

optoelectronics, and energy technologies while new synthesis methods are developed in the 

research laboratories. 

This thesis provides the groundwork for (1) direct synthesis of large area 2D TMDs on 

commercial substrates thereby avoiding the transfer steps required, (2) simple and efficient 

route to add functionality to TMDs host matrix, (3) design of chemoresistive sensors for gas 

sensing applications.  
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Undoubtedly, TMDs materials have shown great potential in gas sensing applications. 

Despite this, there are a few limitations of the use of these materials that might be addressed 

in the future to be commercialised for real-world applications. Furthermore, the gas sensing 

mechanism is still poorly understood.  

These limitations can be overcome in the near future by using heterostructures and 

hybridization with a variety of materials to achieve structural alterations and add functionality, 

resulting in innovative functional composites for gas sensing applications. In intralayer 

bonding, these 2D TMDs composites refer to more than one type of transition metal or more 

than one type of chalcogenide while, in interlayer bonding these 2D layered materials bond 

with another element. For instance, functionalization of MoS2, WS2, and WSe2, with other 

nanomaterials like ZnO, CeO2, and several other metal oxides. Moreover, heterostructures can 

be fabricated by incorporating two or more TMDs materials such as WS2/MoS2, MoS2/MoTe2 

and so on.  

Moreover, the widespread use of 2D TMDs has been aided by advancements in 

synthesis and modification methods. During the manufacture or disposal of 2D TMDs-based 

products, two-dimensional TMDs may reach the human respiratory system as airborne 

particles. As a result, 2D TMDs' biosafety must be evaluated. 
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Supporting Information for: 
 

 
CVD growth of self-assembled 2D and 1D WS2 nanomaterials for the 

ultrasensitive detection of NO2 
 

 

 

Aanchal Alagh,+a Fatima Ezahra Annanouch,+a Polona Umek,b Carla Bittencourt,c Ayrton 
Sierra-Castillo,d Emile Haye,d,e Jean François Colomer*d and Eduard Llobet*a   

a. Departament d'Enginyeria Electrònica, Universitat Rovira i Virgili, Països Catalans 26, 43007 
Tarragona, Spain. 

b. Condensed Matter Physics Department, Jožef Stefan Institute, Jamova cesta 39, 1000 Ljubljana, 
Slovenia. 

c. Laboratory of Plasma-Surface Interaction Chemistry (PSI Chem), University of Mons, Av. Nicolas 
Copernic 1, 7000 Mons, Belgium. 

d. Research Group on Carbon Nanostructures (CARBONNAGe), Namur Institute of Structured Matter 
(NISM), University of Namur, 61 Rue de Bruxelles, 5000 Namur, Belgium. 

e. Laboratoire d’Analyse par Réaction Nucléaires (LARN), Namur Institute of Structured Matter 
(NISM), University of Namur, 61 Rue de Bruxelles, 5000 Namur, Belgium. 

+ Authors with equal contributions to this work. 

 

Corresponding Author 

*Eduard Llobet, E-mail: eduard.llobet@urv.cat 

*Jean-François Colomer: jean-francois.colomer@unamur.be 

 

 

 

 

 

 
 

UNIVERSITAT ROVIRA I VIRGILI 
SYNTHESIS AND GAS SENSING PROPERTIES OF TRANSITION METAL DICHALCOGENIDES MATERIALS (TMDS) 
Aanchal Alagh 

mailto:eduard.llobet@urv.cat
mailto:jean-francois.colomer@unamur.be


138 
 

Figure S1 shows typical pictures of the sensors fabricated after the growth of tungsten oxide 

nanomaterials and thermal annealing (left) and after the final sulfurization step performed for 

the synthesis of WS2 nanomaterial films (right). 

 

Figure S1. Alumina transducer employed to obtain chemoresistive sensors (a) WO3 film after 

the annealing step, (b) WS2 film obtained after the sulfurization of WO3. 

Figure S2 shows an XRD spectrum obtained from a WS2 NTs sample.  The peaks in the 

spectrum can be indexed to the hexagonal P63/mmc space group, indicating that the structure 

of the WS2 phase is 2H-WS2. Some of the peaks belong also to alumina, which is the substrate 

onto which the WS2 NT sample was grown. This is in perfect agreement with what was 

observed for WS2 NF samples. 
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Figure S2. XRD diffractogram for a WS2 NT sample.  

The TEM analysis revealed the formation of WS2 nanotubes at the tips of WS2 nanoneedles. 

Figure S3 shows a low magnification image (a) and a HRTEM image (b) of one of such 

nanotubes. 
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Figure S3. TEM image of WS2 nanoneedle tip (a). HRTEM image of WS2 nanotube with an 

outer diameter of 20 nm, growing from WS2 nanoneedle. The measured interlayer distance of 

the nanotubes walls is 0.63 nm (b). The red frame in image (a) indicates an area of image (b). 

 

Figure S4 displays the sensor responses toward reducing gases. The responses were calculated 

by using the following equation: 

 

𝑅𝑅 = (𝑅𝑅𝑔𝑔𝑔𝑔𝑔𝑔−𝑅𝑅𝑔𝑔𝑎𝑎𝑎𝑎)
𝑅𝑅𝑔𝑔𝑎𝑎𝑎𝑎

∗ 100                     (1) 
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Figure S4. Typical sensor responses towards 5 ppm of NH3, 40 ppm of H2S and 100 ppm of 

H2, recorded at 150 °C. 
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Long-term stability study 

The long-term stability of the sensors was studied. NO2 measurements were repeated at regular 

intervals over a long period and the evolution of the baseline resistance and sensor response 

was monitored. For WS2 NFs, both baseline resistance and NO2 response show a significant 

decreasing trend over time. The response towards 800 ppb of NO2 diminishes from 26.65% to 

19.45% over a period of 19 weeks. The behavior for WS2 NTs is different. While the baseline 

resistance shows a clear decreasing trend, sensor response towards NO2 shows remarkable 

stability, as it varies from 55.95 % to 54.15% over a period of 35 weeks. 
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Figure S5: Long-term stability study. Evolution of the baseline resistance and sensor response 

to nitrogen dioxide over time. Upper panel: Stability study for WS2 NFs. Lower panel: Stability 

study for WS2-NTs. 
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An ultrasensitive room-temperature H2S gas 
sensor based on 3D assembly of Cu2O decorated 

WS2 nanomaterial 
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Colomer, Eduard Llobet* 
 
 
 

Cross section of WO3 and WS2 
 

Fig. S1 shows cross section of WO3 and WS2 nanomaterial. The thickness of WO3 and 

WS2 nanofilms were measured using a field emission scanning electron microscope 

equipped with an ETD detector. As depicted in Fig.S1, the thickness of WO3 nanoneedles 

film was in the range of 6-7 µm, which after sulfurization changed to form much thicker 

films of approximately 31µm in width. 

 

 

Figure S1 Cross section depicting thickness of (a) WO3 nanoneedles (b) WS2 

nanotriangles/nanoneedles. 
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Raman Spectrum of Cu2O/WS2 

 

Fig.S2 depicts Raman spectrum obtained for the as-synthesized Cu2O/WS2 nanofilms. 

The spectrum depicts two sharp peaks at 349 cm-1 and 415 cm-1 which corresponds to the 

2H-WS2. No other peaks were obtained, which is possibly due to the low doping amount 

of Cu2O (less than 3%). 

 

 

Figure S2 Raman spectrum of Cu2O NPs doped WS2 NTs/NNs. 
 
 

Fig.S3 depicts the response and recovery time calculated for the Cu2O/WS2 sensor 

towards 40 ppm H2S at a working temperature of 150˚C. The response and recovery time 

for pristine WS2 sensor towards 40 ppm of H2S gas were 230 s and 1710 s respectively. 

With the addition of Cu2O NPs to WS2 nanomaterial, the response and recovery time were 

reduced to 141 s and 328 s respectively. 
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Figure S3 The response and recovery time of the Cu2O/WS2 sensor towards 40 ppm 

H2S at a working temperature of 150˚C. 

 
 

Fig.S4 depicts the long-term stability study. The stability of the fabricated sensors was 

monitored over a period of 7 months (approximately 29 weeks). H2S measurements were 

repeated at regular intervals and the evolution of the baseline resistance as well as sensor 

response was examined. Although the baseline resistance shows a drift for both sensors 

over time, the gas sensing response of Cu2O/WS2 sensor towards H2S shows good 

stability (Fig.S4(a,b)) and repeatability (Fig.S4(c)) . The sensing response was reduced 

compared to the initial measurements by only 16%. 
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Figure S4 Long term stability study. Evolution of the baseline resistance and sensor 

response to H2S over time. Stability study for (a) WS2, (b) Cu2O/WS2, (c) electrical 

resistance towards 40 ppm H2S at 150º C, recorded after 29 weeks. 

 
 
 

The response towards other gases such as NO2 and NH3 was studied to examine the 

selectivity of the as fabricated Cu2O/WS2 sensor. The results obtained are summarized in 

Fig.S5 which are also compared with that of pristine WS2 sensor. The results demonstrate 

the important role played by Cu2O in enhancing the sensitivity and selectivity of WS2 

towards H2S gas detection. 
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Figure S5 Response histogram of WS2 NTs/NNs and Cu2O/WS2 sensors operated at 150 

ºC. 

 
 

Fig.S6 depicts the schematic diagram of the H2S sensing process on the surface of the 

Cu2O/WS2 nanomaterial sensor. 

UNIVERSITAT ROVIRA I VIRGILI 
SYNTHESIS AND GAS SENSING PROPERTIES OF TRANSITION METAL DICHALCOGENIDES MATERIALS (TMDS) 
Aanchal Alagh 



149 
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Figure S6 Schematic diagram of the H2S sensing process on the surface of the 

Cu2O/WS2 nanomaterial sensor. 

The sensing mechanism of WS2 nanostructure is based on charge transfer process. When 

the sensor is exposed to air, the O2 molecules readily adsorb on the WS2 surface to form 

chemisorbed oxygen species such as O - at room temperature (see eq. 1 and 2) [1]. 

O2 (gas) → O2 (ads) 

O2 (ads) + e- → O - (ads) 

However, once the material is exposed to a reducing gas such as H2S, this later donates 
 

electrons to the multi-layered WS2, thereby decreasing the concentration of charge 

carriers (holes) which increases the overall resistance of the host matrix. Eq. 3 shows the 

chemical reaction occurring at the surface. The free electrons are released back to the 

surface of WS2 [1]. 

2H2S + 3O2- → SO2 + H2O + 3e- 
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Table S1 gives more insights by comparing the performance in the detection of H2S 

reported in this paper with those found in the literature. From the results obtained, the 

fabricated Cu2O functionalized WS2 sensor shows outstanding gas responses with high 

sensitivity towards H2S gas. 

 
Table S1 Comparison of the sensing properties of H2S resistive and FET type gas sensors based on different sensing 

material structures from the literature and the two WS2 sensor types reported in this work. 

 
Material Concentration 

(ppm) 
Operating 
temp.(˚C) 

Response 
(%) 

Sensitivity 
(Response 

/ppm) 

References 

Cu20/WS2 40 150 610 0.152 This work 

Cu20/WS2 40 25 138 0.034 This work 

NTs/NNs 40 150 54.7 0.013 This work 

NTs/NNs 40 25 10.0 0.002 This work 

CuO/MoS2 30 RT 61 0.020 [2] 

CuO-SWCNTs 50 125 28 0.005 [3] 

SnO2/rGO 50 125 27 0.005 [4] 

CeO2 NWs 50 RT 44 0.008 [5] 

Al-ZnO 150 200 51 0.003 [6] 

PANI-HCl/SSA 50 RT 47 0.009 [7] 

Ti-ZnO 30 200 37 0.012 [8] 
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AACVD reactor 

Fig. S1 displays an image of the AACVD reactor used for the synthesis of pristine and 

functionalized WO3 nanoneedles. 

 

Fig. S1 Image of AACVD reactor. 

 

 

 PdO and PtO doped WS2 boosts NO2 gas sensing 
characteristics at room temperature 
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Home-made APCVD reactor 

Fig. S2  

 

Fig. S2 Image of home-made APCVD reactor used for second step synthesis of WS2. 

 

XPS Spectra of WO3 and WS2 samples 

Pristine, and functionalised samples were analysed and compared with the sulfurized 

samples using XPS spectroscopy.  The XPS survey spectra in Fig. S3 shows the presence 

of W, C and O in WO3 samples while for WS2, an additional signal associated with the 

presence of sulphur atoms is observed. 

 

Fig. S3 XPS survey spectra shows the presence of WO3 and WS2 samples. 

Figure S4 depicts four replicate measurement sequences towards NO2 with gas 

concentration of 50 ppb.  The sensing response of the doped sensors is around 6% whereas 
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pristine WS2 shows no response at such a low concentration of NO2. For 50 ppb of NO2 

gas concentration, the WS2/PtO sensor displays little or no drift in response, whereas 

WS2/PdO senor shows substantially higher drift in response. The high stability of the 

WS2/PtO sensor can be ascribed to the high crystallinity of the WS2/PtO composite. 

 

Fig. S4 Electrical resistance change of Electrical resistance change of (a) pristine WS2 

(grey), (b) WS2/PdO (orange) and (c) WS2/PtO (olive) towards NO2 at 50 ppb, operated 

at room temperature. 

Selectivity analysis 

Fig.S5 displays the gas sensing performance of both doped and undoped sensors 

towards reducing gases such as, H2, CO, NH3, H2S. Sensors that do not respond to a given 

analyte are excluded. For instance, Fig. S5 (a) and (b) displays the gas sensing properties 

of WS2/PtO towards hydrogen (100 ppm) and carbon monoxide (50 ppm) gas, with 15.7% 

and 4.9% response for each target gas, respectively. 
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The other two sensors (pristine WS2, as well as WS2/PdO) showed negligible 

response towards these gases. Furthermore, only pristine WS2 sensor showed an 

acceptable response when the sensors were subjected to NH3 and H2S gas (8.2% towards 

10 ppm NH3, whereas when exposed to 10 ppm H2S the sensor response is determined to 

be 9%). Also, the resistance of the pristine WS2 sensor, as well as that of the PtO/WS2 

sensor, increases in the presence of the target gas (reducing gas), indicating the p-type 

features of each. PdO/WS2 sensor, on the other hand, displays no reaction to any of the 

four gases tested (NH3, CO, H2 and H2S) indicating its superior selectivity towards NO2 

gas detection. 

 

Fig. S5 Electrical resistance change of (a, b) WS2/PtO sensor towards 100 ppm H2 and 

50 ppm CO, respectively, (c, d) pristine WS2 sensor towards 10 ppm of NH3 gas and 10 

ppm H2S gas, respectively, operated at room temperature. 

 

 

Stability Study 
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Fig.S6 depicts the long-term stability study. The stability of the fabricated sensors was 

monitored over a period of 2.5 months (6 weeks). NO2 measurements were repeated after 

humidity exposure and the evolution of the sensor response was examined. During the 

tested period, pristine WS2 sensor showed a significant rise in the response with 24% as 

compared to doped sensors which were much more stable. The gas sensing response for 

PdO doped WS2 was calculated to be 38.5% and for the PtO doped WS2 it was 30%. While 

initially the sensing response for pristine WS2, PdO/WS2 and PtO/WS2 were recorded to 

be 10.5%, 26.5% and 27.5%.  

 

 

Fig. S6 Long term stability study for the responses of (a) WS2, (b) PdO/WS2 and (c) 

PtO/WS2 towards 800 ppb NO2 at room temperature, recorded after 6 weeks. 
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Fig.S 1 Response and recovery time of WSe2 towards 800 ppb NO2 at (a) room temperature, 

 (b) at 100 ºC. 
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Fig.S2 Response and recovery time of WSe2 sensor towards (a) 10 ppm, (b) 40 ppm, 

 NH3 at 150 ºC. 
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Fig.S1. (a) APCVD synthesis setup and (b) MoS2 growth temperature profile.   
 

 

Edge enriched 3D assembly of MoS2 nanosheets based sensor was fabricated in our lab by 

connecting two platinum wires to the substrate using silver paste as depicted in Fig.S2. besides to 

this, a Platinum resistive heater was pasted on its backside in order to provide the temperature 

when needed.  Finally, the hole sensor was wire-banded to a PCB. 

 

 

 

 

Fig.S2. Sensor photograph. 
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FESEM images of sample obtained at 10 ml /min of argon gas.  As we can see, we have a 

dispersed nanotriangles over the substrate.  

 

 

 

Fig.S3. FESEM images of MoS2-10 sample. 

 

 

FESEM images of sample obtained at 30 ml /min of argon gas.  As we can see, we have thick 

layer of edge enriched 3D assemblies MoS2 nanosheets over the substrate.  

 

 

Fig.S4. FESEM images of MoS2-30 sample. 
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Fig.S5. Enlarged XRD peaks recorded between 36 º and 38º from MoS2-30 and MoS2-70 
films. 

 

 

 

 

 

 

 

 Fig.S6. growth mechanism of edge enriched 3D assembly of MoS2 nanosheets. 
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Fig.S7. sensor resistance changes as a function of time against (a) 10 ppm of NH3 and (b) 800 

ppb of NO2, at room temperature. 
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