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ABSTRACT

Nanocomposites of 2D Nanomaterials and Metal Oxides for

Multifunctional Applications

With the progression of science and technology, air pollution has emerged as a
significant concern for society. The emission of hazardous gases and volatile organic
compounds (VOCs) into the environment not only poses a threat to atmospheric
conditions but also poses risks to human health. VOCs are organic substances capable
of vaporizing rapidly and dispersing into the air, even at room temperature, due to
their low boiling points. According to the World Health Organization (WHO), air
pollution stands as the primary cause of premature death and various illnesses.
Consequently, it becomes imperative to detect and regulate the release of these
pollutants to mitigate their adverse effects on both the environment and human health.
Ethanol a common VOC, is deeply ingrained in our daily lives. However, it's
important to acknowledge that prolonged exposure to ethanol can pose serious risks to
human health, including irritation of the nose and throat, vomiting, kidney failure,
nausea, headaches, and damage to the central nervous system. In extreme cases, it has
even been linked to cancer. Additionally, as a flammable gas with an explosion range
of 3.3 — 19%, ethanol contributes to numerous traffic accidents. Its vapor can form
explosive mixtures when combined with other gases, further exacerbating safety
concerns. Given these risks, addressing the immediate and potential dangers
associated with ethanol exposure has become a paramount concern. Hence, it is crucial
to implement timely monitoring and detection systems for ethanol gas, particularly at

room temperature, as an integral component of safety measures.

With this aim, a room temperature chemiresistive ethanol gas sensor based on
hydrothermally synthesized zinc oxide (ZnO) incorporated-molybdenum diselenide
(MoSe») nanosheets has been investigated. The sensing properties of the MoSe»/ZnO
nanocomposite sensor have been investigated systematically by exposing the sensor to

various ethanol gas concentrations (10- 500 ppm) in dry Nz and dry air. The synergistic
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effect due to the incorporation of ZnO nanorods in MoSe; nanosheets has been found
to enhance the sensor response to ethanol gas (when operated in dry N») with
improved response and recovery time of 8.4 and 14.7 seconds respectively, high
selectivity, stability, and reproducibility. The nanocomposite-based sensor has shown a
high gas sensing response (Rg/Ra) of 37.8 to 500 ppm of ethanol gas in dry N>. While
the response of the nanocomposite-based sensor has decreased to 15.3 to 500 ppm of
ethanol gas in dry air which suggests that the sensor has performed better when
operated in dry N» than in dry air. The sensor has demonstrated a p-type characteristic
response. Importantly, the sensor has operated at RT and has been able to detect
ethanol down to 10 ppm. Besides, the sensor has also established prolific long-term
stability of 4 weeks. The sensor has exhibited improved response (8.4 s) and recovery
(14.7 s) time to 500 ppm ethanol gas compared to previously reported values. The
enhancement in performance of the sensor has been due to the formation of a p-n
junction at the interface of the MoSe2/ZnO nanocomposite sensor. Furthermore,
potential barrier modulation at the interface has provided a positive effect on

sensitivity performance.

After studying the enhanced performance of the MoSe>/ZnO nanocomposite sensor
due to the formation of p-n heterojunction at the interface of MoSe> nanosheets and
ZnO nanorods, we have explored a ternary nanocomposite of MoSe>-ZnO
heterojunctions decorated rGO (MoSe2/ZnO/rGO). In this work a highly stable,
exceptionally selective, and reliably repeatable ethanol gas sensing device has been
successfully developed using the ternary MoSe>/ZnO/rGO nanocomposite, promising
long-term stability. Importantly, the ternary nanocomposite sensing device has
exhibited a fantabulous sensing response of 50.2 to 500 ppm ethanol gas. The ternary
nanocomposite sensing device has been able to detect ethanol down to 1 ppm at room
temperature. The developed ternary nanocomposite sensing device has shown a
considerably fast response time (6.2 s) and recovery time (12.9 s) to 500 ppm ethanol
gas. Besides, the sensing device also establishes prolific long-term stability of 6
weeks. The superior performance of the developed ternary nanocomposite sensing
device has been owed to the formation of a p-n heterojunction between MoSe>

nanosheets and ZnO nanorods with the aid of rGO nanosheets. The attachment of the
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MoSe; nanosheets and ZnO nanorods onto rGO nanosheets has not only provided
various p-n heterojunctions but has also offered more active sites for the adsorption
and desorption of ethanol molecules. This has improved the gas-sensing response of
the sensing device toward ethanol significantly. Additionally, the conductive network
of rGO nanosheets has facilitated fast electron transfer between MoSe; nanosheets and
ZnO nanorods, endowing the ternary nanocomposite sensing device with quick

response and recovery time.

The widespread adoption of Internet of Things (IoT) technology has created an
increasing demand for reliable gas sensor networks across a variety of applications,
including air pollution monitoring, industrial safety, smart cities, and personal
healthcare. In this context, we have investigated self-powered devices that seamlessly
integrate gas sensing capabilities with energy generation. This exploration aims to
enhance the efficiency and sustainability of sensor networks, ensuring they meet the
growing demands of modern applications. In this study, a novel self-powered ethanol
gas sensor, exhibiting excellent selectivity, sensitivity, and stability, has been
developed based on n-type SnS nanoflakes at room temperature. The n-type SnS-
based HEC serves as the power source for self-powered ethanol gas sensors, enabling
the detection of various concentrations of ethanol gas at RT. Consequently, the power
supply and gas sensor have been effectively combined into a single device,
demonstrating a successful integration of both functionalities. X-ray diffraction
(XRD), field emission scanning electron microscopy (FESEM), high-resolution
transmission electron microscopy (HRTEM), Energy dispersive X-ray (EDX) and
Brunauer-Emmett-Teller (BET) analysis have confirmed the formation of
orthorhombic SnS nanoflakes with a high specific surface area (6.15 m? g'!). The
observed voltage-current (V-I) characteristic curves of the HEC at RT have shown a
maximum current (Imax) of 40 pA and voltage of 1.03 V. The sensing performance of
the self-powered ethanol gas sensor has been analysed for various concentrations of
ethanol gas (10 - 100 ppm). The sensor has exhibited a response value (Ra/Rg) of 41.3
to 100 ppm ethanol gas concentration, with quick response/recovery times of 27.3
s/31.4 s respectively at RT. The sensor has shown promising potential for prolonged

ethanol gas detection (30 days). The experimental results have demonstrated that the
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n-type SnS-based self-powered ethanol gas sensor represents a promising platform for
integration into future large-scale IoT systems. This breakthrough paves the way for
more versatile and scalable IoT solutions, enabling continuous environmental

monitoring and data collection across various settings.
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Chapter 1

CHAPTER 1

Introduction and Scientific Motivation

Chapter 1 gives a brief introduction to the growing interest in developing ethanol gas

sensors that operate efficiently at room temperature while consuming minimal power.
It starts with an in-depth exploration of the pressing need for ethanol sensors with
sensitivity, stability, and selectivity, particularly capable of operating at room
temperature and detecting a wide range of ethanol concentrations. It then discusses
the various categories of existing ethanol sensing technologies with an emphasis on
chemiresistive sensors. Further, the chapter focuses on the integration of
nanotechnology and material science with sensing technologies for improving various
sensing parameters across a wide range of applications. In this regard, special
attention is given to nanocomposites of 2D nanomaterials and metal oxides-based
ethanol gas sensors. Through this detailed discussion, the chapter identifies existing
knowledge gaps and outlines the objectives of the thesis, thereby setting the stage for

further exploration and research in this field.
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1.1 Need for volatile organic compounds (VOCs) sensing

Environmental pollution has become a critical concern due to the rapid growth of
industrialization and urbanization [1, 2]. As the economy and industry improve, the
release of volatile organic compounds (VOCs) into the atmosphere also increases [3].
VOCs have low boiling points due to high vapor pressure because of which they can
easily evaporate into the atmosphere even at room temperature (RT) [4]. VOCs are
found in both outdoor and indoor environments [5]. Generally driving a car, house
paint, making a fire, or simply breathing results in the release of organic compounds
[6]. The use of personal care and consumable products also adds up to a significant
amount of VOCs in the atmosphere [6]. Almost every daily life activity of humans
leads to the release of organic compounds in the environment. The concentration of
VOCs is almost ten times higher in indoor environments compared to outdoor [7].
Further, it has been estimated that approximately 50-300 VOCs are present in the
indoor air at offices, homes, schools, shopping complexes, and various commercial
buildings. The various sources of VOCs and their percentage contribution to the

environment are shown in Fig. 1.1 [5].

" Road Transport (10% ~

Fig. 1.1: Various sources of VOCs and their percentage contribution to the environment

The most common VOCs are ethanol (C,HsOH), methanol (CH3OH), acetone
(CH3COCHs3), formaldehyde (HCHO), benzene (CgHg), toluene (C7Hs), acetylene (C,H,),
cyclohexane (CgHyp), etc. Exposure to VOCs is considered to be hazardous not only to
humans, and living bodies but also to the environment [8, 9]. The adverse effects and
threshold values of some VOCs on human health are listed in Table 1.1 [10].
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Table 1.1: The name of VOCs, their chemical formula, their effect on human health, and
threshold values

VOC Name Chemical Formula Effect on Human Health Threshold Value

Ethanol C,HsOH Nose and throat irritation, 1000 ppm
vomiting, kidney failure,
nausea, headaches, central
nervous system damage, and
can even cause cancer

Methanol CH3OH Airway narrowing, vertigo, 200 ppm
headache, bronchial
constriction, nausea,
headache, bronchial
constriction, nausea

Acetone CH3;COCH; Headache, fatigue, mouth 750 ppm
dryness, nausea, and dizziness

Formaldehyde HCHO Eye irritation, shortness of 0.75 ppm
breath, chest tightness or pain

Benzene CeHs Narcotic effects, convulsion, 1 ppm
respiratory failure

Toluene C/Hs Serious damage to the liver, 100 ppm
skin, kidneys, and the central
nervous system

Acetylene C,H, Dizziness, fatigue, headache, N/A
tachycardia, nausea, vomiting

Cyclohexane CeHio Irritation to the eyes, throat, 300 ppm
respiratory tract

Ethanol is one of the most consumable VOCs used in paints industries, cosmetic
industries, agricultural production, alcoholic beverages, food industries, chemical and
pharmaceutical communities, etc. [11, 12]. Exposure to high concentrations of ethanol
strongly affects human health by causing nose and throat irritation, vomiting, kidney
failure, nausea, headaches, central nervous system damage, and can even cause cancer
[13, 14]. According to the World Health Organisation (WHO), excessive consumption
and various health issues caused by ethanol are the cause of deaths of over 3 million
people [15]. It is a flammable gas with an explosion range of 3.3 — 19%, which can
lead to many traffic accidents [16]. Importantly, ethanol in its vapor form combines
with other gasses which creates an explosive mixture, making it the most dangerous
and combustible among other VOC gases [12]. Thus, it is the topmost priority to
resolve the potential risk associated with exposure to ethanol gas on human health as
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well as the environment. Moreover, human sensory organs cannot detect the leakage
of ethanol gas timely and accurate [1]. Therefore, it is crucial to establish effective
and timely monitoring and detection mechanisms for ethanol gas, particularly at RT.
Gas sensors operating at RT with high sensing properties are particularly appealing
due to their low power consumption, ease of miniaturization, simple fabrication, long-

term stability, and consistent performance [17].

The widespread implementation of Internet of Things (loT) technology has led to a
growing need for reliable gas sensor networks across diverse applications such as air
pollution monitoring, industrial safety, smart cities, and personal healthcare [18, 19].
However, the scale of these networks demands sensors with specific attributes: they must
be micro- or nanosized, exhibit reliable selectivity, have shorter response times, and
consume significantly less power than existing commercial devices [18]. Traditional
battery-powered sensors rely on integrated batteries for power, which poses several
limitations. Firstly, these batteries have finite energy storage capacities and require
regular replacement, leading to maintenance challenges and high costs, especially in
remote or inaccessible environments [17]. Moreover, battery dependence introduces
performance degradation in harsh conditions due to safety and stability concerns [20].
This reliance on integrated batteries not only limits the sensor's performance but also
escalates operational costs and maintenance efforts, particularly in remote or inaccessible
areas [19]. Additionally, batteries pose safety and stability risks in harsh environments,
further compromising the sensor’s performance. To overcome these challenges, scientists
are trying to reduce the power consumption of sensors, meantime exploring self-powered

devices integrated with sensing and power generation [21].
1.2 Classification of sensors

Interaction of ethanol with the sensing element of an ethanol sensor can change its
resistance, capacitance, temperature, mass, pressure, or other properties. These
changes are then transduced into recognizable electrical signals. Based on the method
of transduction, sensor technologies can be classified as electrical, optical,
gravimetric, or thermal [22-24]. Various types of sensors and the subcategories are

shown in Fig. 1.2.
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Sensors

1 1 1

—— Electrochemical f—— Colorimetric SAW
—— Chemicapacitor — SPR Microcantilever
— FET P Fluorescence

—— Photoluminescence

Fig. 1.2: Various types of sensors and sub-categories

Based on the type of device architecture, electrical sensors can be sub-categorized
into chemiresistors, chemicapacitors, and field effect transistors (FETs) based sensors.
Optical sensors can be sanctioned into the optical fiber, colorimetric, fluorescence,
photoluminescence, and surface plasmon resonance (SPR) sensors. The gravimetric
sensors can be divided into quartz crystal microbalance (QCM), surface acoustic wave
(SAW), and microcantilever sensors. The present thesis emphasizes the development
of chemiresistor sensors based on nanocomposites of 2D nanomaterials and metal

oxides for gas sensing applications.

Chemiresistor sensors are chemical sensors whose resistance changes upon exposure
to VOCs [25, 26]. The change in resistance of the sensor is in proportion to the
amount of VOC exposed on the sensor, thus enabling the VOC to be detected. Since
the 1960s, chemiresistor sensors have gained huge interest for VOC sensing due to
ease of fabrication, simple monitoring technique, easy design, low cost, high chemical
and thermal stability, easy integration in existing electronic circuits, high sensitivity,
wide acceptance of sensing materials, etc. [16, 27]. Chemiresistor sensors have a
variety of applications in environmental air quality monitoring, hazardous gas

sensing, food quality control and processing, military applications, industrial

Ph.D. Thesis (Nikita Jain) S



Chapter 1

production monitoring, the automobile industry, medical care, disease diagnosis, and

many more [28-36].

A chemiresistor sensor contains active sensing materials coated on a solid substrate
I.e., glass, indium tin oxide (ITO) coated corning glass substrate, fluorine tin oxide
(FTO) coated corning glass substrate, etc. Upon the sensing material conducting
electrodes (like aluminum (Al), silver (Ag), gold (Au), etc.) are deposited for attaining
the electrical connections. A multimeter is connected to the sensing material through
these electrodes to record its resistance change. The schematic diagram of the

chemiresistor sensor is shown in Fig. 1.3.

I
=P Scnsing Material Layet’I

Interdigitated Electrodes

——) Substrate

- —

-
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~

Fig. 1.3: Schematic diagram of a simple chemiresistor sensor

So far wide range of nanomaterials have been incorporated in chemiresistor sensors
for the detection of VOCs which includes 2D nanomaterials, metal oxides, metal

nanoparticles, conducting polymers, nanocomposites, etc. [8, 12, 37-39].
1.2.1 Important gas sensing performance parameters

To differentiate the gas sensors according to their performance, some of the key

features are as follows:

1. Response: A sensor response depicts the alteration in the resistance or current
under the exposure of target gas molecules. The change in the resistance of the

sensor can be estimated using different methods.
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(1) When the target gas is reducing and the material is p-type, the response is
defined as the ratio between the sensor’s resistance in the presence of
target gas molecules (Rg) and its resistance in the presence of air (R,). The
response is defined as R./Ry when the target gas is oxidative.

Response= Ry/R, (for reducing gas) (1.1)
Response= R4/Rq (for oxidizing gas) (1.2)

(2) Relative response is defined by the following equations for the reducing

and oxidizing gases, respectively.
Relative response (%) = (Rq-Ra)/Ra x 100 (for reducing gas) (1.3)
Relative response (%) = (Ra-Rg)/Rg % 100 (for oxidizing gas) (1.4)

(3) Sensitivity is the change in the response of a sensor per unit gas

concentration. For a good sensor, its sensitivity should be high.
Sensitivity = Response/gas concentration (1.5)

Response time: The response time of a sensor is defined as the time required by
the sensor to reach 90% of the full response from the baseline. Response time
should be as short as possible for an ideal sensor at a particular gas

concentration.

Recovery time: The recovery time of a sensor is defined as the time required to
obtain 10% of the baseline (initial value of the sensor) from the maximum
sensing response. Recovery time should also be minimal for an ideal gas sensor

at a particular gas concentration.

Selectivity: Selectivity is the ability of the sensor to generate the maximum
sensing response towards a particular gas, while other undesired gases should
not be detected by the sensor simultaneously under similar conditions. Thus, a

sensor should be highly selective.

Reproducibility: The sensor should give the same sensing response for the

same sensor under similar operating conditions.

Stability: The sensor should produce the same sensing output when the

experimental conditions remain the same for an extended time.
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1.3 Choice of gas sensing materials

Over the past decade, researchers across the globe have extensively exploited the
advantages of nanomaterials in the field of gas sensing. A variety of nanomaterials-
based sensors have been developed for various sensing applications. This section

presents a glimpse of various nanomaterials used for gas sensing.

Nanomaterials can be categorized as zero-dimensional (OD), one-dimensional (1D),
two-dimensional (2D), and three-dimensional (3D) materials. 0D nanomaterials have
all three dimensions in the nanoscale (< 100 nm). Examples of 0D nanomaterials
include quantum dots or nanodots. 1D nanomaterials have any of the one dimension
outside the nanoscale. Nanotubes, nanorods, nanowires, etc. are some of the structures
of 1D nanomaterials. 2D nanomaterials have any two dimensions that cannot be
measured on the nanoscale, which structurally exist as nanosheets, nanoflakes,
nanoplates, nanomembranes, etc. 3D nanomaterials (polycrystals, foams, etc.) have all
three dimensions outside the nanoscale. Fig. 1.4 shows the classification of sensing

nanomaterials based on dimensionality.

Classification of
Nanomaterials Based on
Dimensionality

1)) 1D 2D 3D

Confinement in 3D Confinement in 2D Confinement in 1D Confinement in 0D

0 Dimensions > 100 nm 1 Dimension > 100 nm 2 Dimensions > 100 nm 3 Dimensions > 100 nm

- —

-

Fig. 1.4: Classification of sensing nanomaterials based on dimensionality

Since the groundbreaking discovery of graphene in 2004, the exploration of 2D

nanomaterials has grown exponentially [40]. The unique electronic, physical, and

Ph.D. Thesis (Nikita Jain) 8



Chapter 1

chemical properties of 2D nanomaterials, resulting from electron confinement in two
dimensions, make them highly attractive for gas sensors. Their high surface-to-
volume ratios, coupled with van der Waals gaps between layers, contribute to their
distinctive surface configurations. These characteristics, along with their two-
dimensional nature, position 2D nanomaterials as exceptional candidates for gas
sensing applications [41]. Apart from gas sensing, their appealing properties render
them very promising for multiple fields, including energy storage and harvesting,
electronics/optoelectronics, catalysis, biosensing, etc. [42-45]. They are generally
classified as either 2D allotropic elements or covalently bonded compounds.
Graphene, transition metal chalcogenides (TMCs), graphitic carbon-nitride (g-C3N4),

and MXenes, are some of the examples of materials that belong to this class [46].

Transition metal chalcogenides (TMCs) are the materials with unique optical,
electrical, and catalytic properties. They have a two-dimensional (2D) structure that

includes three subsets [47]:

1.  Transition metal dichalcogenides (TMDs) are the semiconductors with the form
of MX;, where M is the transition metal atom from the groups 4, 5, and 10 in the
periodic table and X is the chalcogen atom such as sulfur (S), selenium (Se), and
tellurium (Te),

2. Metal monochalcogenides (MCs), with the form of MX (where M typically
refers to elements such as aluminum (Al), gallium (Ga), indium (In), thallium
(T, germanium (Ge), tin (Sn), lead (Pb), antimony (Sb), etc. and X is the
chalcogen atom such as sulfur (S), selenium (Se), and tellurium (Te))

3. The less explored transition metal trichalcogenides (TMTs), with the form of
MX3 (where M typically refers to elements such as titanium (Ti), zirconium
(Zr), hafnium (Hf), rutherfordium (Rf), vanadium (V), niobium (Nb), chromium
(Cr), etc.) and X is the chalcogen atom such as sulfur (S), selenium (Se), and
tellurium (Te).

1.3.1 Transition metal dichalcogenides (TMDs)

Alongside graphene and its derivatives, TMDs are the most studied class of 2D

nanomaterials [46]. They display versatile chemistry and remarkable semiconducting
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properties that are much more beneficial for fabricating practical gas sensors. The
ability of TMDs to identify the target analyte at RT makes them appealing to be
focussed in-depth for high-performance gas sensors [48]. However, there are a few
challenges that need to be tackled to make TMDs to be used for the industrial sensing
market. A few of their challenges include slow response and incomplete recovery,
poor selectivity for a cross-response to different sensed gases, and unstable response
signal [31]. Therefore, surface structure modifications such as sensitizing the surface
with noble metals, surface functionalization, chemical doping or hybridizing with
other materials, and fabricating heterostructures were investigated by many research
groups to improve the sensing performance of TMDs [41-43]. Therefore, efforts to
utilise TMDs for gas sensing have moved to the exploration of nanocompositing
metal oxides into TMDs. Metal oxides especially, oxide nanostructures of zinc,
copper, and titanium can be fabricated in various morphologies such as nanoparticles,
nanocubes, nanocuboids, nanocircular and nanohexagonal discs, nanorods, hanowires,
nanotapes, nanobelts, nanotetra nanopods, nanoflowers, etc. These morphologies can
be synthesized using various cheap physical and chemical routes in the powder,
colloid as well and nanostructures films phase. They can be deposited on any type of
substrate such as metals, semiconductors, crystalline as well as amorphous, polymers,

and flexible plastics.

Following are the collective benefits of nanocomposites of TMDs and metal oxides
for gas sensing applications [41, 49]: (1) TMDs provide support for the uniform
nucleation, growth, or assembling of metal-oxides with well-defined size, shape, and
crystallinity. (2) Metal oxides act as a stabilizer against the aggregation and restacking
of 2D nanomaterials. (3) The high surface area of TMDs provides easy incorporation
of metal oxides on their surface. (4) The synergistic effect of the nanocomposites

improves various properties such as electrical, optical, electrochemical, etc.

Among various TMDs, molybdenum diselenide (MoSe,) has attracted considerable
attention for gas sensing applications due to its significant physical and chemical
properties like high carrier mobility, high adsorption energy with chemical molecules,
easy functionalization, large surface areas, high yield synthesis process, variety of

synthesis routes available, easy dispersion in various solvents, enhanced air stability,
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availability of surface defects, and facile hybridization with other materials [38, 50-
52]. The reports on gas sensing utilizing intrinsic MoSe, as a sensing material, have
proven that it can be a promising material targeting several analytes such as ethanol,
H.S, NH3, NO,, etc. [53-56]. But its response time is sluggish, and takes a long time
to restore to its original state which challenges the use of intrinsic MoSe,-based gas
sensors. Recently, efforts to utilise MoSe, for gas sensing applications and its
modification with metal oxides provide an alternate strategy for the development of

practical sensors with enhanced sensing performance.

ZnO is an important 11-VI semiconductor material with a direct bandgap of 3.37 eV
and a high exciton binding energy of 60 meV [57]. Zinc oxide (ZnQ) is an important
n-type semiconductor material that has been widely studied for gas sensing
applications. It is non-toxic and can be produced by simple and inexpensive synthesis
techniques, easy engineering of morphology, good chemical stability, and low
production cost [58]. Driven by the large number of properties possessed by ZnO, it
finds application in gas sensing to a variety of reducing as well as oxidizing gasses
[59]. Recent research has focused extensively on one-dimensional (1D)
nanostructures of ZnO, such as nanotubes, nanorods, nanofibers, and nanowires, for
potential applications in gas sensors [60]. Among these, ZnO nanorods stand out as
the most suitable due to their high electron mobility along the growth direction,
excellent crystallinity, and large surface-to-volume ratio. Additionally, their good
thermal and chemical stability under various operating conditions enhances their
potential for high-performance sensing [61, 62]. In ZnO nanocrystalline films,
electron mobility is improved by a factor of 50 when using 1D rod-like ZnO crystals
instead of spherical ones [63]. For these reasons, 1D ZnO has been chosen for

synthesising nanocomposites with MoSe; for the development of ethanol gas sensors.
1.3.2 Metal monochalcogenides (MCs)

MCs are the materials that have surged as star 2D nanomaterials and have registered
their presence in the field of gas sensing field because of their high surface-to-volume
ratio, low-cost, earth-abundance, environment-friendly, and excellent physical or

chemical adsorption capabilities toward gas molecules [41, 64-66]. These are layered
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materials and atoms are connected with strong covalent bonds within the layer and
each layer is connected with other layers in a stack form through weak van der Waals
force [67, 68]. A variety of physical and chemical routes are available to synthesize
these materials with high quality and quantity. Moreover, the electrical, optical, and
mechanical properties of MCs materials can be easily tuned and controlled by
modulating the number of layers in a material [69-71]. In the context of gas detection,
the MCs materials-based gas sensors show a direct charge-transfer gas sensing
mechanism similar to TMDs allowing them to detect gases at RT without additional
energy sources like heat or light. Direct charge transfer between gas molecules and
sensing materials depends on the nature of both the gas and the material’s surface.
Gas molecules interacting with the basal plane of MCs materials result in a small
charge transfer due to weak electrostatic or van der Waals interactions. However,
increasing structural defects or functionalizing the surface can enhance charge transfer

and improve the gas-sensing characteristics of the sensor.

In recent years, tin sulfide (SnS) a 2D MC has attracted significant attention from
researchers in fields such as sensor technology, photodetectors, solid-state batteries,
photovoltaic cells, and holographic recording media [72]. It is non-toxic, cheap,
highly stable, widely available, and has a distinctive layered structure [73, 74]. It has
an indirect bandgap, a high concentration of majority charge carriers, and a high Hall
mobility [75, 76]. SnS naturally exhibits p-type properties due to an excess of sulfur
atoms [77]. However, studies have shown that sulfur vacancies can induce n-type
properties in SnS. Experimental and theoretical studies have shown that the gas-
sensing performance of 2D-based sensors is highly dependent on the presence of
cation and anion vacancies [78]. Thus, controlling these vacancies is considered a
crucial strategy for improving the low-temperature detection capabilities of 2D MC-

based gas sensors.
1.4 Gas sensing mechanism

2D nanomaterials: The basic principle of gas sensing in 2D nanomaterials is based on
the charge transfer process between the surface of the 2D nanomaterials and the gas

molecules. When they are exposed to reactive gasses, the gas molecules are adsorbed on
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the surface of these materials. This adsorption is accompanied by the transfer of charges
between the sensing material and the adsorbed gasses. Transfer of charges leads to a
change in the resistance of the material. The direction of transfer of charges depends on
the type of gas, i.e., either reducing or oxidizing. If the sensing material is re-exposed to
air, desorption of gasses takes place thereby recovering to the initial value of resistance.
Taking p-type TMD as a sensing material as an example, the resistance of the sensing
material will increase from initial base resistance under the exposure of reducing gas and

vice versa for oxidizing gas [41, 79].

Metal oxides: The gas sensing mechanism of metal oxides semiconductor-based
sensors is based on the adsorption of oxygen molecules onto the surface of metal
oxides from the atmosphere. Depending upon the different operating temperatures

different forms of oxygen ions are possible as shown in equation 1.1 - 1.3.

O, (gas) + e < 05 (adsorbed) [below 200 °C] (1.6)
~0, + € > O (adsorbed) [above 250 °C] (1.7)
~0, + 2¢" > O (adsorbed) [above 250 °C] (1.8)

The interaction of reactive gasses with the oxygen ions adsorbed on the surface of
metal oxides depends on the type of metal oxide i.e., p-type or n-type. Taking n-type
metal oxide as a sensing material as an example, the electrons in the conduction band
of the metal oxide decrease due to the reactions of equation 1.6 - 1.8, which increases
the resistance of the metal oxide at the operating temperature. Under the exposure of
reducing gas, electrons are transferred from the reducing gas to the conduction band
of the metal oxide, thereby decreasing the resistance of the n-type metal oxide
semiconducting materials. For oxidizing gases, the opposite change in resistance
occurs. Oxygen ions play a dominant role in the gas-sensing mechanism of metal
oxide semiconductors, hence sensors based on these materials are operated at elevated

temperatures [41].
1.5 Primary challenges and strategies

Despite significant advancements in gas sensor design and fabrication, there remains a

critical gap in our understanding of the material properties that influence their
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operational efficiency. To enhance their applicability in industrial contexts, scaling up
the sensing capabilities of these devices is essential. Advances in nanotechnology
present a promising path for improving material sensing qualities through precise
manipulation of properties at the nanoscale. By focusing on the interactions between
gas molecules and sensor materials, researchers can unlock new opportunities for
optimizing sensitivity, selectivity, and response times, ultimately leading to more
effective and versatile gas detection solutions. Given that the effectiveness of a gas
sensor is closely related to the surface area of the sensing material, optimizing this
material to enhance the gas sensing effect holds significant promise. By increasing the
surface area, we can facilitate more interactions between the gas molecules and the
sensor, which can lead to improved sensitivity and faster response times. This
multifaceted approach not only enhances the sensor's performance but also allows for
the development of sensors that can operate in diverse environments and detect a
wider range of gases, ultimately broadening their industrial applications. The
preference for 2D nanomaterials over other morphologies stems from their high
surface-to-volume ratios and the unique Van der Waals gaps present between their
layered structures. These characteristics make 2D nanomaterials exceptional
candidates for gas sensors. Additionally, the synergistic effects observed in
nanocomposites combining 2D materials with metal oxides hold great promise for
enhancing sensing properties. This combination can potentially lead to improved
sensitivity, selectivity, and response times, paving the way for more effective gas

detection solutions.
1.6 Thesis problem

In the present thesis, we have focussed primarily on the following prospects for the

development of ethanol gas sensors:

1. RT operation: We aim to develop ethanol gas sensors that operate effectively at RT,

facilitating easier integration with electronic circuits while consuming less power.

2.  Enhanced performance: We have explored ways to improve the stability,
response time, and recovery time of existing 2D nanomaterial-based ethanol

sensors at RT.
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3. Self-powered sensors: We have also investigated the development of self-
powered sensors to enhance operational efficiency and reduce reliance on

external power sources.

Therefore, in the present thesis, ZnO-incorporated- MoSe, nanosheets were
synthesized using a facile and low-cost hydrothermal method for the chemiresistive
detection of ethanol gas at RT (discussed in Chapter 3). Then, in Chapter 4 we
explored a ternary nanocomposite of rGO decorated MoSe,-ZnO (MoSe,/ZnO/rGO)
for ethanol gas sensing applications at RT. Finally, in Chapter 5 we have developed a
novel self-powered n-type SnS-based ethanol gas sensor driven by hydroelectric cell
(HEC).

1.7 Objectives of the thesis

The main objective of the thesis is the development of a nanocomposite of 2D
nanomaterials and metal oxides for multifunctional applications with a focus on gas
sensing. For the development of the gas sensor, chemiresistive device architecture has
been explored with nanocomposites of 2D nanomaterials and metal oxides as a
sensing platform. The above section explains the thesis problem to pursue the
research work, based on which the objectives of the thesis are designed which are as

follows:
1. Extensive literature survey on metal oxides/2D nanomaterials/their
nanocomposites for multifunctional applications.

2. Synthesis of metal oxides/2D nanomaterials/their nanocomposites using
different synthesis routes.

3. Characterization of metal oxides/2D nanomaterials/their nanocomposite.

4.  Fabrication of thin films of metal oxides/2D nanomaterial/their nanocomposite

using spin coating/ electrophoretic deposition/ drop casting.
5. Study the properties of metal oxides/2D nanomaterials/their nanocomposites.

6.  Multifunctional applications of metal oxides, 2D nanomaterials/their

nanocomposites.
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With extensive optimization of synthesis parameters based on results of
characterization studies, and application in gas sensing, the output of the research
work towards achieving the above-mentioned objectives has been organized into six

chapters and the summary of each of the chapters is given below.
1.6 Organisation of the thesis

The complete thesis work is presented in six chapters.

Chapter 1: Introduction and Scientific Motivation

Chapter 1 gives a brief introduction to the growing demand for efficient and reliable
gas sensing technologies has led to increased interest in the development of ethanol
gas sensors, particularly those that operate effectively at RT while minimizing power
consumption. This thesis addresses the pressing need for advanced ethanol sensors
that exhibit high sensitivity, stability, and selectivity across a broad range of ethanol
concentrations. The study begins with a comprehensive overview of existing ethanol
sensing technologies, with a primary focus on chemiresistive sensors, which are
renowned for their simplicity and cost-effectiveness. To enhance sensor performance,
this research emphasizes the integration of nanotechnology and material science,
particularly through the use of nanocomposites of 2D nanomaterials with metal
oxides. These innovative materials have shown significant promise in improving key
sensing parameters, including response time, selectivity, and overall stability. By
leveraging these advancements, the thesis explores the potential for self-powered gas
sensors that not only exhibit superior sensing capabilities but also cater to various
applications in environmental monitoring, industrial safety, and healthcare. Through a
detailed examination of current knowledge gaps in ethanol gas sensing technologies,
this work outlines specific research objectives aimed at optimizing sensor design and
functionality. Ultimately, this research seeks to contribute to the advancement of
ethanol gas sensors, providing a foundation for future innovations in the field and

addressing the critical challenges of detection efficiency and application versatility.
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Chapter 2: Methodologies: Synthesis, Characterization Techniques, Sensor
Fabrication, and Gas Sensing Measurements

Chapter 2 provides a comprehensive overview of the selected methodologies for
synthesizing nanocomposites of 2D nanomaterials and metal oxides, the technique
used for fabricating their film-based gas sensors, and the various characterization
techniques utilised in this research endeavor. In the synthesis of nanocomposites of
2D nanomaterials and metal oxides, the hydrothermal approach has been
predominantly utilised. Various characterization techniques have been employed to
investigate the formation of nanocomposites of 2D nanomaterials and metal oxides
such as X-ray diffraction (XRD) has been used for examining crystal structures, field-
emission scanning electron microscopy (FESEM) and high-resolution transmission
electron microscopy (HRTEM) for exploring surface morphology, Raman
spectroscopy for the analysis of vibrational modes, Fourier transform infrared
spectroscopy (FTIR) for examining the functional groups, and the specific surface
area has been analysed using Brunauer-Emmett-Teller (BET). Further, for the gas-
sensing studies, the fabrication of a gas sensor involves utilising thermal evaporation
technique to deposit metal electrodes onto synthesized thin films. A customized
chemiresistive gas sensing set-up is used to investigate the gas sensing behavior of the
fabricated gas sensors. All these techniques are succinctly summarized within this
chapter.

Subsequently, three technical chapters are presented.

Chapter 3: Zinc Oxide Incorporated Molybdenum Diselenide Nanosheets for
Chemiresistive Detection of Ethanol Gas

This chapter demonstrates an RT chemiresistive ethanol gas sensor based on
hydrothermally synthesized zinc oxide (ZnO) incorporated-molybdenum diselenide
(MoSe;) nanosheets. The sensing properties of the MoSe,/ZnO nanocomposite sensor
were investigated systematically by exposing the sensor to various ethanol gas
concentrations (10 - 500 ppm) in dry N2 and dry air. The synergistic effect due to the
incorporation of ZnO nanorods in MoSe; nanosheets was found to enhance the sensor
response to ethanol gas (when operated in dry N,) with improved response and
recovery time of 8.4 and 14.7 seconds respectively, high selectivity, stability, and
reproducibility. The nanocomposite-based sensor showed a high gas sensing response
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(Ry/Ra) of 37.8 to 500 ppm of ethanol gas. While the response of the nanocomposite-
based sensor decreased to 15.3 to 500 ppm of ethanol gas in dry air which suggests
that the sensor performs better when operated in dry N, than in dry air. Based on
experimental results, a plausible mechanism has been proposed based on the
formation of p-n heterojunction and potential barrier modulation at the interface of the
MoSe,/ZnO nanocomposite sensor. The results demonstrated that MoSe,/ZnO-based
nanocomposite may pave the way for the fabrication of ethanol gas sensors for real-
time electronics applications.

Chapter 4: A Proposed Device Based on MoSe,-ZnO Heterojunctions on rGO
for Enhanced Ethanol Gas Sensing Performances at Room Temperature

In the previous chapter, we explored MoSe,/ZnO nanocomposite-based sensor for
ethanol gas sensing at RT. The ethanol gas sensing results of the nanocomposite
sensor exhibited higher response value, improved response time, and recovery time
than the pristine- MoSe; sensor to 500 ppm ethanol gas. To further enhance the
ethanol gas sensing properties of the sensing device at RT, we have explored a ternary
nanocomposite of MoSe,-ZnO heterojunctions decorated rGO (MoSe,/ZnO/rGO) for
ethanol gas sensing at RT. The sensing performance of the ternary nanocomposite
sensing device was analysed for various concentrations of ethanol gas (1 - 500 ppm).
The gas-sensing results revealed that for 500 ppm ethanol gas concentration, the
sensing device exhibited an enhanced response value (R¢/Ra) of 50.2. Significantly,
the sensing device displayed a quick response and recovery time of 6.2 s and 12.9 s
respectively. In addition to this, the sensing device detected ethanol at remarkably low
concentrations of 1 ppm. The enhanced sensing performance of the ternary
nanocomposite sensing device highlighted the effective synergistic effect between
MoSe; nanosheets, ZnO nanorods, and rGO nanosheets. This has been attributed to a
large number of p-n heterojunctions of MoSe; nanosheets and ZnO nanorods onto the
rGO nanosheets matrix.

Chapter 5: First report on hydroelectric cell-driven gas sensor for the detection
of ethanol at room temperature: A novel approach

This chapter proposes a novel self-powered ethanol gas sensor, exhibiting excellent
selectivity, sensitivity, and stability, based on n-type SnS nanoflakes at RT. The n-type
SnS-based HEC serves as the power source for self-powered ethanol gas sensors,
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enabling the detection of various concentrations of ethanol gas at RT. Consequently, the
power supply and gas sensor have been effectively combined into a single device,
demonstrating a successful integration of both functionalities. XRD, FESEM, HRTEM,
Energy dispersive X-ray (EDX), and BET analysis confirmed the formation of
orthorhombic SnS nanoflakes with a high specific surface area (6.15 m? g™). The
observed voltage-current (V-I) characteristic curves of the HEC at RT showed a
maximum current (Imax) of 40 pA and voltage of 1.03 V. The sensing performance of the
self-powered ethanol gas sensor was analysed for various concentrations of ethanol gas
(10 - 100 ppm). The sensor exhibited a response value (R+/Rg) of 41.3 to 100 ppm ethanol
gas concentration, with quick response/recovery times of 27.3 s/31.4 s respectively at RT.
The sensor showed promising potential for prolonged ethanol gas detection, operating
successfully for 30 days with measurements taken every 5 days. The experimental results
demonstrate that the n-type SnS-based self-powered ethanol gas sensor is a promising
platform for integration into future large-scale 10T systems. This breakthrough paves the
way for more versatile and scalable 10T solutions, enabling continuous environmental
monitoring and data collection across various settings.

Chapter 6: Summary, Conclusions, and Future Scope of Work

This chapter summarises the key findings and major conclusions of the thesis, while
also highlighting potential areas for future research. The organizational flowchart of
the thesis is illustrated in Figure 1.5.
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Fig. 1.5: Flowchart for the organisation of the thesis
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Chapter 2

Methodologies: Synthesis, Characterization Techniques, Sensor

Fabrication, and Gas Sensing Measurements

Chapter 2

This chapter provides a comprehensive overview of the selected methodologies for
synthesising nanocomposites of 2D nanomaterials and metal oxides, the technique
used for fabricating their film-based gas sensors, and the various characterization
techniques utilised in the research endeavor. The hydrothermal approach has been
predominantly used for the synthesis. X-ray diffraction (XRD) has been used for
examining crystal structures, field-emission scanning electron microscopy (FESEM)
and high-resolution transmission electron microscopy (HRTEM) for exploring surface
morphology, Raman spectroscopy has been used for the analysis of vibrational
modes, and Fourier transform infrared spectroscopy (FTIR) for examining the
functional groups. Further, the fabrication of a gas sensor involves fabricating the
films using the electrophoretic deposition technique (EPD) followed by thermal
evaporation to deposit metal electrodes onto synthesised films. A customized
chemiresistive gas sensing set-up has been used to investigate the gas sensing
behavior of the fabricated gas sensors. All these techniques are succinctly summarized
within this chapter.
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Chapter 2

2.1 Synthesis of nanocomposites of 2D nanomaterials and metal oxides

Various techniques are available for the synthesis of nanocomposites of two-
dimensional (2D) nanomaterials and metal oxides to obtain desirous structures and
properties to suit diverse applications. These methods can be broadly categorized into
two groups: 1) Top-down and 2) Bottom-up approaches. The Top-down process
involves extracting nanostructures from their bulk forms. This method entails solid-
solid and gas-solid transformations from bulk materials to nanomaterials. It is
achieved through physical methods involving processes such as grinding, crushing,
and decomposition. Conversely, the Bottom-up process involves the creation of
desired nanostructures by facilitating interactions between atoms and molecules,
leading to the accumulation and formation of material clusters. Choosing the
appropriate synthesis route is essential before embarking on property investigation
and targeted applications. Successful commercialization and industrialization require
the synthesis of high yields of high-quality nanomaterials [1]. In our work, we
employed a simple and environmentally friendly hydrothermal approach for
synthesizing nanocomposites of 2D nanomaterials and metal oxides. Additionally, the
modification of nanocomposites involves the use of reduced graphene oxide (rGO).
Graphene oxide (GO), which is prepared using the improved Hummers' method, is
incorporated into the synthesis of nanocomposites comprising 2D nanomaterials and
metal oxides through a hydrothermal process. During this synthesis, GO is reduced to
rGO in situ, ensuring that the reduction process occurs simultaneously with the
formation of the nanocomposites. The various synthesis methods employed are briefly
outlined in the following sections. Detailed descriptions of these synthesis procedures

are provided in Chapters 3, 4, and 5.
2.1.1 Hydrothermal synthesis route

In 1845, Karl Emil von Schafhdutl, a German geologist, published the first report
detailing crystal formation through hydrothermal method. Since then, collaborative
efforts by researchers worldwide have propelled the advancement of this method.
Hydrothermal synthesis involves creating nanomaterials through chemical reactions

that take place within a sealed teflon-lined stainless-steel autoclave, containing
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reagents dissolved in water, all under specific temperature and pressure conditions. To
facilitate the production of nanomaterials with desired properties and morphology, a
precise volume of aqueous reagents is introduced into the teflon liner, ensuring the
necessary pressure is maintained. Care must be taken to prevent teflon overflow
during the reaction. By optimizing temperature, pressure, and reaction time in a high-
temperature oven, a substantial yield of well-crystallized nanomaterials can be
achieved [2]. Fig. 2.1 illustrates the setup of the hydrothermal autoclave used in the
hydrothermal synthesis. The constituents involved in the hydrothermal reaction are

outlined as follows:

1. Reactant precursors: These compounds serve as the initial reactants that
undergo chemical reactions within suitable solvents, ultimately leading to the

formation of the desired final product.

2. Mineralizing agents and supplementary additives: Various acids and bases
are introduced throughout the reaction to attain specific pH levels. These
compounds, known as mineralizers, play a pivotal role in the process.
Additionally, supplementary additives such as reducing agents, chelating agents,
capping agents, and stabilizers are used for controlling the morphology of the

resulting nanomaterial.

..................................................................................................
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Fig. 2.1: Set-up of the hydrothermal autoclave used in the hydrothermal synthesis
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The advantages of the hydrothermal method include:

1.

Cost-effectiveness and scalability: This method is highly feasible for the

inexpensive and large-scale production of nanomaterials.

Morphology and size control: It offers precise control over the morphology

and size of nanomaterials, enhancing its versatility.

Integration with other synthesis techniques: The method can be seamlessly
integrated with other techniques such as sonochemical and electrochemical
microwave synthesis, expanding the possibilities for synthesizing new

nanomaterials.

Convenient experimental setup: The experimental setup is straightforward and
convenient. Once installed, it can be utilised multiple times for synthesizing

nanomaterials, adding to its practical appeal.

2.1.2 Improved Hummer’s method

The improved Hummer’s method is an advanced procedure designed for the efficient

synthesis of graphene oxide (GO) from graphite, utilizing powerful oxidizing agents

like potassium permanganate (KMnO.) and potassium chlorate (KCIOs). This

enhanced method builds on the traditional Hummer’s process, which was originally

developed by William S. Hummers and Richard E. Offerman.

The key features of the improved Hummer’s method are:

1.

Enhanced oxidation agents: Potassium Permanganate (KMnO.) and Potassium
Chlorate (KCIOs) are used as strong oxidizers. Their high oxidation states
contribute to more effective and controlled oxidation of graphite, leading to a

higher degree of oxidation and better quality GO.

Optimized reaction conditions: The improved method operates under mild
temperatures and often at low temperatures (e.g., 0-5 °C), which helps in
controlling the reaction rate and minimizing side reactions. This control results
in a more consistent product and a higher carbon-to-oxygen (C/O) ratio,

enhancing the quality of the GO.
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3. Safety and efficiency: Compared to the conventional methods, the improved
procedure is designed to be less hazardous. By optimizing reaction conditions
and using safer reagents or protocols, the process reduces the risks associated
with the synthesis and handling of potentially dangerous chemicals.

4.  Faster processing: Enhanced reaction kinetics and better control mechanisms
contribute to a more efficient synthesis process, reducing the overall time

required to produce GO.

5. High carbon-to-oxygen ratio (C/O): The process ensures a high C/O ratio in
the resulting GO. This characteristic is important for maintaining the structural

integrity and functionality of GO, making it suitable for various applications.

The improved Hummer’s method is widely adopted for its effectiveness and
practicality in producing high-quality graphene oxide with desirable properties. The
advancements in this method offer better control over the synthesis process, enhance
safety, and provide a higher quality material suitable for diverse applications in
research and industry [3].

2.2 Characterization techniques

Various characterization techniques have been employed to verify the successful
formation of nanocomposites of 2D nanomaterials and metal oxides. The structural
study begins with X-ray diffraction (XRD), followed by morphological analysis using
field-emission scanning electron microscopy (FESEM) and high-resolution
transmission electron microscopy (HRTEM). Raman spectroscopy has been utilised
for the analysis of vibrational modes. Fourier transform infrared spectroscopy (FTIR)
has been employed for examining the functional groups. This section provides a
concise overview of the operating principles of each characterization approach used in

our research.
2.2.1 X-ray diffraction (XRD)

XRD is a powerful analytical technique used across a variety of applications,
including crystallography, compound identification, strain measurement, crystallite

size determination, assessment of thermal expansion coefficients and densities, crystal
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texture investigation, sample crystallinity quantification, dislocation density
evaluation, and other analytical processes [4]. The foundational work in powder X-ray
diffraction began in the early 20th century with pioneering contributions from Debye,
Scherrer, and Hull between 1916 and 1917, marking the inception of powder

diffraction research [5, 6].

These early contributions established the fundamental principles of powder
diffraction. However, the field has dramatically evolved over the decades, particularly
with the advent of advanced computing technology in the 21st century. A pivotal
moment occurred approximately fifty years after the initial powder diffraction studies
when Hugo Rietveld introduced a groundbreaking approach to the field. His
innovative use of computer-assisted fitting of entire powder diffraction patterns
marked a significant advancement in the analysis of crystalline materials. This
development was made possible by the burgeoning computational power of the time

and represented a watershed moment in powder diffraction analysis.

In contemporary practice, sophisticated algorithms are employed to analyse and
interpret crystal structures within powder samples. This evolution from early
transmission experiments and the identification of basic cubic crystal structures to
advanced methods that enable the precise refinement of complex structures with
thousands of atoms per unit cell reflects the significant progress in the field over the

past century.

Heated Filaments Emits
Electrons by

Thermionic Emissio Accelerated

Electron by
High Voltage
. O
- Copper Rod fo
* Heat Dissipatio
- / O
Glass Envelope /
/ ?// X-Rays

"""""""

Fig. 2.2: Schematic showing the generation of X-rays in an X-ray tube
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The X-ray generation process involves the use of a vacuum tube to produce X-rays,
which are electromagnetic waves with wavelengths ranging from 0.1 A to 100 A. For
effective diffraction analysis, X-rays with wavelengths between 0.5 A and 2.5 A are
used, as these wavelengths are comparable to the sizes of the crystal lattices being
studied. The X-ray generation setup, illustrated in Fig. 2.2, consists of an X-ray tube

and a vacuum chamber containing a cathode and an anode.

In this setup, the cathode is typically a tungsten filament, and the anode is made of
copper. High-energy electrons emitted from the tungsten filament are accelerated
toward the copper anode with a voltage ranging from 30 to 60 kV. Upon collision,
these high-energy electrons eject electrons from the innermost shell of the copper
atoms. Electrons from the L and M shells then transition to the K shell to fill these
vacancies, emitting X-rays known as CuK, and CuKjg, with wavelengths of 1.54 A
and 1.39 A, respectively. To obtain monochromatic radiation at 1.54 A, a nickel filter
is used to remove the CuKg radiation, ensuring that the analysis relies on the desired

CuKa line [7].

In 1913, W. H. Bragg and W. L. Bragg made a ground breaking discovery regarding
crystalline materials: they observed that X-rays are reflected in a distinctive pattern
when interacting with crystals. This phenomenon is characterized by prominent peaks
in scattered radiation occurring at specific angles and wavelengths. W. L. Bragg
proposed that a crystal can be conceptualized as a series of parallel planes with a
defined spacing, denoted as ‘d’. When X-rays are reflected off the ions in these
parallel planes, they produce sharp peaks in intensity. If these X-rays are reflected
from successive parallel planes, they interfere constructively, resulting in enhanced

peak formation, as illustrated in Fig. 2.3.

To achieve Bragg's condition for constructive interference, the path difference
between the reflected X-rays must equal an even integer multiple of half the

wavelength. This requirement is mathematically expressed by the equation:

2dsinf =nAi (2.1)
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Here, the integer "n" denotes the order of diffraction.

Fig. 2.3: Schematic showing the diffraction of X-rays obeying Brags law

Bragg's reflection is significant for X-rays with wavelengths A < 2d, which is the range
where diffraction from crystalline structures is observed. The positioning of diffraction
peaks is influenced by several factors, including the size of the unit cell, the space group
symmetry, and the overall crystal symmetry. These factors collectively determine the
intensity of the diffraction peaks, as described by the equation:

Fua=2% f nezn(hun+kvn+lwn) (22)

In this context, the coordinates of the elements within the crystal are denoted as (uvw),
the Miller indices are represented by (hkl), and the electron scattering density is given by
(f,). This approach is typically employed for powdered samples, where the powder
interacts with incident X-ray radiation across all accessible planes within the material,
following Bragg's law. The resulting diffraction peaks correspond to parallel planes and
vary with angle, reflecting constructive interference [8]. X-ray diffraction can also be
utilised to determine the crystallite sizes by applying the correlation expressed in the
following equation:

D=kA BcosO (2.3)

For this study, X-ray diffraction patterns were generated using a D8 Advance Bruker
diffractometer (Germany) available in the Advanced Instrumentation Centre (AIC),
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Department of Applied Physics, Delhi Technological University, Delhi, India, employing
CuK, radiation with a wavelength of 1.5406 A. The measurements were conducted at RT
with a step size of 0.02° and a scan rate of 2° per minute. The resulting diffraction patterns
were analysed by comparing them with data from the JCPDS database and with
information from previously published literature.

2.2.2 Field-emission scanning electron microscopy (FESEM)

FESEM is an advanced microscopy technique that utilizes a field emission source to scan
the specimen in a zigzag pattern. Compared to the tungsten filament used in conventional
Scanning Electron Microscopy (SEM), the electron emitters in a field emission gun have
an emission capacity up to 1000 times greater [9]. Similar to SEM, FESEM collects
secondary electrons using a scintillator detector that converts these electrons into photons.
However, FESEM operates under higher vacuum levels and requires the sample to be
coated with a very thin layer of gold (Au) or palladium (Pd) to enhance conductivity and
imaging quality. After the electrons leave the field emission gun, they are focused into a
thin, monochromatic beam using metal apertures and magnetic lenses. A visual depiction
of fundamental FESEM components is illustrated in Fig. 2.4.
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Fig. 2.4: Schematic showing the components of a FESEM

Ph.D. Thesis (Nikita Jain) 3



Chapter 2

In FESEM, the interaction of the electron beam with the specimen is a complex
process that produces various types of electrons, each with distinct characteristics and

significance (Fig. 2.5).
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Fig. 2.5: Interaction of electrons with the specimen

Secondary electrons are emitted when primary electrons collide with the specimen,
they can transfer enough energy to eject lower-energy electrons from the outer shells
of the atoms. Secondary electrons are crucial for topographic imaging due to their low
energy and high sensitivity to surface features. They provide high-resolution images
with excellent surface detail. Backscattered electrons are primary electrons scattered
elastically off the atomic nuclei of the specimen, bouncing back toward the detector.
They carry information about the atomic number (Z) of the elements in the specimen.
Higher Z materials will produce more backscattered electrons, allowing for enhanced
contrast in images based on composition. This is useful for differentiating materials in
multi-phase specimens. Characteristic X-rays are emitted when primary electrons
displace inner-shell electrons in the specimen atoms, the resulting vacancies are filled

by outer-shell electrons. This transition releases energy in the form of X-rays. The
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emitted X-rays are unique to each element, enabling qualitative and quantitative
elemental analysis. These signals are very useful in the identification of elements
present in the specimen. The unique atomic profile of each element gives X-rays to
give qualitative information about elements using energy-dispersive X-ray analysis
(EDX). Auger electrons are similar to X-ray generation, and are emitted when an
electron from an outer shell fills a vacancy in an inner shell, resulting in the release of
energy that can eject another electron. They can provide additional elemental
information, especially in surface analysis, and can be used in conjunction with X-ray

analysis for detailed compositional studies.

This technique offers exceptional information on both topography and elemental
composition at extremely high magnifications, with a nearly unlimited depth of field.
FESEM is notably more effective than conventional SEM, providing images with
spatial resolutions as fine as 0.5 nanometers and significantly reduced electrostatic
distortions [10]. FESEM is renowned for its ability to produce crisper, more accurate
images with minimal electrostatic distortions. This capability makes it an invaluable
tool for a broad range of scientific disciplines. Physicists use it for detailed structural
analysis of materials, chemists for studying surface reactions, biologists for cellular
imaging, material scientists for examining the properties of advanced materials, and
electronic engineers for inspecting microchip structures. Its versatility and high-
resolution imaging make FESEM indispensable in both research and industry, where
observing fine details and understanding complex structures are crucial. The model of
the instrument used to study surface morphology of nanocomposites of 2D
nanomaterials and metal oxides described in the research work discussed in upcoming
chapters is Zeiss Gemini SEM 500 (Germany), available in the University Science

Instrumentation Centre (USIC), Delhi University, Delhi, India.
2.2.3 High-resolution transmission electron microscopy (HRTEM)

Transmission electron microscopy (TEM) is a sophisticated imaging technique that uses
an electron beam to pass through an ultrathin specimen, revealing detailed insights into
the sample's structure. As the electron beam traverses the specimen, it provides valuable

information about the material's morphology and crystallography. TEM operates with
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electron beams at the nanometer scale, which, due to their shorter wavelength compared
to visible light, achieve much higher resolution imaging [11]. The interactions between
the electron beam and the specimen contribute to the formation of images. Various
imaging technologies are employed to capture these interactions, including fluorescent
screens, photographic film, and charge-coupled devices (CCDs). TEM can operate in two

primary modes: diffraction mode and image mode.

The typical TEM setup includes an electron gun that generates a high-energy electron
beam, which travels through a vacuum tube within the microscope. The beam is
focused by condenser lenses and directed onto a specimen mounted on a motorized
stage, typically a copper grid coated with the sample. The core components of the
TEM apparatus include the objective lens and the specimen chamber, where the

transmitted electron beam interacts with the thin specimen [12].
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Fig. 2.6: Schematic showing the setup of HRTEM

For optimal imaging, the sample thickness should be between 100 and 200 nm, as

electrons have difficulty penetrating samples thicker than 200 nm. High-resolution
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images and diffraction patterns are produced using an imaging system that consists of
an objective lens and additional lenses. The electron beam, after passing through the
sample, is projected onto a fluorescent screen via a three-stage lens system, and the
resulting image is captured by a CCD camera, which converts the electron intensity

into digital pixels [13].

TEM can operate in several modes, including HRTEM, Selected Area Electron
Diffraction (SAED), and conventional TEM. These modes are used to analyse various
sample characteristics such as particle size, morphology, lattice parameters, and
material expansion direction. A schematic of the TEM setup is shown in Fig. 2.6.

The TEM system operates within a high vacuum chamber and is connected to a
graphical user interface (GUI) for data acquisition. As electron beams interact with
the sample, they undergo scattering, which can be categorized into elastic and
inelastic scattering. Elastic scattering, influenced by the atomic arrangement in
nanostructures, results in coherent beam scattering and produces spot patterns.
Inelastic scattering, on the other hand, involves energy absorption or emission, which

is specific to the chemical structure of the nanomaterials.

Imaging contrast in TEM is achieved through Bright-field and Dark-field imaging
techniques. In bright-field imaging, the entire specimen is illuminated uniformly,
producing a dark image against a bright background. In dark-field imaging, contrast is
achieved by capturing diffracted waves on the back focal plane of the objective lens

through an objective aperture [14].

To enhance image resolution, the electron wavelength can be reduced by increasing
the accelerating voltage of the field emission gun up to a maximum of 300 kV. This
high accelerating voltage improves the point resolution of the images, resulting in
HRTEM images with exceptional clarity. The model of the HRTEM instrument used
in the research work presented in chapters 3 to 6, is JEOL (Japan) JEM-2100F,
available in the Advanced Instrumentation Research Facility (AIRF), Jawaharlal
Nehru University (JNU) and FEI Tecnai 200 (United States) in the Sophisticated
Analytical Instrument Facility, AIIMS, New Delhi, Delhi, India.
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2.2.4 Raman spectroscopy

Raman spectroscopy is utilised to observe the rotational, vibrational, and other
frequency modes of a system. This method reveals insights into the bonding and
structure of molecules, thereby offering a unique fingerprint for their identification.
Raman spectroscopy operates on the principle of inelastic light scattering, known as
the Raman Effect [15]. When monochromatic radiation interacts with the sample, it
behaves differently upon incidence. This interaction encompasses scattering,
reflection, and absorbance, all occurring consistently. Molecular structural
information is gleaned through the scattering of radiation. The coherent source
typically employed for specimen analysis is a laser [16]. The bulk of incoming
radiation disperses elastically, generating Rayleigh scattered light. Only a minute
fraction, approximately 1 in 10° undergoes inelastic scattering, predominantly
manifesting as Stokes and anti-Stokes lines. This fraction is instrumental in gathering

information about the specimen.

Firstly, in Rayleigh Raman scattering, the frequency of the incident and scattered light
remains the same. Secondly, in anti-Stokes Raman scattering, the frequency of the
scattered light is higher than that of the incident light. Thirdly, in Stokes Raman
scattering, the frequency of the scattered beam light is lower than that of the incident
beam light [17]. Fig. 2.7 depicts a block diagram of a Raman spectrometer.
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Fig. 2.7: Schematic representation of Raman spectrometer
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The Raman spectrum is graphed to represent the relationship between the intensity of
scattered light and the energy difference. When photons interact with a molecule, they
induce a dipole moment in the molecule's electric field, expressed as

P=o.E (2.4)

where o is a proportionality constant. This phenomenon provides insights into the
distortion of the electron cloud around the molecule [18]. The specific energy transitions
associated with changes in polarizability within molecular bonds result in the emergence
of Raman active modes. Modern Raman spectroscopy comprises three primary
components: a laser source, a means of illuminating the sample, and a suitable
spectrometer. Lasers, favored for their monochromaticity and high-intensity beams,
stand as the most prevalent sources employed in studying Raman spectra, ensuring
favorable signal-to-noise (S/N) ratios. Raman spectrometers commonly rely on either
CCD or FTIR technology outfitted with cooled germanium detectors. Raman
spectroscopy often surpasses IR spectroscopy due to its applicability in examining
inorganic systems within aqueous solutions. This technique has found extensive
application in the study of biological systems. Its benefits lie in its minimal susceptibility
to water interference, requirement for small sample sizes, and ability to detect
environmental and conformational changes with high sensitivity. Raman spectroscopy
proves invaluable in identifying molecular impurities and additives, serving as a non-
destructive method for both quantitative and qualitative analysis across various contexts.
The model of the instrument used to study the rotational, vibrational, and other
frequency modes of nanocomposites of 2D nanomaterials and metal oxides as described
in the research work discussed in upcoming chapters is WITec alpha 300 RA
(Germany), available in Advanced Instrumentation Research Facility (AIRF), Jawaharlal
Nehru University (JNU), Delhi, India.

2.2.5 Fourier-transform infrared spectroscopy (FTIR)

Materials consist of various chemical elements bonded together by strong covalent
bonds, forming molecules where the nature of bonds is dictated by the electronic
configuration of the constituent atoms. These bonds undergo continuous dynamic
movements such as vibration, stretching, and rotation within the material's structure,
with their energy residing in the ground state. FTIR spectroscopy employs infrared
radiation spanning a broad spectrum from 400 cm™ to 4000 cm™. It is predominantly
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utilised in research laboratories to discern various compounds within a given sample.
This technique, while straightforward, holds significant importance in characterization,
boasting a multitude of applications. FTIR spectroscopy finds application in analysing
thin films and coatings to identify their functional groups. Notably, this method offers
several advantages, including rapid scanning speeds in comparison to other dispersive
methods, and its versatility in analysing solids, liquids, and gases alike. The technique
relies on the molecular bonds within the compounds present in the sample. The type of
molecular bonds in different molecules depends on the constituent atoms.
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Fig. 2.8: Schematic of Michelson interferometer

When substances in a sample are exposed to IR radiation, their molecules absorb
energy, transitioning to a higher energy state. As these molecules transition back to
their original (de-excited) state, they release radiation with energy equivalent to the
difference between the energies of the de-excited and excited states of the molecules.
Every substance selectively absorbs a distinct wavelength of IR light from the
magnitude of wavelengths found in the incident light [19]. The FTIR measures these
absorbed wavelengths, allowing it to discern the nature of the substance and its bonds.
The resulting graph can display either the "transmittance” or “absorption” of the IR
radiation on the y-axis plotted against the wavenumber on the x-axis. The graph may
exhibit multiple peaks depending on the molecule’s characteristics. These peaks are
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subsequently scrutinized and compared to known standard IR peaks associated with
various materials and bonds. This method holds utmost significance in identifying
organic molecules containing robust dipoles and polar chemical bonds (such as NH,
OH, CH, etc.) [20-22].

When mid-infrared (MIR) radiation emitted by the source lamp reaches the
interferometer, it undergoes a process where it is divided into two beams. These
beams then travel through an optical assembly before converging again at the beam
splitter. This results in the formation of an optically interfered beam, which contains
all MIR wavelengths combined into a single beam, known as an interferogram. The
interferogram is directed through the sample, where it absorbs wavelengths of
radiation corresponding to its properties. The Michelson interferometer which is
depicted in Fig. 2.8 is a commonly used technique in FTIR spectroscopy. This
absorption causes the molecules in the sample to transition to an excited state before
returning to their ground state, emitting radiation characteristic of the energy gap in
the process. The MIR detector captures the output interferogram and transforms the
beam into an electrical signal. The signals are then decoded using the mathematical
technique known as Fourier transform, facilitated by specialized computer software.
The resulting spectrum is presented by plotting transmittance against wavenumber, as
depicted in Fig. 2.9.

""""
"

Detector =) )

Fig. 2.9: Schematic showing FTIR spectroscopy
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The model used for analysing the nature and type of bonds along with inter-bonds
interaction between molecules of nanocomposites of 2D nanomaterials and metal
oxides as described in the research work presented in chapters 3, 4, and 5 respectively
is Perkin Elmer (U.S.) Spectrum two L160000A series, available in the Nanomaterials
Research Laboratory (NRL), Department of Applied Physics, Delhi Technological
University, Delhi, India.

2.2.6 Brunauer-Emmett-Teller (BET) Analysis

The most widely recognized technique for identifying the porous microstructure of a
material is nitrogen adsorption-desorption isotherm analysis. This technique assesses
two critical properties of porous materials: effective surface area and pore volume,
which are essential for various functional applications. Nitrogen gas, acting as the
adsorbate, is commonly used due to its inert behavior, availability in high purity,
relatively high boiling point at 77 K, and cost-effectiveness compared to other inert
gases such as Ar, Kr, and CO: [23]. The isotherm is typically measured using the BET
(Brunauer, Emmett, and Teller) method, which is a model developed for multilayer
molecular gas adsorption on porous surfaces [24]. Before the BET theory, the
Langmuir model, which considered only monolayer adsorption, was dominant. The
BET model, however, introduced the idea of multilayer adsorption, where gas
molecules adsorb on specific sites to form a monolayer, and subsequent layers can
form on top of the adsorbed molecules. This model assumes that the upper layers

exhibit liquid-like behavior, in equilibrium with the vapor phase of the lower layers.

Capillary condensation becomes significant when gas pressure falls below its critical
value, allowing for the determination of effective surface area and mesopore structure.
Nitrogen adsorption is measured at different pressure levels, typically between 0.05
and 0.995 relative pressure, at a constant temperature of 77 K. The resulting isotherm
shape and hysteresis patterns, when present, help to elucidate the physisorption
mechanisms and the material's porous structure. According to IUPAC, there are six
types of adsorption isotherms and four types of hysteresis behaviors that help classify
mesopore morphology. At low relative pressures (0.05-0.3), a monolayer or

multilayer adsorption occurs on the walls of micro- or mesopores. A distinct "knee" in
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the isotherm curve at low pressure indicates the complete coverage of the surface with
a monolayer of nitrogen gas. The monolayer capacity is then used to calculate the
specific surface area of the material. BET theory is most effective for non-porous,

macroporous, and mesoporous materials but is not suitable for microporous materials.

At higher pressures, capillary condensation occurs in mesopores, resulting in a liquid-
like phase. Pores of different sizes will condense vapor at different relative pressures,
which provides insights into the pore volume and size distribution. The BJH (Barrett,
Joyner, and Halenda) theory is used to estimate pore size distribution, assuming

cylindrical, non-intersecting pores.

Porosity is defined as the ratio of the volume occupied by pores to the volume of the

solid material, calculated using the formula:
Porosity = (1 — dpui/dexp) % 100 (2.5)

Where dpyik is the X-ray density of the bulk crystallite, and deyp is the experimental
density measured using Archimedes water displacement principle. The model used for
analysing the specific surface area as described in the research work presented in
chapter 5 is Quantachrome NOVA 2200e (U.S.), available in the Department of
Physics & Astrophysics, Delhi University, Delhi, India.

2.3 Gas sensor fabrication

For fabricating the sensor, films of nanocomposites of 2D nanomaterials and metal
oxides are fabricated using the electrophoretic deposition technique. Following this,
metal electrodes are deposited onto the synthesised films using the thermal

evaporation technique.
2.3.1 Electrophoretic deposition (EPD) technique

Electrophoretic Deposition (EPD) is a technique used to produce homogeneous films by
applying an electric field to charged particles suspended in liquids such as de-ionized
water, ethanol, acetonitrile, or isopropanol. It is cost-efficient and versatile for film
production. The EPD cell typically consists of a glass beaker containing two electrodes

separated by a certain distance. One electrode serves as the reference electrode (RE),
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usually a thin platinum (Pt) rod, while the other electrode is a copper (Cu) rod onto which
the working electrode (WE) is attached, forming the substrate for film deposition. To
ensure uniform deposition onto the substrate, the particles must be evenly dispersed in the
liquid. Common solvents used for dispersion include acetone, distilled water, ethanol,
acetonitrile, isopropanol, and chloroform. Optimization of applied potential and
deposition time is essential to achieve films of the desired thickness [25-28]. However, it
is important to note that the technique requires conducting substrates and the addition of
dispersant may result in impurities. In some cases, heat treatment may be applied to the
films to enhance adhesion. Fig. 10 illustrates a typical EPD setup, where charged particles
suspended in the liquid are deposited onto the substrate upon the application of a DC

power supply for an optimized period.

----------------------------------------------------------------------------------------------
. .
.
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---------------------------------------------------------------------------------------------

Fig. 2.10: Schematic showing the fabrication of film via EPD technique

2.3.2 Thermal evaporation technique for electrode deposition

The thermal evaporation technique is widely utilised for producing electrodes due to
its versatility and effectiveness. This method relies on carefully controlling the
sublimation and condensation of materials under vacuum conditions, resulting in the

creation of uniform and precisely deposited electrodes.

Operating on the principle of vapor-phase deposition, this technique involves heating

a solid substance within a vacuum chamber causing it to sublimate or evaporate. The
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vaporized material then condenses onto a substrate, forming a thin layer.
Condensation occurs as vapor molecules interact with the substrate surface, leading to
the development of a film that exhibits characteristics similar to those of the source
material [29, 30]. Its applications span various fields such as electronics,

optoelectronics, and energy conversion devices.

Thermal evaporation fabrication typically involves the following sequential steps
[31]:

1. Preparation of vacuum chamber: A vacuum chamber is prepared to
accommodate both the substrate and the evaporation source. Maintaining a low-
pressure environment is crucial to prevent unwanted reactions and ensure

controlled deposition.

2. Heating the evaporation source: The evaporation source, often in the form of
pellets, wires, or rods, is heated using resistive or electron beam heating
methods. As the source reaches its evaporation temperature, it undergoes

sublimation, releasing vaporized atoms or molecules.

...............................................................................................................
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Fig. 2.11: Schematic representation of thermal evaporation system
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3. Deposition process: Vaporised material travels within the vacuum chamber and
reaches the surface of the substrate. Upon collision with the substrate, the vapor
condenses and adheres to form a thin film. Factors such as the temperature of
the evaporation source and the distance between the source and substrate

regulate the deposition rate.

4.  Film growth: The duration of deposition determines the thickness of the
coating. Various parameters, including substrate temperature, pressure, and
deposition rate, influence the characteristics of the resulting film, such as its

shape, crystallinity, and thickness uniformity.

In our current study, we have utilised thermal evaporation to deposit metal electrodes
onto films synthesised by the EPD technique, facilitating the fabrication of gas
sensors (as illustrated in Fig. 2.11). The model used for the electrode deposition as
described in the research work discussed in upcoming chapters is Smart Coat 3.0,
Hind High Vacuum, available in Computational Functional Materials Research
Laboratory (CFMRL), Department of Applied Physics, Delhi Technological
University, Delhi, India. After depositing metal electrodes, the electrical analysis of
the sensors has been conducted utilising the Keithley Sorce Measuring Unit (SMU)
2450 available in the Nanomaterials Research Laboratory (NRL), Department of

Applied Physics, Delhi Technological University, Delhi, India.
2.4 Gas sensing measurements

The gas sensing behavior of the sensing device is investigated using an indigenously
constructed chemiresistive gas sensing setup available in the Nanomaterials Research
Laboratory (NRL), Department of Applied Physics, DTU (as shown in Fig. 2.12). The
setup consists of a stainless steel (SS) chamber attached to two gas mass flow
controllers (MFC). A constant current supply to the sensing device is provided by the
source measuring unit (SMU). At the beginning of the gas detection process, rough
vacuum pressure is created inside the SS chamber using a rotary pump. Then, dry air
is introduced to obtain the baseline resistance. After that mixture of ethanol gas and
dry nitrogen gas is introduced inside the SS chamber. Inside the SS chamber, the
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concentration of ethanol gas is calculated in parts per million (ppm) according to the

following equation:

224 XWXpXV;
M XV,

C x 1000 (2.6)

In the above formula (equation 2.6), the ethanol gas concentration is depicted by C
(ppm), gas volume fraction is denoted as W, density of ethanol is represented as p
(kg.m™), volume of ethanol gas is indicated as V1 (L), molecular weight of ethanol is
expressed as M (kg.mol™), and volume of the SS chamber is denoted as V- (m®) [32].
A digital hygrometer is employed to measure the relative humidity (RH) in the SS
chamber. The change in resistance of sensing films is recorded using a Lab-View data
acquisition software connected to the source measuring unit or a Keithley digital
multimeter (DMM7510) is used. The gas sensing measurements of the sensing films
are carried out at RT (27 °C).
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Fig. 2.12: Chemiresistive gas sensing setup
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Zinc Oxide incorporated Molybdenum Diselenide Nanosheets for
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Exposure to Ethanol Corresponding band diagram l

M |

_,_..f_
N

oo

Bosas

[ —

e !ﬁ_ . &
;| =T -
§§

] goo

In this chapter, we have demonstrated a room temperature chemiresistive ethanol gas
sensor based on hydrothermally synthesised zinc oxide (ZnO) incorporated-
molybdenum diselenide (MoSe;) nanosheets. The sensing properties of the
MoSe,/ZnO nanocomposite sensor were investigated systematically by exposing the
sensor to various ethanol gas concentrations (10- 500 ppm) in dry N, and dry air. The
synergistic effect due to the incorporation of ZnO nanorods in MoSe; nanosheets was
found to enhance the sensor response to ethanol gas (when operated in dry N;) with
improved response and recovery time of 8.4 and 14.7 seconds respectively, high
selectivity, stability, and reproducibility. The nanocomposite-based sensor showed a
high gas sensing response (R¢/R.) of 37.8 to 500 ppm of ethanol gas. While the
response of the nanocomposite-based sensor decreased to 15.3 to 500 ppm of ethanol
gas in dry air which suggests that the sensor performs better when operated in dry N,
than in dry air. Based on experimental results, a plausible mechanism has been
proposed based on the formation of p-n heterojunction and potential barrier
modulation at the interface of the MoSe,/ZnO nanocomposite sensor. The results
demonstrated that MoSe,/ZnO-based nanocomposite may pave the way for the
fabrication of ethanol gas sensors for real-time electronics applications.
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3.1 Introduction

Rapid industrialization and socio-economic development have resulted in the release
of volatile organic compounds (VOCs) in the environment [1, 2]. Exposure to most
VOCs, not only causes environmental pollution but is also detrimental to human
health. One of the typical VOCs “ethanol gas”, is extensively used as a valuable
ingredient in alcoholic beverages, paints, medicines, cosmetics, etc [3, 4]. Despite its
numerous applications in a variety of fields, its long-term exposure causes various
ailments such as eye and skin irritation, headaches, nausea, vomiting, kidney failure,
and even damage to the central nervous system [5, 6]. Therefore, it is the need of the
hour to timely monitor and detect ethanol gas, especially at room temperature (RT) as
a part of the safety system. Among various types of sensors developed by scientists
for the effective detection of VOCs, chemiresistive sensors have generated huge
interest due to their low-cost, simple monitoring techniques, easy design, and high

chemical and thermal stability [7, 8].

Recently molybdenum diselenide (MoSe;), a two-dimensional (2D) transition metal
dichalcogenides (TMDs) has attracted considerable attention for multifunctional
applications due to its significant physical and chemical properties [9, 10]. Its
outstanding gas sensing properties have been explored owing to the large surface-to-
volume ratio which provides elevated sites for the adsorption and desorption of target
gasses [11]. In addition to this, it also exhibits higher adsorption energy with chemical
molecules [12]. Some pioneering studies based on the gas sensing properties of
MoSe, have been investigated (targeting several analytes like H,S, NH;, NO,
C,HsOH, etc.) which led a path to explore this material in-depth [13-16]. Jha et al.
studied the gas sensing properties of MoSe, for the detection of H,S gas down to the
ppb level. But pristine MoSe; showed a recovery time of 5 min at 90 °C [13]. Late et
al. used a single-layer MoSe,-based NH3 gas sensor at RT. The sensor displayed a bit
large response (2.5 min) and recovery (9 min) time [14]. In another report, Singh et al.
made use of liquid-exfoliated MoSe, nanosheets for RT ammonia sensing. The
corresponding response and recovery times were 15 s and 135 s respectively [15]. In
another study, Zhang et al. reported the sensing potential of MoSe, toward ethanol gas
at 90 °C. It was observed that the nanosheets took a long time to restore their original
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state at RT. Although the temperature was raised higher, still the recovery time was 5
min [16]. Therefore, these studies demonstrate that pristine MoSe,-based gas sensors
exhibit sluggish response and recovery time which challenges the use of intrinsic
MoSe,-based gas sensors. In this regard, various strategies have been employed to
improve the sensor performance of MoSe, gas sensors such as synthesising
composites, combining with noble metals (gold (Au), silver (Ag), platinum (Pt), etc.),
surface functionalization, and many more. For instance, Jha et al. demonstrated the
use of reduced graphene oxide/molybdenum diselenide nanocomposite for the
detection of ammonia at RT. The sensor showed the limit of detection down to 300
ppb, with an operating voltage of 2 mV [17]. Li et al. prepared pristine MoSe, and
Ag-modified MoSe,-based ethanol gas sensors at RT. The sensor exhibited a low
detection limit, good response properties, and excellent repeatability [10]. Abun et al.
fabricated a hydrogen gas sensor based on p-n heterostructures comprising exfoliated
MoSe, nanosheets doped on the surface of n-type ZnO nanorods. The hybrid p-n
heterostructure showed better sensor response in comparison to pristine ZnO and
MoSe, [18]. Hence it is clear from the above studies that modification of MoSe, with
other elements provides alternate strategies for the development of practical gas
sensors. This encourages us to explore MoSe,/ZnO nanocomposite for ethanol
sensing application which can effectively improve the response/recovery time of the
existing 2D nanomaterials-based ethanol sensors.

To the best of our knowledge, there are no reports available focussing on
hydrothermal synthesis of ZnO incorporated- MoSe, nanosheets-based nanocomposite
towards their utilization for the chemiresistive detection of ethanol gas at RT. The
sensor was recovered in two different environments i.e., in dry N, and dry air. Various
characterization techniques are employed to confirm the successful synthesis of the
as-synthesised nanocomposite. For fabricating the ethanol sensor, MoSe,/ZnO
nanocomposite powder so-obtained is deposited on indium tin oxide (ITO) coated
corning glass substrate using a facile electrophoretic deposition (EPD) technique. The
as-fabricated sensor is exposed to various ethanol gas concentrations (10-500 ppm)
and its response is systematically investigated at RT. The synergistic effect due to the
incorporation of ZnO in MoSe; is explained in detail and a sensing mechanism is
proposed based on this.
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3.2. Experimental
3.2.1 Chemical profile

The chemicals used in the synthesis were Sodium Molybdate Dihydrate
(Na;M004.2H,0), Selenium (Se) powder, Hydrazine Hydrate-86% (N,H4.H.0), Zinc
Acetate (Zn(CH3COO),-2H,0), Sodium Hydroxide (NaOH) pellets, and Ethanol
(C2HsOH). All the chemicals were purchased from Sigma Aldrich and were employed

without further purification.
3.2.2 Synthesis procedure

A facile hydrothermal method was used to synthesise ZnO incorporated- MoSe,
nanosheet-based nanocomposite. Fig. 3.1 displays the schematic of the fabrication
process. Firstly, MoSe; nanosheets were synthesised. Typically, 2 mmol of sodium
molybdate dihydrate was dissolved in deionized (DI) water and ethanol (volume 1:1)
with stirring for 45 min to obtain a clear solution. Meanwhile, a solution containing
selenium powder (4 mmol) was prepared separately in 10 mL hydrazine hydrate-86%
with stirring. It was followed by the addition of selenium solution in sodium
molybdate dehydrate solution dropwise under continuous stirring for 45 min. Then,
the above mixture was transferred into a 50 mL hydrothermal autoclave and was kept
at 220 °C for 24 h. After several washings with DI and ethanol, the black color

powder was obtained which was then dried overnight at 100 °C.

Then, ZnO nanorods were prepared by dropping 5 mol of sodium hydroxide solution
in 0.5 mol of zinc acetate dihydrate solution under continuous stirring for 45 min.
Then, the above solution was kept in an oven at 120 °C in a 100 mL hydrothermal
autoclave for 24 h. After washing it with DI water and ethanol, the white color

powder so obtained was left for drying at 80 °C.

For preparing MoSe,/ZnO nanocomposite, a quantitative amount of MoSe, and ZnO
synthesised by the above procedure were dispersed in ethanol and sonicated for 2 h.
The dispersed solution was transferred to a 100 mL hydrothermal autoclave and
heated at 120 °C for 24 h. The final product was washed with DI and ethanol to yield

grey color powder which was then dried overnight in a vacuum.
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3.2.3 Sensor fabrication for ethanol gas sensing

For fabricating the ethanol sensor, the MoSe,/ZnO nanocomposite powder so-
obtained was deposited on a pre-hydrolysed indium tin oxide (ITO) coated corning
glass substrate using electrophoretic deposition (EPD) technique. MoSe,/ZnO
nanocomposite powder was dispersed in a suitable solvent with a concentration of 1
mg/mL. This dispersion was ultrasonicated for 2 h. The dispersed solution was then
poured into a 2-electrode glass cell comprising copper as a connector to attach the
working electrode (WE) and platinum as the counter electrode (CE). The ITO was
attached to WE and an optimized constant potential was applied for 60 s. The film so
formed of MoSe,/ZnO nanocomposite was left for drying. Finally, silver (Ag)
contacts were made on the prepared films with the help of the thermal evaporation
technique. A similar process was devised to obtain pristine-MoSe; and pristine-ZnO

films. These films were used for performing sensing measurements.

MoSe,/ZnO
film

Transferred to ZnO incorporated- £
Steel A 1; MoSe, Nanosheets 1
i
Kept in Oven S — l
@120°C,24h \

by Electrophoretic

\
| ==y
1
U

MoSe; nanosheets ~
+ ZnO nanotubes

MECT
A— Gas Sensing by
I r MFC2 T MoSe,/ZnO
nanocomposite film
—\

g =
E’ £ Rotary Vacuum

=
-z E-i P“mp Photograph of the as-fabricated

]

1 1
| :
I

I 1
1 1
| i
I

1 1
] 1
| :
I

| :
I

| :
I

1 1
| :
1

1 ]
1 ” :
i Unit il i
I Silver contacts :
: made on 1
1 = MoSe,/Zn0O ]
I “. SS Chamber nanocomposite film |
: Chemiresistive Ethanol :
1 1
' i
1

1 ]
1 1
| :
I

1 1
1 1
| :
I

1 sensor 1
] 1
- :

Fig. 3.1: Step-by-step preparation of MoSe,/ZnO nanocomposite sensor for the detection of
ethanol gas

3.2.4 Gas sensing experimental set-up

The gas sensing behavior of the MoSe,/ZnO nanocomposite-based chemiresistive gas
sensor was investigated in a customized stainless steel (SS) chamber by the use of 1%

ethanol balanced with nitrogen (N,) gas. The chamber was attached to two gas mass
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flow controllers (MFC). The MFC was used to maintain the flow of the target gas
analyte and dry N,/ dry air (standard composition: N, = 79% and O, = 21% by
volume) inside the chamber. A source measuring unit was employed to provide a
constant current supply to the as-fabricated ethanol gas sensor. A rotary pump was
connected to the SS chamber to create rough vacuum pressure. A digital hygrometer
was employed to measure the relative humidity (RH) in the SS chamber. Ethanol gas
sensing was performed by introducing the dry N,/ dry air first to sustain standard
ambient conditions for 50 s. Thereafter, ethanol (1 %) / nitrogen (99 %) mixture was
introduced inside the SS chamber for 100 s at different concentrations like 10, 100,
200, 300, 400, and 500 ppm at RT. The formula given below (egn. 1) was used to
calculate the concentration of ethanol gas in the SS chamber:

224X W¥XpXV;
M XV,

C x 1000 (3.1)

In the above formula (equation 3.1), C is the concentration of ethanol gas (ppm), W is
the required gas volume fraction, p is the density of ethanol (kg.m™), V1 is the volume
of ethanol gas, M is the molecular weight of ethanol (kg.mol™), and V. is the volume
of the SS chamber (m®) [19, 20]. The change in resistance of sensing films was
recorded using a Lab-View data acquisition software connected to the source
measuring unit. The gas sensing measurements of the sensing films were carried out
at RT (27 °C) and relative humidity (29 %). The selectivity performance of as-
fabricated ethanol gas sensors was investigated with other VOC gases like acetone,
benzene, and formaldehyde.

3.3 Results and discussions
3.3.1 Structural analysis using XRD

The crystallographic structure of the as-synthesised pristine-MoSe,, pristine-ZnO, and
MoSe,/ZnO nanocomposite was investigated using XRD (Fig. 3.2). The diffraction
peaks of as-synthesised pristine-MoSe; (Fig. 3.2(a)) are attributed to the (002), (100),
(103) and (110) planes of the hexagonal phase of MoSe, (JCPDS 029-0914) [21].
XRD pattern of ZnO (Fig. 3.2(b)) shows all the diffraction peaks which are congruous
with the standard data available for the wurtzite structure of ZnO (JCPDS 36-1451)
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[22]. The diffractogram of the MoSe,/ZnO nanocomposite (Fig. 3.2(c)) consists of all
the peaks corresponding to ZnO nanorods and some major planes of (002), (100), and
(110) corresponding to MoSe, which indicates the successful interaction between
MoSe; nanosheets and ZnO nanorods. The reason for the invisibility of two other
planes of MoSe, i.e. (004) and (103) can be ascribed to the much higher intensity of
ZnO diffraction peaks [23]. In addition to this, there is a decrease in the intensity of
diffraction peaks of MoSe; and ZnO in MoSe,/ZnO nanocomposite which further
confirms the formation of nanocomposite [24].
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101
N

(100)
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Fig. 3.2: XRD pattern of the as-synthesised (a) pristine-MoSe,, (b) pristine-ZnO, (c)
MoSe,/ZnO nanocomposite, (d) zoomed (100) diffraction peak of pristine-MoSe, and
MoSe,/ZnO nanocomposite, and (e) zoomed (101) diffraction peak of pristine-ZnO and
MoSe,/ZnO nanocomposite
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It is also observed that there is a shift in the diffraction peaks of the nanocomposite
with respect to the pristine materials in Fig. 3.2(a) and 3.2(b). To confirm the shifting
of diffraction peaks in the nanocomposite, zoomed highest intensity diffraction peaks
of pristine-MoSe, (100) and ZnO (101) were considered (Fig. 3.2(d) and Fig. 3.2(e))
for comparison. As can be seen in Fig. 3.2(d), the (100) diffraction peak of
MoSe,/ZnO nanocomposite is slightly shifted to a higher diffraction angle (31.76°)
compared to the (100) diffraction peak of pristine-MoSe; (31.67°). Similarly, in Fig.
3.2(e), the (101) diffraction peak of the nanocomposite is slightly shifted to a lower
diffraction angle (36.24°) compared to the (101) diffraction peak of pristine-ZnO
(36.27°). This shift can correspond to the lattice mismatch between the pristine
materials or strain generated in the nanocomposite after interaction during the

synthesis [25].
3.3.2 Microstructure analysis using HRTEM

The HRTEM images of pristine-MoSe;, pristine-ZnO, and MoSe,/ZnO
nanocomposite are shown in Fig. 3.3. Fig. 3.3(a) and 3.3(b) display a large area of
MoSe; nanosheets stacked over one another, which are wrinkled and curled at the
edges. The fine lattice fringes of MoSe, nanosheets can be seen in Fig. 3.3(c) with the
interplanar spacing of 0.28 nm which is related to the (100) lattice plane of MoSe;.
Fig. 3.3(d) shows an HRTEM image of ZnO nanorods and Fig. 3.3(e) shows the
measured interplanar spacing of 0.24 nm which corresponds to the (101) lattice plane
of ZnO nanorods. Evidence for modification of the MoSe; nanosheets by ZnO
nanorods is given in Fig. 3.3(f) and 3.3(g), which shows the successful incorporation
of ZnO nanorods in MoSe, nanosheets. A clear heterogeneous interface between
MoSe, nanosheets and ZnO nanorods can be seen in MoSe,/ZnO nanocomposite at a
200 nm and 100 nm scale bar. The corresponding selected area electron diffraction
(SAED) pattern of the MoSe,/ZnO nanocomposite is shown in Fig. 3.3(h). Hence
from the HRTEM analysis, the successful incorporation of ZnO nanorods in MoSe,

nanosheets is evident, which is consistent with the XRD analysis as well.
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Fig. 3.3: HRTEM images of as-synthesised (a) and (b) pristine-MoSe, nanosheets (c) Lattice
fringes of MoSe, nanosheets with measured interplanar spacing, (d) pristine-ZnO nanorods,
(e) Measured Interplanar spacing of pristine-ZnO nanorods (f, g) MoSe,/ZnO nanocomposite,
and (h) corresponding SAED pattern of MoSe,/ZnO nanocomposite

3.3.3 Study of vibrational modes using Raman spectroscopy

The Raman spectrum of pristine-MoSe,, pristine-ZnO, and MoSe,/ZnO
nanocomposite acquired using an excitation wavelength of 532 nm was shown in Fig.
3.4. Raman spectroscopy measurements of MoSe; shows a strong out-of-plane mode
Aig mode at 238 cm™ which is the characteristic peak of MoSe, [26]. The other two
in-plane modes E;q and E',, of MoSe, are observed at 167 cm™ and 283 cm™ which

are in good agreement with the earlier reports [15]. Fig. 3.4 shows an intense Raman

peak of ZnO at 437 cm™ (EL"9") which is the characteristic peak of the hexagonal
wurtzite phase of ZnO [27].

The corresponding spectrum of MoSe,/ZnO nanocomposite in Fig. 3.4 displays the
presence of modes belonging to both MoSe, and ZnO. In addition to this, it is noted
that the modes in MoSe,/ZnO nanocomposite are shifted from their respective
position in their individual spectrum. In the MoSe,/ZnO nanocomposite, there is a red
shift in the A;y mode (233.7 cm™) corresponding to MoSe, as well as in the Eé”'gh
(431.3 cm™) mode corresponding to ZnO. This is attributed to the defects produced
due to electronic interactions between MoSe; and ZnO during the hydrothermal

synthesis process [28]. Hence, the Raman spectrum of MoSe,/ZnO nanocomposites
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confirms that the nanocomposite is successfully synthesised, as confirmed by XRD
and HRTEM analysis.

Intensity (a.u.)

MoSeZ/’ZnO

T
200 400 1 600 800
Raman shift (cm )

Fig. 3.4: Raman spectrum of the as-synthesised pristine-MoSe,, pristine-ZnO, and
MoSe,/ZnO nanocomposite

3.3.4 ldentification of functional groups using FTIR spectroscopy

FTIR spectroscopy was performed to investigate and elucidate the presence of
functional groups in the prepared samples of pristine-MoSe, pristine-ZnO, and
MoSe,/ZnO nanocomposite in the range of 400 — 4000 cm™. Peaks in the FTIR
spectrum of MoSe, nanosheets are observed corresponding to O-H (3420 cm™), C-H
(2910 cm™), COO™ (1620 cm™), Mo-O (1000-750 cm™), and Se-O-Se (420 cm™) as
shown in Fig. 3.5 [29, 30]. The FTIR spectrum of ZnO nanorods (Fig. 3.5) consists of
peaks corresponding to O-H (3438 cm™), COOH (1620 and 1480 cm™), Zn-OH (920
cm™), and Zn-O (577 and 427 cm™) [27]. The corresponding spectrum of MoSe,/ZnO
nanocomposite in Fig. 3.5 displays the peaks corresponding to both MoSe, and ZnO.
Furthermore, the peaks in the as-synthesised nanocomposite are shifted as compared
to pristine-MoSe; and ZnO indicating the electronic interaction between the pristine
materials. Hence, from the FTIR spectrum of MoSe,/ZnO nanocomposite, the co-
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existence of both MoSe;, and ZnO is confirmed which is in good accordance with the

XRD analysis, Raman spectroscopy, and HRTEM observations.
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Fig. 3.5: FTIR spectrum of the as-synthesised pristine-MoSe,, pristine-ZnO, and MoSe,/ZnO
nanocomposite

3.3.5 Gas sensing performance

The gas sensor response characteristics of pristine-MoSe, and MoSe,/ZnO
nanocomposite were investigated towards different ethanol concentrations ranging
from 10-500 ppm at RT in dry N; as illustrated in Fig. 3.6(a). Fig. 3.6(b) shows the
response characteristics of pristine-ZnO towards different ethanol concentrations at
RT in dry N». It can be observed in Fig. 3.6(a) that the sensing response (resistance
versus time graph) of pristine-MoSe, is low and the resistance changes slightly under
exposure to different concentrations of ethanol gas. It can be seen in Fig. 3.6(b) that
the sensing behavior of the pristine-ZnO sensor shows an n-type characteristic
response during ethanol gas exposure. However, the MoSe,/ZnO nanocomposite
sensor (Fig 3.6(a)) exhibited a much higher response towards the same concentration
of ethanol gas. The response value (Ry/Ra or Ra/Rg) of the pristine-MoSe,, pristine-

Zn0O, and MoSe,/ZnO nanocomposite sensor is 14.8, 1.6, and 37.8 to 500 ppm ethanol
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gas where Ry and R, represent the value of the sensor’s resistance in presence of

ethanol gas mixture and dry N, respectively.
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Fig. 3.6: (a) Resistance variation of pristine-MoSe, and MoSe,/ZnO nanocomposite sensor

and (b) Resistance variation of pristine-ZnO sensor wrt. to various ethanol concentrations at
RT indry N;

However, the response from the same pristine-MoSe; and MoSe,/ZnO nanocomposite
sensor decreased significantly when recovered in dry air as depicted in Fig. 3.7.
Specifically, the response of 4.5 and 15.3 was obtained to 500 ppm ethanol gas for
pristine-MoSe,; and MoSe,/ZnO nanocomposite sensor at RT. Therefore, the
improved response of the nanocomposite sensor when operated in dry N, than dry air

encouraged us to measure sensor performance in this environment.
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Fig. 3.7: Resistance variation of pristine-MoSe; and MoSe,/ZnO nanocomposite sensor wrt.
to 500 ppm ethanol at RT in dry air
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Fig. 3.8(a) defines three parameters that describe the properties of the sensor which
are: the sensing response (R¢/Ra), the response time (trsp), and the recovery time (trec).
Firstly, we note that the resistance of the MoSe,/ZnO nanocomposite sensor increased
from base resistance R, = 1.9 kQ in dry N, to Ry = 71.9 kQ when the sensor was
exposed to 500 ppm of ethanol. The sensing response of the nanocomposite sensor
was calculated using Ry and R, values obtained and was found to be 37.8 at 500 ppm
ethanol. This also suggests that the response of the nanocomposite sensor is p-type
towards ethanol gas [10, 16]. Furthermore, full recovery to the same base resistance is
observed for both pristine and nanocomposite sensors. This reveals the reversible
interaction between the as-fabricated nanocomposite sensor and ethanol gas due to the
physisorption process. It is also evident from Fig. 3.6(a) that the base resistance of the
MoSe,/ZnO nanocomposite sensor is higher as compared to the pristine-MoSe;
sensor. The other two parameters are tresp and tc which were calculated to be 11 s and
18 s for the pristine-MoSe; sensor respectively. An improvement in tresp and trec Was
observed for the MoSe,/ZnO nanocomposite sensor and are found to be 8.4 s and 14.7
s respectively. Fig. 3.8(b) shows that the resistance of the pristine-ZnO sensor
decreased from base resistance Ry = 179 kQ in dry N to Ry = 108.4 kQ when the
sensor was exposed to 500 ppm of ethanol. The tqs, and tc Were calculated for the

pristine-ZnO sensor and found to be 22 s and 38 s respectively.

100 ® 250 (b)
—®— MoSe,/ZnO ——ZnO

8.4 —+— MoSe, 14.7

24s 32s

80 200 -

500 ppm
Ethanol Gas

o~
S
1

150 4

'S
S
1

100 —

Resistance (k)
Resistance (kQ)

w
S
1

n
]
1

0

I T T T 1 T T T T
1000 1050 .. 1100 1150 1200 1000 1050 1100 1150 1200 1250
T'ime (sec) Time (sec)

Fig. 3.8: The t.s, and t characteristics of (a) MoSe, and MoSe,/ZnO nanocomposite sensor
and (b) pristine-ZnO sensor exposed to 500 ppm ethanol at RT in dry N,

A comparison of performance parameters such as sensing response, response, and

recovery time of pristine- MoSe,, pristine-ZnO, and ZnO/MoSe; nanocomposite
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sensor in dry Ny is shown in Table 3.1. Therefore, from the table, it is concluded that
the ZnO/MoSe, nanocomposite sensor exhibits a faster response than the individual

pristine sensors.

Table 3.1: Performance comparisons of as-fabricated sensors in dry N,

Materials Sensor Response Re(ii(:?;es-erg? € Re(i:ﬁ;ysgg)m €
Pristine-MoSe, 14.8 11 18
Pristine-ZnO 1.6 22 38
MoSe,/ZnO 37.8 8.4 147

Similarly, tesp and trec of the MoSe,/ZnO nanocomposite sensor were calculated for
different ethanol gas concentrations and shown in Fig. 3.9(a). It was observed that the
tresp decreases and the tyec increases as the ethanol gas concentration increases from 10
to 500 ppm. The reason for a decrease in tesp, May be attributed to the availability of
large sites on the sensor’s surface for gas adsorption. On the other hand, the increase
in tec Mmay be due to the chemisorption of ethanol molecules and their reaction
products which took time to desorb from the surface of the sensor [26].

Fig. 3.9(b) and 3.9(c) demonstrate the repeatability of the MoSe,/ZnO nanocomposite
sensor exposed to 10 ppm and 500 ppm ethanol gas at RT for five consecutive cycles
respectively. The results suggest that the sensor exhibited almost the same response
during each cycle.
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Fig. 3.9: (a) Response and recovery time versus concentration curves of ethanol for the
MoSe,/ZnO nanocomposite sensor at RT in dry N, (b) and (c) Five consecutive sensing
cycles of the MoSe,/ZnO nanocomposite sensor exposed to 10 and 500 ppm ethanol at RT in
dry N,

Ph.D. Thesis (Nikita Jain) 67




Chapter 3

For real-life applications, the gas sensor should have good stability. As shown in Fig.
3.10(a) the long-term stability of the MoSe,/ZnO nanocomposite sensor was also
conducted to evaluate its stability. The sensor was tested under 10 and 500 ppm of
ethanol gas at RT at an interval of 7 days. The response values of the sensor showed
no distinct changes in 4 weeks which confirmed the excellent stability of the

MoSe,/ZnO nanocomposite sensor.

Selectivity is also a very important parameter for evaluating the sensor's performance.
Fig. 3.10(b) shows the response of pristine-MoSe, and MoSe,/ZnO nanocomposite
sensors toward a few VOCs with a concentration of 500 ppm at RT, which involved
ethanol, acetone, benzene, and formaldehyde. The corresponding bar chart depicts

that the MoSe,/ZnO nanocomposite sensor was highly selective towards ethanol.
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Fig. 3.10: (a) Long-term stability (4 weeks) under 500 ppm and 10 ppm ethanol at RT for the
MoSe,/ZnO nanocomposite sensor in dry N,, and (b) Corresponding response bar chart
showing the selectivity of the MoSe,/ZnO nanocomposite sensor towards a few VOCs with a
concentration of 500 ppm at RT in dry N,.

Table 3.2 compares the ethanol sensing properties of previous research work in terms
of working temperature, response, and recovery time with our work. The comparative
results demonstrate that MoSe,/ZnO nanocomposite sensor have better response and
recovery time, and operate at RT. Therefore, the MoSe2/ZnO nanocomposite sensor
exhibited better sensing characteristics than others, indicating that it had great

potential as a candidate for ethanol gas sensing.
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Table 3.2: A comparison of performance parameters of this work with previous work for
ethanol gas sensing.

. Sensor Operating Response/Recovery
C trat :
MS aetgffarl s oncentration Response | Temperature Time Refs.
(Ppm) (°C) (sec)
MoS,/TiO, 500 100 % 300 7010 SS’ N0£20 | g

Zn0O 500 32 160 14 /13 [31]

Pd decorated
o 500 81% 260 6/95 [32]
WO3/g-C5Ny 500 62.5% RT 30/25 [33]
MoSe,/Zn0 500 37.8 RT 8.4/14.7 This
work

3.4 Ethanol sensing mechanism

The gas sensing mechanism is attributed to the change in resistance with respect to
baseline due to the interaction of ethanol molecules with the surface of the sensing
material. From the response curves (Fig. 3.6(a) and 3.6(b)), the pristine-MoSe;
nanosheets exhibit a p-type character, pristine-ZnO exhibits an n-type character and
MoSe,/ZnO nanocomposite sensor exhibits a p-type character. Based on these data,
the sensing mechanism of pristine sensors as well as nanocomposite sensor is

explained as follows:

The sensing behavior of MoSe, nanosheets showed a p-type characteristic response
during ethanol gas exposure (Fig. 3.6(a)). It has been proved in the literature that,
although semiconducting TMD nanosheets are intrinsically n-type, adsorption of
oxygen molecules from the air atmosphere can introduce p-type doping [17, 34].
During the synthesis, a number of defects are created in the MoSe; nanosheets. These
defects act as an active point for the adsorption of oxygen molecules from the air
atmosphere during the fabrication process of the sensor [35]. The adsorbed oxygen
molecules tend to trap electrons from the MoSe; nanosheets which creates a large
number of oxygen ion species. These oxygen ion species induce the formation of a
thick accumulation layer near the surface of MoSe; nanosheets. When the MoSe;
nanosheets are exposed to ethanol gas, the electrons are donated by the ethanol to the

MoSe, nanosheets as ethanol is a reducing agent. This results in decreasing the
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majority charge carrier concentration in MoSe, nanosheets and hence an increase in

sensor resistance [13, 36].

The sensing behavior of ZnO nanorods showed an n-type characteristic response
during ethanol gas exposure (Fig. 3.6(a)). The generally accepted mechanism for n-
type metal-oxide semiconductors (MOS) involves interaction between adsorbed
oxygen molecules on the surface of the sensor material and the target gas [37, 38].
The adsorbed oxygen molecules tend to trap electrons from the conduction band of
ZnO nanorods which creates a large number of oxygen ion species. Upon ethanol
exposure, the gas molecules react with the oxygen ion species adsorbed on the surface
thereby releasing trapped electrons back to the conduction band of ZnO nanorods.
This leads to the oxidation of ethanol into the water and carbon dioxide (eqn. 2 and 3).
Hence, there is a decrease in the resistance of the sensor. The reaction between
ethanol and oxygen ion species can be represented in equations 3.2 and 3.3:

O2gas + ZNOadsorption <> O2adsorption + 28 < ZOEadsorption (3.2)

2C2HsOH + 603,ds0rption — 4CO2+ 6H,0 + 6¢° (3.3)

A plausible mechanism for enhanced ethanol gas sensing of the MoSe,/ZnO
nanocomposite sensor compared to the pristine-MoSe, and pristine-ZnO sensor can be
explained by considering the p-n heterojunction generated at the interface of p-MoSe;
and n-type ZnO [39]. Fig. 3.12 shows the schematic representation and energy band
diagram of p-MoSe, nanosheets and n-type ZnO nanorods in air. The band gap of
MoSe; and ZnO is 1.3 eV and 3.4 eV respectively [12, 40, 41]. The discrepancy of the
bandgap in the nanocomposite is attributed to the formation of heterojunction between
MoSe; and ZnO. The current-voltage characteristic curve of the MoSe,/ZnO
nanocomposite sensor was also obtained at RT using Keithley 2450 SMU to confirm
the existence of p-n heterojunction in the nanocomposite sensor (Fig. 3.11). Under the
scanning voltage of -2 V to 2 V, it can be seen that the reverse current of the
nanocomposite sensor is smaller than the forward current which indicates the
existence of p-n heterojunction at the interface of MoSe, nanosheets and ZnO
nanorods [20, 42].
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Fig. 3.11: Current-voltage curve of MoSe,/ZnO nanocomposite sensor at RT

According to the literature, the work function of pure MoSe, is 4.65 eV, and the
withdrawal of electrons from the nanosheets would increase the work function of
MoSe, [43]. The work function of n-type ZnO is 4.5 eV [44]. Therefore, the work
function of ZnO is lower than that of MoSe,. The distinction in the work function of
MoSe; and n-type ZnO results in the diffusion of electrons from ZnO to MoSe; and
the holes will diffuse from MoSe; to ZnO until an equilibrium of Fermi level is
achieved. The energy band bends at the interface of MoSe, and ZnO as shown in Fig.
3.12(b). An accumulation layer is formed at the interface of MoSe; to ZnO, where the
electrons accumulate at the side of MoSe, and the holes accumulate at the side of
ZnO. A potential barrier is formed due to carrier trapping at the interface of the
MoSe,/ZnO nanocomposite which increases the resistance of the nanocomposite films
in the air. As mentioned above, the R, value of the MoSe,/ZnO nanocomposite sensor
is higher as compared to the pristine-MoSe, sensor owing to the presence of an
enhanced potential barrier (Fig. 3.6(a)). When the nanocomposite sensor is exposed to
ethanol molecules (Fig. 3.12(c)), this results in the broadening of the charge carrier

accumulation layer near the surface of MoSe; nanosheets.
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Fig. 3.12: Schematic representation and energy band diagram of ethanol gas sensing
mechanism of MoSe,/ZnO nanocomposite sensor in (a) before contact, (b) air condition, and
(c) ethanol atmosphere.
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The free electrons so released during this process neutralize the majority of charge
carriers in the MoSe, nanosheets. Similarly, the released electrons on the surface of ZnO
lead to more electron-hole recombination on the interface of MoSe, nanosheets and ZnO.
Finally, the electron transfer from the ZnO to the MoSe; is impeded which overall results
in an increased change in resistance and enhanced sensitivity [45]. The p-type behavior
of the MoSe,/ZnO nanocomposite sensor is similar to the pristine-MoSe, sensor, which
suggests a synergistic effect between MoSe, nanosheets and ZnO nanorods in which p-
type MoSe, nanosheets act as majority charge carriers [41, 46].

The reason for a better response of pristine-MoSe, and MoSe,/ZnO nanocomposite
sensor to ethanol gas in dry N, than dry air can be explained as: It is evident from the
literature that adsorption of oxygen on the surface of the MoSe, trap electrons from
the MoSe, nanosheets by occupying the reactive sites on the surface of the sensing
layer [35, 47, 48]. An increase in the baseline resistance of the sensor in the presence
of dry air compared to dry N, (Fig. 3.6(a) indicates that more reactive sites are
occupied by oxygen thereby reducing the sensing response of the pristine-MoSe;
sensor. As mentioned above, the p-type response of the nanocomposite sensor
indicates that MoSe; nanosheets act as majority charge carriers. Hence, the response
from the MoSe,/ZnO nanocomposite sensor also decreased significantly when

recovered in dry air.

From the above ethanol gas sensing results, we surmise that the superior gas sensing
properties of MoSe,/ZnO nanocomposite sensor in the presence of dry N, can
contribute to the development of ethanol gas sensors with high sensitivity, good
selectivity, stable repeatability, and fast adsorption/desorption at RT, which are

suitable for practical applications.
3.5 Conclusions

A highly selective, stable, and reproducible chemiresistive ethanol gas sensor based
on MoSe,/ZnO nanocomposite was developed. Specifically, the response value of the
as-fabricated nanocomposite sensor was 37.8 to 500 ppm ethanol gas when operated
in dry Noand 15.3 to 500 ppm ethanol gas when operated in dry air. This suggests that
the sensor performs better when operated in dry N, than in dry air. The sensor
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demonstrated a p-type characteristic response. Importantly, the sensor operates at RT
and can detect ethanol down to 10 ppm. The sensor also exhibited improved response
(8.4 s) and recovery (14.7 s) time to 500 ppm ethanol gas compared to previously
reported values. The enhancement in performance of the sensor was due to the
formation of a p-n heterojunction at the interface of the MoSe, nanosheets and ZnO
nanorods in the MoSe,/ZnO nanocomposite sensor. Furthermore, potential barrier
modulation at the interface provided a positive effect on sensitivity performance. The
results demonstrated that this work may open new avenues to engineer 2D
nanomaterials/metal-oxide-based nanocomposites for the fabrication of ethanol gas

sensors for real-time electronics applications.
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CHAPTER 4
A Proposed Device based on MoSe,-ZnO Heterojunctions on rGO
for Enhanced Ethanol Gas Sensing Performances at Room

Temperature

Camera (real) image of the
MoSe/ZnO/rGO sensing device,
fabricated at NRL

In the previous chapter, we explored MoSe,/ZnO nanocomposite-based sensor for
ethanol gas sensing at RT. The ethanol gas sensing results of the nanocomposite
sensor exhibited higher response value, improved response time, and recovery time
than the pristine- MoSe; sensor to 500 ppm ethanol gas. To further enhance the
ethanol gas sensing properties of the sensing device at RT, we have explored a ternary
nanocomposite of MoSe,-ZnO heterojunctions decorated rGO (MoSe,/ZnO/rGO) for
ethanol gas sensing at room temperature. The sensing performance of the ternary
nanocomposite sensing device was analysed for various concentrations of ethanol gas
(1-500 ppm). The gas-sensing results have revealed that for 500 ppm ethanol gas
concentration, the sensing device exhibited an enhanced response value (R¢/Ra) of
50.2. Significantly, the sensing device displayed a quick response and recovery time
of 6.2 s and 12.9 s respectively. In addition to this, the sensing device can detect
ethanol at remarkably low concentrations of 1 ppm. The enhanced sensing
performance of the ternary nanocomposite sensing device has highlighted the
effective synergistic effect between MoSe, nanosheets, ZnO nanorods, and rGO
nanosheets. This was attributed to a large number of p-n heterojunctions of MoSe,
nanosheets and ZnO nanorods onto the rGO nanosheets matrix.
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4.1 Introduction

Air pollution has become a major concern for society with the advancement in science
and technology [1, 2]. The release of hazardous gases as well as volatile organic
compounds (VOCs) in the environment is not only detrimental to the atmospheric
environment but also deleterious to human health [3]. VOCs are organic substances
that can quickly turn into vapor and float into the air, even at RT because they have a
low boiling point [4]. As per the World Health Organisation (WHO), air pollution is
the leading cause of early death and various diseases [4, 5]. As a result, it is critical to
detect and control the release of these pollution-causing gases. As a typical
representative of VOCs, ethanol is extensively used in various food industries,
agricultural production, chemical and pharmaceutical communities, etc. [6, 7]. But its
long-term exposure causes health problems, such as difficulty in breathing, kidney
failure, headaches, drowsiness, eye and skin irritation, and even coma [1, 8, 9]. Thus,
it becomes critically important to monitor and detect ethanol gas at the right time at
RT [10-12].

Molybdenum diselenide (MoSe;), a two-dimensional (2D) transition metal
dichalcogenides (TMDs) has gained focus in the fields of gas sensing, energy storage,
solar cells, etc. owing to its intriguing physical and chemical properties [13-17]. It
possesses high adsorption energy with chemical molecules, exceptional adsorption-
desorption properties, and a large surface-to-volume ratio which makes it a suitable
candidate to be explored in-depth for gas sensing applications [18, 19]. Over the past few
years, significant efforts have been devoted to developing gas sensors based on MoSe,
[3, 20, 21]. However, gas sensors relying on pristine MoSe, exhibit drawbacks such as
poor response, slow response, and recovery time. This limits the utilization of pristine
MoSe, for gas sensors [20-22]. To meet the requirements of practical gas sensors,
recently MoSe,-metal-oxide semiconductor (MOS) hybrids have aroused worldwide
attention. For instance, Pan et al. report an RT H,S sensor based on metal-organic
framework (MOF)- derived o-Fe,O3/M0Se; composite exhibiting prominent sensing
performances compared to pristine- a-Fe,O3 and pristine- MoSe; sensors [23]. Yang et
al. designed a novel MOF-derived SnO,/MoSe, nanocomposite sensor with improved
CO sensing properties at RT compared to pristine MoSe; and SnO; sensors [19].
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In order to further strengthen the sensing performance of 2D TMDs — MOS hybrids,
researchers are focussing on compositing them with carbon materials forming a
ternary nanocomposite [24, 25]. In comparison to the binary hybrids, ternary
nanocomposites develop multiple heterojunctions which modulate the charge transfer
behavior in the gas sensing process thereby enhancing the sensing performance of the
ternary nanocomposite sensors [26, 27]. Carbon materials such as reduced-graphene
oxide (rGO) have been employed in the field of gas sensing owing to the presence of
abundant residual oxygen functional groups, superior specific surface area, high
carrier mobility, and chemically active defect sites for the adsorption of gases [4, 24,
28-30]. Ding et al. constructed an RT ppb-level CO gas sensor based on
MoS,/rGO/Cu,O composite by hydrothermal and soft-template methods. The ternary
composite sensor exhibits excellent sensing response, good selectivity, and long-term
stability [24]. Yuan et. al. reports an NH3 gas sensor based on MoO3/MoS,/rGO
composite. The composite sensor operates at low temperatures with enhanced gas
sensitivity compared to the pristine-MoOQs3, pristine-MoS;, and MoS,/MoQO3 sensors
[25]. Therefore, incorporating rGO in the binary hybrids serves to improve the
uniform distribution of heterojunctions, thereby increasing the contact area between
the sensing material and the gas. This improves the rate of gas adsorption [31, 32].
Furthermore, it creates a conductive network to transport carriers and improves the
sensing material's ability to detect carriers generated in trace gas reactions [33, 34].
Thus, utilizing ternary nanocomposite promises enhanced sensing parameters for

practical applications.

In our previous work [3], we explored MoSe,/ZnO nanocomposite-based sensor for
ethanol gas sensing at RT. The ethanol gas sensing results of the nanocomposite
sensor exhibited higher response value, improved response time, and recovery time
than the pristine- MoSe; sensor to 500 ppm ethanol gas. To further enhance the
ethanol gas sensing properties of the sensing device at RT, we have explored a ternary
nanocomposite of MoSe,-ZnO heterojunctions decorated rGO (MoSe,/ZnO/rGO) for
the first time to the best of our knowledge. In the gas sensing performance, the as-
fabricated sensing device has been exposed to various concentrations of ethanol gas

ranging from 1 ppm to 500 ppm at RT. A sensing mechanism has been proposed to

Ph.D. Thesis (Nikita Jain) 83



Chapter 4

explain the enhanced sensing parameters of the as-fabricated sensing device. This
work may uncover insights into the potential of ternary nanocomposites for ethanol

gas sensing, presenting new avenues for progress and applications in the field.
4.2 Experimental section

4.2.1 Chemicals used for the synthesis of the ternary MoSe,/ZnO/rGO

nanocomposite

The chemicals essential for the synthesis included sodium molybdate dihydrate
(Na;M004.2H,0), selenium (Se) powder, hydrazine hydrate-86% (N,H4.H,0), zinc
acetate (Zn(CH3COO),-2H,0), sodium hydroxide pellets (NaOH), graphite powder,
concentrated sulphuric acid (H»SO,), orthophosphoric acid (H3PO,4), hydrogen
peroxide (H,O,), potassium permanganate (KMnQO,), ethanol (C,HsOH), and
isopropyl alcohol (IPA). These chemicals were purchased from Sigma Aldrich.

4.2.2 Synthesis of the ternary MoSe,/ZnO/rGO nanocomposite

A hydrothermal approach was utilised to synthesise MoSe,/ZnO/rGO nanocomposite.
MoSe; nanosheets and ZnO nanorods were synthesised using a hydrothermal method
while GO nanosheets were synthesised via a modified Hummer’s method as reported

earlier in our previous work [3, 28, 35, 36].

Briefly, for the synthesis of MoSe, nanosheets, 2 mmol of Na,Mo00O4.2H,O was
dissolved in deionized (DI) water and ethanol (1:1 volume ratio) with stirring for 45
min to obtain a clear solution. Separately, Se powder solution (4 mmol) was prepared
in N2H4.H,0-86% with continuous stirring. This solution was then added to
Na;Mo00,.2H,0 solution dropwise. Finally, this reaction mixture was shifted into a
100 mL Teflon beaker. The Teflon beaker containing the reaction mixture was placed
in an autoclave which was kept inside the vacuum oven at 220 °C for 24 h.
Subsequently, the obtained solution was thoroughly washed multiple times with
ethanol and dried overnight at 100 °C.

For the synthesis of ZnO nanorods, a solution of Zn(CH3C0OO),-2H,0 (0.5 M) and

NaOH (5 M) was prepared separately under continuous stirring. After half an hour, the
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solution of NaOH was added to the solution of Zn(CH3COQO),-2H,0 dropwise. This
reaction mixture was shifted into a 100 mL Teflon beaker. The Teflon beaker was
placed in an autoclave which was kept inside the oven at 180 °C. The resultant
solution was centrifuged and dried to obtain a white-colored powder.

For the synthesis of GO nanosheets, H,SO4 and H3;PO, were added to 2 g of graphite
powder in a ratio of 9:1. After some time, KMnO,4 was added to the above reaction
mixture slowly which was followed by magnetic stirring at 50 °C overnight.
Subsequent to this procedure, ice (300 ml) was introduced into the reaction mixture,
followed by the addition of 2 mL of H,0O, to effectively quench the reaction. The
resultant yellowish slurry was centrifuged until the pH reached 7 which was then
dried to obtain GO.

Finally, MoSe;, ZnO, and GO synthesised by the above procedure were taken in a
quantitative amount and dispersed in a mixture of ethanol and DI water. This
dispersion was subjected to ultrasonication for 4 h. This solution was put in a
hydrothermal autoclave which was kept in a vacuum oven at 180 °C for 24 h. After
cooling to RT, the black-color precipitate of the ternary MoSe,/ZnO/rGO

nanocomposite was centrifuged and dried subsequently in a vacuum oven.
4.2.3 Gas sensing device fabrication

A series of steps were followed to fabricate an ethanol sensing device using the
ternary MoSe,/ZnO/rGO nanocomposite. First, the glass slides coated with indium tin
oxide (ITO) were hydrolyzed [37]. The hydrolysed ITO slides were cleaned using
IPA and DI water several times. After cleaning, the slides were dried at 60 °C in the
oven for 30 min. Next, a film of MoSe,/ZnO/rGO nanocomposite was prepared using
the electrophoretic deposition (EPD) technique. The as-obtained powder was
dispersed in acetonitrile (0.75 mg/mL). Afterwards, it was transferred into a 2-
electrode EPD cell, consisting of the working electrode (WE) and the counter
electrode (CE) as illustrated in Fig. 4.1. An optimized potential was applied to the
ITO clipped to the WE for 120 s. The prepared film was left to dry overnight. Finally,
the thermal evaporation technique was utilised to deposit silver (Ag) electrodes onto
the prepared film. The as-fabricated sensing device was used for performing ethanol

sensing measurements.
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4.2.4 Gas sensing measurements

The gas sensing was carried out in a customized stainless steel (SS) chamber. A
constant current supply to the ternary MoSe,/ZnO/rGO nanocomposite ethanol sensing
device was provided by the source measuring unit (SMU). At the beginning of the
ethanol detection process, rough vacuum pressure was created inside the SS chamber
using a rotary pump. Then, dry air was introduced for 50 s to obtain the baseline
resistance. After that 1% ethanol gas/ 99% dry nitrogen gas mixture was introduced
inside the SS chamber. Inside the SS chamber, the concentration of ethanol gas was
calculated in parts per million (ppm) according to the following equation:

224X W¥XpXVy
M XV,

C x 1000 4.1)

In the above formula (equation 4.1), the ethanol gas concentration is depicted by C
(ppm), gas volume fraction is denoted as W, density of ethanol is represented as p
(kg.m™®), volume of ethanol gas is indicated as V; (L), molecular weight of ethanol is
expressed as M (kg.mol™), and volume of the SS chamber is denoted as V, (m®) [38,
39]. A data acquisition software (Lab-View) attached to the SMU was used to record
the change in resistance of the sensing film.
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Fig. 4.1: Diagrammatic representation of fabrication of the ternary MoSe,/ZnO/rGO
nanocomposite ethanol sensing device and gas sensing setup
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4.3 Results and discussions
4.3.1 Structural analysis of the ternary MoSe,/ZnO/rGO nanocomposite using XRD

XRD was used to investigate the crystal structure of MoSe;, ZnO, GO, and
MoSe,/ZnO/rGO nanocomposite as depicted in Fig. 4.2. All the diffraction peaks of
as-synthesised MoSe; are attributed to the (002), (100), (103) and (110) planes of the
hexagonal phase of MoSe, (JCPDS 029-0914) [40]. The XRD pattern of ZnO shows
all the diffraction peaks which are congruous with the standard data available for the
wurtzite structure of ZnO (JCPDS 36-1451) [41]. The XRD pattern of GO exhibits
prominent and weak diffraction peaks at 11.7° and 42.6° which corresponds to the
(002) and (100) planes of GO respectively [42]. The XRD pattern of the ternary
MoSe,/ZnO/rGO nanocomposite consists of diffraction peaks of (002), (004), (100),
and (110) planes belonging to MoSe; along with all the diffraction peaks of ZnO. The
reason for the invisibility of the (103) plane of MoSe; can be attributed to the strong

characteristic peak intensities of MoSe; and ZnO [3, 43].
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Fig. 4.2: XRD spectra of MoSe,, ZnO, GO, and MoSe,/ZnO/rGO nanocomposite
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Noticeably, it is also difficult to find the reflection peaks of rGO in the
MoSe,/ZnO/rGO nanocomposite. The much higher intensity of the characteristic peak
of MoSe,, as well as ZnO in the ternary MoSe,/ZnO/rGO nanocomposite, can be the
reason for the suppression of the rGO peak in the nanocomposite [36]. Also, we
believe that the MoSe,-ZnO might attach to the surfaces of rGO which prevents their
restacking and aggregation, which might have weakened the diffraction peak of rGO
[44-46]. Therefore, further characterizations have been done to provide evidence for
the coexistence of rGO in the ternary MoSe,/ZnO/rGO nanocomposite.

43.2 Study of vibrational modes of the ternary MoSe,/ZnO/rGO

nanocomposite using Raman spectroscopy

To confirm the presence of rGO in the as-synthesised ternary MoSe,/ZnO/rGO
nanocomposite, Raman spectroscopy was utilised. Fig. 4.3 shows the Raman spectra
of MoSe;,, ZnO, GO, and MoSe,/ZnO/rGO nanocomposite. Fig. 4.3(a) shows the
Raman peaks at 238 cm™, 167 cm™ and 283 cm™ which are ascribed to the Ayq, Eyg,
and Elzg modes of MoSe, respectively [20, 47]. Fig. 4.3(b) shows a characteristic

Raman peak of ZnO at 437 cm™ (Eé”'gh) [35]. Fig. 4.3(c) displays the two distinct
peaks of GO at 1353 cm™ and 1590 cm™ representing the D and G bands,
respectively. The intensity ratio (Ip/lg) corresponds to the ratio of the intensity of the

D and G peaks respectively is determined to be 0.99.

The Raman spectrum of the ternary MoSe,/ZnO/rGO nanocomposite is illustrated in
Fig. 4.3(d). The peak at 233.7 cm™ in MoSe,/ZnO/rGO nanocomposite corresponds to
the Ay vibration mode of MoSe, and the characteristic peak identified at 431.3 cm™ is
specifically attributed to ZnO. Additionally, two prominant bands at 1345 cm™ and
1585 cm™ in the Raman spectrum of MoSe,/ZnO/rGO nanocomposite are attributed to

the D and G bands of rGO respectively.

The Ip/lg ratio of rGO in MoSe,/ZnO/rGO nanocomposite is calculated to be 1.02
which is higher than that of GO. The increase in intensity ratio from 0.99 to 1.02
indicates that GO was successfully reduced to rGO during the hydrothermal synthesis

of MoSe,/ZnO/rGO nanocomposite [36, 48, 49]. Therefore, the concurrent presence
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of Raman peaks attributed to MoSe,, ZnO, and rGO validates the successful synthesis

of the ternary MoSe,/ZnO/rGO nanocomposite.
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Fig. 4.3: Raman spectra of (a) MoSe,, (b) ZnO, (c) GO, and (d) MoSe,/ZnO/rGO
nanocomposite

4.3.3 Microstructure analysis of the ternary MoSe,/ZnO/rGO nanocomposite
using HRTEM

The microstructure of MoSe, ZnO, GO, and MoSe,/ZnO/rGO nanocomposite was
analysed by HRTEM as displayed in Fig. 4.4. The wrinkled nanosheets of MoSe;
stacked over one another are shown in Fig. 4.4(a). In addition to the wrinkles, the
nanosheets are curled at the edges. Fig. 4.4(b) and 4.4(c) display the nanorods of ZnO
and creased nanosheets of GO.
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Fig. 4.4. HRTEM images of (a) MoSe, nanosheets (b) ZnO nanorods, (c) GO
nanosheets, (d and e) MoSe,/ZnO/rGO nanocomposite, and (f) Heterogeneous
interface between MoSe; nanosheets and ZnO nanorods
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The HRTEM image of the ternary MoSe,/ZnO/rGO nanocomposite (Fig. 4.4(d) and
4.4(e) suggests that rGO nanosheets have been successfully decorated with MoSe;
nanosheets wrapping the ZnO nanorods. These rGO nanosheets provide a large
specific surface area and active sites for the deposition of MoSe; nanosheets and ZnO
nanorods. Also, Fig. 4.4(f) shows the fine lattice fringes of MoSe, nanosheets
wrapping the ZnO nanorods. This indicates the formation of a heterogeneous interface
between MoSe; nanosheets and ZnO nanorods. The interplanar spacing of MoSe;
nanosheets is calculated to be 0.28 nm corresponding to the (100) lattice plane of
MoSe, as labeled in Fig. 4.4(f). Hence HRTEM results confirm the successful
decoration of ZnO nanorods wrapped by MoSe; nanosheets onto rGO nanosheets in

the ternary MoSe,/ZnO/rGO nanocomposite.

4.3.4 Functional groups identification of the ternary MoSe,/ZnO/rGO
nanocomposite using FTIR
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Fig. 4.5: FTIR spectra of MoSe,, ZnO, GO, and MoSe,/ZnO/rGO nanocomposite.

The FTIR spectra of MoSe,; ZnO, GO, and MoSe,/ZnO/rGO nanocomposite are
depicted in Fig. 4.5. The spectrum of MoSe, spectrum exhibits a peak at 3424 cm™
indicative of O-H stretching vibrations. Additionally, within the range of 1000-750
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cm™ peaks are observed corresponding to Mo-O bonds, while the peak at 464 cm™
corresponds to Se-O-Se bonds [50, 51]. Peaks in the FTIR spectrum of ZnO are
observed corresponding to O-H (3427 cm™), COOH (1510-1380 cm™), Zn-OH (836
cm™), and Zn-O (510 and 370 cm™) [35]. The FTIR spectrum of GO reveals several
distinctive peaks: a broad peak at 3280 cm™ is attributed to O-H groups, and peaks at
1700 cm™ and 1562 cm™ indicate C=O and C=C stretching, respectively.
Additionally, a minor peak at 1400 cm™ corresponds to O-H deformation, while two
peaks at 1215 cm™ and 1030 cm™ correspond to epoxy C-O-C and alkoxy C-O
stretching vibrations, respectively [35, 52]. The spectrum of ternary MoSe,/ZnO/rGO
nanocomposite displays the peak corresponding to Mo-O bonds, and Zn-O bonds. In
addition to these peaks, some peaks corresponding to oxygen-containing functional
groups with decreased intensity compared to GO are also seen. This implies a
successful thermal reduction of GO into rGO during the hydrothermal synthesis of the
ternary MoSe,/ZnO/rGO nanocomposite [36, 53]. Hence, the presence of functional
groups associated with MoSe,, ZnO, and rGO in the MoSe,/ZnO/rGO nanocomposite
confirms its successful formation.

4.3.5 Ethanol Gas sensing performance of the ternary MoSe,/ZnO/rGO
nanocomposite sensing device at RT

4.3.5.1 Response of the sensing device toward various concentrations of ethanol gas

The gas sensing performance characteristics of the ternary MoSe,/ZnO/rGO
nanocomposite sensing device were analysed towards various ethanol gas
concentrations ranging from 1 ppm to 500 ppm at RT as illustrated in Fig. 4.6(a). It is
observed in Fig. 4.6(a) that as the ethanol concentration increases, there is an increase
in resistance change of the device. As a result, the response value (Ry/R.) of the
ternary nanocomposite sensing device to ethanol gas concentrations of 1 ppm, 100
ppm, 200 ppm, 300 ppm, 400 ppm, and 500 ppm at RT was calculated as 2.2, 14.0,
23.5, 32.4, 42.6, and 50.2 respectively. R, and Ry are the resistance of the device in
the air and ethanol gas respectively.

4.3.5.2 Response and recovery time of the sensing device

Fig. 4.6(b) describes the response time (trsp), and the recovery time (trc) of the ternary
MoSe,/ZnO/rGO nanocomposite sensing device. The device exhibited a tesp 0f 6.2 S

and tec of 12.9 s to 500 ppm ethanol gas. Moreover, the ternary nanocomposite
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sensing device exhibits a typical p-type gas sensing behavior, that is, an increased
resistance induced by reducing gas. In addition to this, full recovery to the initial state
is observed for the ternary MoSe,/ZnO/rGO nanocomposite sensing device which
reveals that the interaction was due to the physisorption process.
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Fig. 4.6: (a) Ethanol concentration-dependent resistance change curves and (b) Response time
and recovery time of the ternary MoSe,/ZnO/rGO nanocomposite sensing device at RT

The response time and recovery time of the ternary MoSe,/ZnO/rGO nanocomposite
sensing device were systematically evaluated for various concentrations of ethanol
gas ranging from 1 ppm to 500 ppm as depicted in Fig. 4.7(a). It is noticed that the as-
fabricated ternary nanocomposite sensing device shows low trs, and large tec when
the device is exposed to a higher concentration of ethanol gas (500 ppm). The fall in
tresp could be explained by the abundant sites on the sensor’s surface for gas
adsorption. Conversely, the rise in t. may be attributed to a large number of ethanol
gas molecules involved in the interaction with the sensor which required time to

desorb from the sensor’s surface [27].
4.3.5.3 Repeatability of the sensing device

A practical gas sensor should possess good repeatability under exposure to the same
concentration of target gas. The repeatability of the ternary nanocomposite sensing
device was tested for five successive cycles to 1 ppm and 500 ppm ethanol gas in the
order of dry air-ethanol-dry air as shown in Fig. 4.7(b) and Fig. 4.7(c). It was
observed that the resistance change of the as-fabricated ternary nanocomposite
sensing device was approximately the same, exhibiting good repeatability to ethanol
gas over cyclic measurements.
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Fig. 4.7: (a) tsp and t Versus concentration curves, (b) and (c) Repeatability toward 1 ppm
and 500 ppm ethanol gas of the ternary MoSe,/ZnO/rGO nanocomposite sensing device

4.3.5.4 Selectivity of the sensing device

Another vital aspect of a practical gas sensor is selectivity. The selectivity study of the
ternary MoSe,/ZnO/rGO nanocomposite sensing device for various VOCs (including
ethanol, acetone, benzene, and formaldehyde) with a concentration of 500 ppm at RT
is shown as radar plots in Fig. 4.8(a). It can be seen that the ternary MoSe,/ZnO/rGO
nanocomposite sensing device displays a response of 50.2 to ethanol gas. This
suggests that the ternary nanocomposite sensing device displays a higher response to
ethanol gas compared to other gases, which is ~ 1.8 times of acetone gas, ~ 16.2 times

of benzene gas, and ~ 26.4 times of formaldehyde gas.
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Fig. 4.8: (a) Selectivity test to 500 ppm of different VOCs, and (b) Long-term stability of
response (6 weeks) towards 500 ppm of ethanol for the ternary MoSe,/ZnO/rGO
nanocomposite sensing device at RT
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4.3.5.5 Stability of the sensing device

To evaluate the extended stability of the ternary MoSe,/ZnO/rGO nanocomposite
sensing device, its response to 500 ppm ethanol gas at RT is observed over a period of
6 weeks, with measurements taken at regular intervals of 7 days. As represented in
Fig. 4.8(b), no obvious variation in the responses of the as-fabricated sensing device
was observed within 42 days, inferring that the sensor has a great prospect for long-

term detection of ethanol gas at RT.

The detailed comparison of ethanol gas sensing performances of the ternary
nanocomposites and other reported literature with the present work is shown in Table
4.1. Compared to previously reported ethanol gas sensors, the ethanol sensor based on
the ternary MoSe,/ZnO/rGO nanocomposite exhibits higher response value (Ry¢/Ra),
fast response and recovery time, outstanding long-term stability, and importantly
operates at RT.

Table 4.1: A comparison of ethanol gas sensing performances of the ternary MoSe,/ZnO/rGO
nanocomposite sensor with other reported literature'

_ Operating Concentration Sensor Res_ponse Rec_overy Stability
Sensor Materials Temperature Response Time Time
(°C) (Ppm) (S) ) ) (days)
CuO-Zn0/g-CsN, 260 500 16° 87 169 30
[54]
Pd decorated ZnO 260 500 g1 6 95 292
[55]
MoS,/TiO, [56] 300 500 100" 70+10s | 90+20s 56
Zno [57] 275 500 33* 25 12 60
MoSe,/ZnO .
[Previous work] [3] 27 (RT) 500 37.8 8.4 14.7 30
MoSe,/ZnO/rGO *
[This Work] 27 (RT) 500 50.2 6.2 12.9 42

* indicates that S = Ry/R,; " indicates that S = (Rg-R./R2) % 100; $ indicates that S = R./Rg; # indicates
that S = (R.-R¢/R.) x 100

I indicates that the literature provided has been structured to follow the chronological order of their
publishing.
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4.3.5.6 Ethanol gas sensing mechanism

The gas-sensing mechanism of the sensor is based on the change in resistance due to
the adsorption and desorption of ethanol molecules on the surface of the sensing
material [58]. In general, MoSe; and rGO nanosheets show a p-type behavior, and
ZnO nanorods show an n-type behavior towards ethanol gas [3, 59]. From the
response curves (Fig. 4.5(a) and 4.5(b)), the MoSe,/ZnO/rGO nanocomposite sensing
device shows a p-type behavior which suggests that MoSe, and rGO nanosheets act as
majority charge carriers during the ethanol sensing mechanism. The adsorption of
oxygen and ethanol molecules on the surface of the ternary MoSe,/ZnO/rGO
nanocomposite sensor plays a crucial role as depicted in Fig. 4.9. When the sensing
device is exposed to air, the oxygen molecules adsorbed on the surface of the sensor
are transformed into oxygen species (0;) by trapping free electrons from the
conduction band of MoSe,/ZnO/rGO nanocomposite sensor [24]. Generally, at RT the

oxygen molecules can react as follows to produce 03 [12, 60]:

02 (gas) — O (ads) 4.2)
20, (ads) + 2e” < 205 (ads) (4.3)

Upon exposure of the sensing device to ethanol gas, the ethanol gas molecules react
with the oxygen species adsorbed on the surface of the ternary MoSe,/ZnO/rGO
nanocomposite sensor. This causes the ternary nanocomposite to recapture the
electrons carried away by the adsorbed oxygen in the air. Consequently, this process
leads to an overall increase in the resistance of the ternary nanocomposite sensor. The

reaction is shown in eqgn. 4.

2C,Hs0H + 603 (ads) — 4CO, + 6H,0 + 6e (4.4)

The following aspects can be attributed to the high ethanol gas sensing performance
of the ternary MoSe,/ZnO/rGO nanocomposite sensing device: (I) A large number of
active sites are provided by rGO for the deposition of MoSe; nanosheets and ZnO
nanorods [46, 61]. Thus, various p-n heterojunctions are introduced onto the rGO

nanosheets matrix due to p-type MoSe, and n-type ZnO as shown in Fig. 4.8. This is
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also evident in HRTEM images (Fig. 4.4(d), 4.4(e), and 4.4(f)) that MoSe,/Zn0O is
deposited onto the rGO matrix. The sensing mechanism based on MoSe,/ZnO p-n
heterojunction has been elaborated in our previous work which clearly explains that
the response of the sensor is enhanced due to the formation of p-n heterojunction [3].

Resistance

In Ethanol
Response = R,/R,
Time
_— Q 0 N oo )\(\ C,H:0H ._: co, R HO0

Fig. 4.9: Schematic representation of ethanol gas sensing mechanism of the ternary
MoSe,/ZnO/rGO nanocomposite sensing device

But, when the ternary nanocomposite sensor is exposed to ethanol molecules, we
presume that the MoSe, nanosheets and ZnO nanorods are responsible for the receptor
function while rGO serves to establish the electronic conduction pathway. The
specific ternary structure provides increased active sites, enhancing the adsorption and
desorption of ethanol molecules thereby improving the sensing response appreciably.
(1) In addition to this, rGO also acts as a conductive network facilitating rapid
electron transfer between MoSe, nanosheets and ZnO nanorods [42]. This leads to
quick response and recovery time as shown in Fig. 4.5(b). (I1l) Furthermore, the
bandgap of rGO is small, and slight changes in the carrier concentration on the
surface of rGO have an obvious influence on the electrical conductivity of the

MoSe,/ZnO/rGO nanocomposite sensor [46]. Therefore, there is a great contribution
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of rGO in enhancing the ethanol gas sensing performance of the ternary

MoSe,/ZnO/rGO nanocomposite sensor.

Thus, we conclude that the as-fabricated ternary nanocomposite sensing device is
capable of detecting ethanol gas at low concentration (1 ppm) with high sensitivity,
good selectivity, long-term stability, fast adsorption and desorption, and stable

repeatability.

4.4 Conclusions

In conclusion, a highly stable, exceptionally selective, and reliably repeatable ethanol
gas sensing device was successfully developed using the ternary MoSe,/ZnO/rGO
nanocomposite, promising long-term stability. Importantly, the ternary nanocomposite
sensing device exhibited a fantabulous sensing response of 50.2 to 500 ppm ethanol
gas. The ternary nanocomposite sensing device can detect ethanol down to 1 ppm at
RT. The developed ternary nanocomposite sensing device exhibited a considerably
fast response time (6.2 s) and recovery time (12.9 s) to 500 ppm ethanol gas. Besides,
the sensing device also established prolific long-term stability of 42 days. The
superior performance of the developed ternary nanocomposite sensing device is owed
to the formation of a p-n heterojunction between MoSe, nanosheets and ZnO
nanorods with the aid of rGO nanosheets. The attachment of the MoSe;, nanosheets
and ZnO nanorods onto rGO nanosheets not only provides various p-n heterojunctions
but also offers more active sites for the adsorption and desorption of ethanol
molecules. This improved the gas-sensing response of the sensing device toward
ethanol significantly. In addition to this, the conductive network of rGO nanosheets
facilitates fast electron transfer between MoSe, nanosheets and ZnO nanorods,
endowing the ternary nanocomposite sensing device with quick response and recovery
time. The result provides a facile and effective approach for developing a ternary
nanocomposite for the fabrication of ethanol gas sensing devices with enhanced

properties.
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First Report on Hydroelectric Cell-Driven Gas Sensor for the

\PTER 5

Detection of Ethanol at Room Temperature: A Novel Approach

A novel self-powered ethanol gas sensor, exhibiting excellent selectivity, sensitivity,
and stability, has been developed based on n-type SnS nanoflakes at room
temperature. The n-type SnS-based HEC serves as the power source for self-powered
ethanol gas sensors, enabling the detection of various concentrations of ethanol gas at
RT. Consequently, the power supply and gas sensor have been effectively combined
into a single device, demonstrating a successful integration of both functionalities. X-
ray diffraction (XRD), field emission scanning electron microscopy (FESEM), high-
resolution transmission electron microscopy (HRTEM), Energy dispersive X-ray
(EDX) and Brunauer-Emmett-Teller (BET) analysis have confirmed the formation of
orthorhombic SnS nanoflakes with a high specific surface area (6.15 m? g*). The
observed voltage-current (V-1) characteristic curves of the HEC at RT have shown a
maximum current (Imax) of 40 pA and voltage of 1.03 V. The sensing performance of
the self-powered ethanol gas sensor has been analysed for various concentrations of
ethanol gas (10 - 100 ppm). The sensor has exhibited a response value (Ra/Rg) of 41.3
to 100 ppm ethanol gas concentration, with quick response/recovery times of 27.3
s/31.4 s respectively at RT. The sensor has shown promising potential for prolonged
ethanol gas detection. The experimental results demonstrate that the n-type SnS-based
self-powered ethanol gas sensor is a promising platform for integration into future
large-scale loT systems. This breakthrough paves the way for more versatile and
scalable loT solutions, enabling continuous environmental monitoring and data
collection across various settings.
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5.1 Introduction

The widespread implementation of Internet of Things (IoT) technology has led to a
growing need for reliable gas sensor networks across diverse applications such as air
pollution monitoring, industrial safety, smart cities, and personal healthcare [1, 2].
However, the scale of these networks demands sensors with specific attributes: they
must be micro- or nanosized, exhibit reliable selectivity, have shorter response times,
and consume significantly less power than existing commercial devices [3].
Traditional battery-powered sensors rely on integrated batteries for power, which
poses several limitations. Firstly, these batteries have finite energy storage capacities
and require regular replacement, leading to maintenance challenges and high costs,
especially in remote or inaccessible environments [4]. Moreover, battery dependence
introduces performance degradation in harsh conditions due to safety and stability
concerns [5]. This reliance on integrated batteries not only limits the sensor's
performance but also escalates operational costs and maintenance efforts, particularly
in remote or inaccessible areas [6, 7]. Additionally, batteries pose safety and stability
risks in harsh environments, further compromising sensor performance. To overcome
these challenges, the development of self-powered gas sensing systems has emerged

as a promising solution [8, 9].

Notable technologies like thermoelectric generators, solar generators, triboelectric
nanogenerators, and piezoelectric generators have been explored for developing
integrated, miniaturized, and self-powered gas sensors [10-13]. In recent times,
considerable attention has been directed towards a promising eco-friendly energy
solution known as the hydroelectric cell (HEC) [14-16]. This innovative device has
sparked widespread research interest due to its ability to generate green electricity
through water splitting [17]. Extensive research has firmly established the
hydroelectric cell (HEC) as a clean, portable, and highly efficient technology, offering
cost-effective and eco-friendly benefits [18, 19]. Notably, it achieves water molecule
splitting without relying on electrolytes, sunlight, or temperature adjustments,
representing a significant advancement in sustainable energy solutions [20, 21].

Harnessing its numerous advantages, HECs present a novel opportunity to serve as a
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power source for gas sensors, paving the way for a groundbreaking self-powered

sensing technology.

Ethanol, a common volatile organic compound (VOC), is extensively used in various
food industries, agricultural production, chemical and pharmaceutical communities
[22-24]. However, its prolonged exposure poses severe risks to human health,
including nose and throat irritation, vomiting, kidney failure, nausea, headaches, and
even potential carcinogenic effects [25, 26]. Moreover, as a flammable gas with an
explosion range of 3.3 — 19%, ethanol contributes to numerous traffic accidents, while
its vapor forms explosive mixtures when combined with other gases [27, 28].
Therefore, it is crucial to establish effective and timely monitoring and detection

mechanisms for ethanol gas, particularly at RT.

In the field of gas sensing materials, researchers encounter significant challenges
regarding sensitivity, selectivity, stability, and various other factors essential for
creating highly efficient sensing devices [29]. As a result, there is a growing emphasis
on developing innovative sensing materials capable of detecting volatile, toxic, and
flammable gases. This development is critical to addressing major environmental
challenges such as pollution, health risks, climate instability, and more [30, 31]. In
recent years, tin sulfide (SnS) a two-dimensional (2D) metal chalcogenide (MCs) has
attracted significant attention from researchers in fields such as sensor technology,
photodetectors, solid-state batteries, photovoltaic cells, and holographic recording
media [32]. It is a metal monochalcogenide semiconductor that is non-toxic, cheap,
highly stable, widely available, and has a distinctive layered structure [33, 34]. It has
an indirect bandgap, a high concentration of majority charge carriers, and a high Hall
mobility [35, 36].

Experimental and theoretical studies have shown that the gas-sensing performance of 2D-
based sensors is highly dependent on the presence of cation and anion vacancies [37].
Thus, controlling these vacancies is considered a crucial strategy for improving the low-
temperature detection capabilities of 2D sensors. SnS naturally exhibits p-type properties
due to an excess of sulfur atoms [38]. However, studies have shown that sulfur vacancies

can induce n-type properties in SnS. Non-stoichiometry has been identified as an
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effective method for shifting the majority of carriers from holes to electrons in
chalcogenides, accomplished by creating anion vacancies. Indeed, deficiency of sulfur

has previously resulted in n-type behavior in SnS nanostructures [39].

In this study, an n-type SnS-based self-powered gas sensor has been designed for the
detection of ethanol gas at RT. According to the available research, there has been no
work conducted on self-powered ethanol gas sensors utilizing n-type SnS nanoflakes.
XRD, FESEM, HRTEM, EDX, and BET analysis have confirmed the successful
formation of SnS nanoflakes. The occurrence of redox reactions responsible for the
generation of current and voltage in the HEC is verified by voltage-current (V-I)
characteristics curves. The designed self-powered gas sensor has been tested for
various ethanol gas concentrations ranging from 10 to 100 ppm. Comprehensive
sensing assessments, including response evaluation, response time, recovery time, and
selectivity indicate that the sensor exhibits high response at RT. In the concluding
section of the paper, a thorough explanation of the working principle and sensing
mechanism of the self-powered ethanol gas sensor based on n-type SnS nanoflakes

has been provided.

5.2 Experimental section
5.2.1 Chemicals used in the synthesis

The chemicals essential for the synthesis included stannous chloride dihydrate
(SnCl2.2H20, 99%), citric acid (CeHsO7, 99%), ethylene glycol (CeHsO2, 99%), and
thiourea (CH4N.S, 99%). All the chemicals belong to AR grade with the highest
purity of 99%.

5.2.2 Synthesis of SnS nanoflakes

SnS nanoflakes were synthesised via a one-step hydrothermal process. Initially, 1.2 M
citric acid solution was prepared in de-ionized water, 0.5 M stannous chloride
dihydrate solution, and 1.5 M thiourea solution was prepared in ethylene glycol under
continuous stirring for 30 min. Subsequently, the solution containing citric acid and
thiourea was mixed with the stannous chloride dihydrate solution and stirred for an

additional hour. The resulting solution was then transferred to a 100 ml stainless steel
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autoclave and placed in a hot air oven at 180 °C for 24 h. Following this, the
precipitate was washed with DI water and ethanol, then dried overnight at 80 °C to

obtain black-colored SnS powder.
5.2.3 Fabrication of self-powered ethanol gas sensor

The SnS powder so obtained was used to fabricate the self-powered gas sensor for the
detection of ethanol gas. Firstly, a SnS-based hydroelectric cell (HEC) was fabricated
which was utilised to power the SnS-based ethanol gas sensor. Then SnS gas sensor
was fabricated for the detection of ethanol gas. For fabricating the HEC, the powder
S0 obtained was processed in the form of a circular pellet of diameter 13 mm using a
hydraulic press by applying pressure of 6 tons. The pellet was sintered in a muffle
furnace at 320 °C for 2.5 h to induce sulphur defects, thereby shifting the behavior
SnS from p-type to n-type. One face of the pellet was affixed with a zinc sheet serving
as the anode, while the other face was coated with silver paste arranged in a comb
pattern, acting as the inert cathode. Low-resistance wires were soldered to both
electrodes to fabricate a SnS-based HEC. A similar process was used to fabricate the
ethanol gas sensor as was used for fabricating the HEC, as mentioned above. In the
final step, the thermal evaporation technique was employed to intricately generate
silver (Ag) contacts on the as-prepared SnS-based ethanol gas sensor. This pellet was

employed to conduct sensing measurements.
5.2.4 Gas sensing measurements

The gas-sensing performance of the self-powered ethanol gas sensor was evaluated in
a custom-built glass chamber. The n-type SnS-based HEC was wire-bonded to the n-
type SnS-based ethanol gas sensor to form a self-powered ethanol gas (SPEG) sensor.
A voltage of 1.03 V produced from n-type SnS-based HEC was applied to the SPEG
sensor during resistance measurements. The schematic illustration of the SPEG sensor
driven by HEC is shown in Fig. 5.1. A known volume of each VOC was injected into
the test chamber using a micropipette. Various VOC gases with different
concentrations ranging from 10 — 100 ppm were generated by evaporating pure

ethanol, acetone, isopropanol, and benzene on a small microheater located inside the
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glass chamber as shown in Fig. 5.1. The concentration in ppm was calculated using
the following equation [24, 40]:

_ 224 xpXTxV;
273 XM XV,

x 1000 (5.1)

where C is the concentration of different gases in ppm, p is the density of the liquid
(9/ml), T is the temperature (K), V1 is the volume of the evaporated liquid (uL), M is
the molecular weight of the liquid (g/mol), and V> is the volume of the test chamber
(L). The real-time output (resistance Vs time) signals of the SPEG sensor were
measured using a digital multimeter connected to the SPEG sensor.
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Fig. 5.1: Step-by-step preparation of n-type SnS-based self-powered ethanol gas sensor
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5.3 Characterizations

The structural analysis of the SnS sample at RT was performed by X-ray
diffractometer (XRD; Bruker D8 Advanced) using Cu (K,) radiation (A = 0.154 nm).
The surface morphology and microstructure analysis was done using a field emission
scanning electron microscope (FESEM; ZEISS) and high-resolution transmission
electron microscopy (HRTEM; FEI Technai 200). The specific surface area was
analysed using Brunauer-Emmett-Teller (BET; NOVA 2200e). The voltage-current
(V-1) characteristics of the fabricated HEC were measured using a Keithley 2400
source meter. A Keithley digital multimeter (DMM7510) was used to measure the

change in resistance of the sensor.
5.4 Results and discussions
5.4.1 Structural elucidation using XRD

Fig. 5.2 displays the XRD pattern of as-synthesised SnS within the 20° — 80° range.
From the XRD pattern crystallinity studies (which include interplanar spacing and

phase formation) of the as-synthesised sample is analysed.

01)
(011)
(@00)

Intensity (a.u)
(210)

(101)

Fig. 5.2: XRD spectrum of as-synthesised SnS
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The diffraction peaks observed in the XRD pattern of the as-synthesised SnS
corresponds to the (101), (201), (210), (011), (111), (311), (102), (020), (112), (511),
(221), (601), (420), (512), and (711) planes of the pure orthorhombic phase of SnS
with the space group Pbnm (62) (JCPDS card no. 390-354) [41]. The interplanar
spacing of the six highest intensity peaks was calculated using Bragg’s relation: nk =
2d sinB, where ‘n’ represents an integer, and ‘d’ represents the spacing between
crystal lattice planes [42]. Table 1. presents the calculated d-spacing values for
various high-intensity planes of SnS.

Table 5.1: d-spacing values for various planes of as-synthesised SnS

Sample 20 (degree) hkl planes d spacing (nhm)

26.02 (201) 0.342

27.40 (210) 0.325
30.6 (011) 0.291

SnS

315 (111) 0.283
31.9 (400) 0.280
39.08 (311) 0.230

5.4.2 Surface morphology and microstructure analysis using FESEM and
HRTEM

Microstructure and surface morphology play very significant roles in gas-sensing
applications [43]. The size and morphology of the as-prepared SnS were analysed by
FESEM and HRTEM (Fig. 5.3 (a-c)). The as-prepared SnS exhibits a nanoflakes-like
structure as shown in Fig. 5.3(a). The widths of the SnS nanoflakes vary from 100 nm
to several micrometers, and their thickness ranges from 70 to 80 nm. Upon annealing
at 320 °C, some of these sheet-like structures agglomerate, resulting in the formation
of nanoparticles [44], as revealed by the HR-TEM images in Fig (5.3(b-c)). Several
factors lead to the formation of SnS nanostructures in diverse forms such as circular
structures, nanorods, and nanoflakes. These structural variations are influenced by
temperature, the sintered process, alterations in the Sn/S ratio, and the introduction of
dopants as evidenced by various studies [45, 46]. The stoichiometric composition of
SnS nanoflakes (Sn: S = 76.14:23.86) is obtained by EDX as displayed in Fig. 5.3(d).
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Stoichiometric ratios indicate that there are slight sulphur deficiencies in SnS

nanoflakes.

Fig. 5.3: (a) FESEM image, (b and ¢) HRTEM image, and (d) Corresponding EDX spectra of
SnS nanoflakes

5.4.3 Surface area analysis using BET isotherm

In the context of gas sensor applications surface area and pore size are crucial
parameters for enhancing sensor performance. To assess the specific surface area
distribution in the as-prepared SnS, a Bruanauer-Emmett-Teller (BET) analysis was
performed. Fig. 5.4(a) presents the nitrogen (N2) adsorption-desorption isotherm and
Barret-Joyner-Halenda (BJH) derived pore size distribution of SnS nanoflakes. The
as-synthesised SnS exhibited type-1V isotherms with distinct hysteresis at P/P, values
ranging from 0.1 to 0.9, indicative of mesoporous structures [47]. As depicted in Fig.
5(b), the SnS displayed a wide range of pore sizes from 50-1050 A. The analysis
revealed that the SnS possesses a mesoporous structure with an average pore diameter
of 16.8 nm, a pore volume of 4.5 x 102 cm3g, and a BET surface area of 6.15 m?g™.
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This high porosity in the SnS is attributed to the removal of sulphur from specific

sites, which created additional active sites for enhanced ethanol gas sensing.
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Fig. 5.4: (a) BET analysis: N. adsorption-desorption isotherm and (b) BJH pore size
distribution of SnS

5.5 Ethanol gas sensing performance of the n-type SnS-based SPEG sensor

To investigate the gas sensing properties of the n-type SnS-based SPEG sensor, we
tested ethanol response at different concentrations: 10 ppm, 50 ppm, and 100 ppm
(Fig. 5.5). The response curve illustrates a clearly defined trend of increasing response
with an increase in ethanol concentration. The following expression was utilised to

calculate the sensing response of the device:
R = Ra/Ryq (5.2)

where Ra and Ry are the resistance of the n-type SnS-based SPEG sensor in air and
ethanol environments respectively. Using equation 5.2, the sensor's response was
calculated to be 14.9, 23.8, and 41.3 at ethanol gas concentrations of 10 ppm, 50 ppm,
and 100 ppm, respectively. The resistance of the sensor swiftly returns to its initial
value once the ethanol gas was completely removed from the chamber. Previous
research has indicated that ethanol sensors utilizing 2D SnS nanostructures are
effective primarily at high temperatures [32, 48, 49]. However, the current findings
demonstrate that the n-type SnS-based SPEG sensor shows a significant response to

ethanol gas even at RT.
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Fig. 5.5: Change in resistance of the n-type SnS-based SPEG sensor with various
concentrations of ethanol gas

Fig. 5.6 elucidates three parameters that describe the sensor's properties: sensing
response (Ra/Rg), response time (tresp), and recovery time (trec). At first, it is evident
that the resistance of the n-type SnS-based SPEG sensor decreases from a base
resistance of Ra = 160.2 MQ in air to Rg = 3.8 MQ when the sensor is exposed to 100
ppm of ethanol gas. The resulting Ra and Ry values were used to calculate the sensing
response of the sensor, yielding a value of 41.3 at 100 ppm ethanol gas. Moreover, the
sensor exhibits a typical n-type gas sensing behavior, that is, a decreased resistance
upon exposure to ethanol gas. The other two parameters of the sensor, tresp and trec.
The sensor’s response time (tresp) Was determined to be 38.7 s, 31.6 s, and 27.3 s for
ethanol gas concentrations of 10 ppm, 50 ppm, and 100 ppm respectively as displayed
in Fig. 5.6. The recovery time (trec) was calculated to be 21.1's, 23.6 s, and 31.4 s for
corresponding gas concentrations as displayed in Fig. 5.6. The shorter response time
could be ascribed to the abundance of sites on the sensor’s surface, which facilitates
efficient gas adsorption. Conversely, the extended recovery time may stem from the
chemisorption of ethanol molecules and the subsequent desorption of their reaction

products from the sensor’s surface, necessitating additional time.
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Fig. 5.6: The trsp and trc characteristics of the n-type SnS-based SPEG sensor exposed to 100
ppm ethanol

For a gas sensor to be practical, it must exhibit reliable repeatability when subjected
to the same concentration of the target gas. The repeatability of the SPEG sensor was
assessed through three consecutive cycles with ethanol gas concentration of 10 ppm,
50 ppm, and 100 ppm RT, as depicted in Fig. 5.7(a), 5.7(b), and 5.7(c) respectively. It
is observed that the resistance change of the SPEG sensor is consistently similar. This
indicates the sensor's excellent repeatability, which is essential for practical

applications.

A reliable sensor should have high selectivity to effectively identify its target gas
while minimizing the impact of other VOCs. Analysing the sensor's cross-response
entails comprehensive testing with various volatile organic compounds (VOCs),
including benzene, isopropyl alcohol, and acetone, to evaluate its ability to selectively
detect specific gases across diverse environments. The data presented in Fig. 5.8(a)
vividly demonstrated the sensor's exceptional selectivity. Notably, the n-type SnS-
based SPEG sensor demonstrates a substantial response of approximately 41.3 at a
concentration of 100 ppm ethanol gas. The response of the sensor towards other
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VOC:s like benzene, formaldehyde, and acetone was notably low and is measured to
be 3.8, 5.2, and 13.7, respectively. Hence, it is concluded that the as-fabricated sensor

shows high selectivity towards ethanol gas.
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Fig. 5.7: (a), (b), and (c) Repeatability of the n-type SnS-based SPEG sensor toward 10 ppm,
50 ppm, and 100 ppm ethanol gas
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Fig. 5.8: (a) The cross-responses of the n-type SnS-based SPEG sensor towards 100 ppm
ethanol gas and other VOCs, and (b) Long-term stability of response (30 days) towards 100
ppm of ethanol gas
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To assess the prolonged stability of the n-type SnS-based SPEG sensor, its response to
100 ppm ethanol gas is observed over 30 days. The measurements were taken at
regular 5-day intervals. As depicted in Fig. 5.8(b), the response of the sensor shows
consistent behavior over 30 days, indicating its high stability. This implies that the
sensor holds substantial promise for effectively detecting ethanol gas over a long
period at RT.

5.6 Self-powered ethanol gas sensing mechanism

Understanding the gas sensing mechanism of the HEC-driven self-powered ethanol
gas sensor based on n-type SnS nanoflakes requires a comprehension of the water
dissociation process using HEC.
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Fig. 5.9: Ethanol sensing mechanism for n-type SnS-based SPEG sensor

When water is dropped on the n-type SnS-based HEC, the water molecules dissociate
into OH™ and H3O" ions. The dissociated hydroxide and hydronium ions diffuse
through the cell and migrate toward their respective electrodes. At the zinc electrode
(anode), hydroxide ions react to form zinc hydroxide and release electrons. These
electrons migrate through an external circuit to the silver electrode (cathode) [14].
Simultaneously, hydronium ions diffuse toward the silver electrode and produce
hydrogen gas. This facilitates electricity generation through redox reactions at a zinc

anode and a silver-inert cathode. The n-type SnS-based HEC delivers an offload
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current of 40 pA and a potential produced of 1.03 V (as shown in Fig. 5.9) which
drives the n-type SnS-based SPEG sensor.

The following electrochemical half-reactions (equation 5.3 — 5.5) take place on the n-

type SnS-based HEC surface and its electrodes.
At the surface of n-type SnS-based HEC

4H,0 —> 2H30*+ OH" (5.3)
At the anode (At the zinc electrode)

Zn + 20H—> Zn(OH); + 2¢  Eoxg= -0.76V (5.4)
At the cathode (At the silver electrode)

2H30* + 26" —»Ha(g) + 2H20 Ered = + 0.22V (5.5)

The gas-sensing mechanism of the sensor is based on the change in resistance due to
the adsorption and desorption of ethanol molecules on the surface of the sensing
material [50]. From the response curves (Fig. 5.5), the n-type SnS-based SPEG
sensor exhibits a typical n-type characteristic response when exposed to ethanol gas.
In the presence of air, the sensor adsorbs oxygen molecules, which undergo partial
ionization at RT, transforming into O3 ions by acquiring electrons from the valence

band of the n-type SnS nanoflakes as described in equation 5.6 and 5.7:
02 (gas) — Oz (ads) (5.6)

202 (ads) + 2e” > 203 (ads)
(5.7)

The removal of these electrons from the valence band alters the surface charge of the
n-type SnS nanoflakes, creating an electron depletion layer. Additionally, a negative
charge layer of O3 ions form across the n-type SnS-based SPEG sensor surface. As a
result, the overall resistance of the sensor increases until it stabilizes. Upon exposure
to ethanol gas, the ethanol molecules react with the surface oxygen ions, releasing

electrons and causing electron-hole annihilation, as shown in equation 5.8. This
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reaction increases the electron concentration, thereby decreasing the resistance of the

n-type SnS-based SPEG sensor.
2C2Hs0H + 605 (ads) — 4CO2 + 6H20 + 6e (5.8)

The results confirm the superior performance of the n-type SnS-based SPEG sensor
for ethanol gas detection. The sensor exhibits a high response of 41.3 to 100 ppm
ethanol gas and achieves complete recovery at RT. This enhancement is attributed to
the unique surface morphology and sulphur defects present on the surface of the as-
fabricated sensor which offers numerous adsorption sites for ethanol molecules. This
morphology significantly reduces response/recovery times to 27.3 s/31.4 s to 100 ppm

ethanol gas in addition to enhancing the overall ethanol gas sensing response.
5.7 Conclusions

In summary, a novel self-powered ethanol gas (SPEG) sensor was successfully
developed using the SnS nanoflakes with high sensitivity, selectivity, and stability.
The hydroelectric cell (HEC) was fabricated to power the gas sensor and make it
capable of actively detecting ethanol gas at RT. Redox reactions in the HEC were
verified through voltage-current (V-1) characteristic curves, which indicate a
maximum current (Imax) of 40 pA and a voltage of 1.03 V. The SPEG sensor
displayed a notable response of 41.3 and a swift response/recovery time of 27.3/31.4
sec when exposed to 100 ppm ethanol gas at RT. The sensor demonstrated an n-type
characteristic response and can detect ethanol gas down to 10 ppm at RT. Besides, the
sensor showed excellent repeatability for three consecutive cycles. The developed
sensor demonstrates exceptional long-term stability of 30 days. The enhancement was
attributed to the unique surface morphology and sulfur defects on the as-fabricated
sensor, which provided numerous adsorption sites for ethanol molecules. These
findings represented a promising step forward in the development of a next-

generation self-powered sensing network for the Internet of Things (10Ts).
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CHAPTER 6

Summary, Conclusions, and Future Scope of Work

SnS Sensor
MoSe,/ZnO/rGO
Nanocomposite
Sensox Response =41.3
. Operating Temperature = RT
Self-Powered
Response = 50.2
MoSe,/ZnO Operating Temperature = RT
Nanocomposite
Sensor
®

Response =37.8
Operating Temperature = RT

/

The primary objective of this chapter is to synthesise the key observations, findings,
and conclusions derived from the research. It provides a detailed summary of each
chapter, offering a comprehensive overview of the study's progression. Additionally,
this chapter delves into the future prospects and potential research directions unveiled
through our investigation, serving as a crucial platform for shaping ongoing and

future scholarly endeavors.
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6.1 Summary of research work

In summary, the present thesis takes advantage of the salient features of
nanocomposites of 2D nanomaterials and metal oxides by employing them for
multifunctional applications with a focus on gas sensing. The aim of the thesis was to
develop gas sensors that operate at RT while consuming minimal power and explore
self-powered gas sensors with high sensing properties. The scientific motivation,
methodologies employed, and research activities undertaken to achieve the thesis
objectives are comprehensively covered in Chapters 1 to 5. This chapter provides a
concise summary of these key elements, encapsulating the rationale for the research,
the methodological approach adopted, and the main research efforts undertaken,

which are as follows:

Chapter 1 gives a brief introduction to the growing interest in developing ethanol gas
sensors that operate efficiently at RT while consuming minimal power. It starts with
an in-depth exploration of the pressing need for ethanol sensors with sensitivity,
stability, and selectivity, particularly capable of operating at RT and detecting a wide
range of ethanol concentrations. It then discusses the various categories of existing
ethanol sensing technologies with an emphasis on chemiresistive sensors. Further, the
chapter focuses on the integration of nanotechnology and material science with
sensing technologies for improving various sensing parameters across a wide range of
applications. In this regard, special attention is given to nanocomposites of 2D
nanomaterials and metal oxides-based ethanol gas sensors. Through this detailed
discussion, the chapter identifies existing knowledge gaps and outlines the objectives
of the thesis, thereby setting the stage for further exploration and research in this field.

Chapter 2 provides a detailed exploration of the methods employed for synthesizing
nanocomposites of 2D nanomaterials and metal oxides, along with the EPD technique
used for film fabrication. It also covers a range of characterization techniques: XRD
for structural analysis, FESEM, and HRTEM for morphological characterization, as
well as FTIR for assessing functional groups, and Raman spectroscopy for analysing
vibrational modes. Finally, for the gas-sensing studies, the fabrication of a gas sensor

involves thermal evaporation to deposit metal electrodes onto synthesised sensing
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films. A customized chemiresistive gas sensing set-up is used to investigate the gas

sensing behavior of the fabricated gas sensors.

Chapter 3 demonstrates an RT chemiresistive ethanol gas sensor based on
hydrothermally synthesised ZnO incorporated with MoSe> nanosheets. The sensing
properties of the MoSe2/ZnO nanocomposite sensor were systematically investigated
by exposing the sensor to various ethanol gas concentrations (10-500 ppm) in dry N>
and dry air. The synergistic effect of incorporating ZnO nanorods into MoSe>
nanosheets enhanced the sensor's response to ethanol gas (when operated in dry N2),
resulting in improved response and recovery times of 8.4 and 14.7 seconds,
respectively, along with high selectivity, stability, and reproducibility. Additionally,
the sensor detected ethanol at remarkably low concentrations of 10 ppm and showed
excellent stability. The nanocomposite-based sensor exhibited a high gas sensing
response (Rg/Ra) of 37.8 to 500 ppm of ethanol gas. In contrast, the sensor's response
decreased to 15.3 to 500 ppm of ethanol gas in dry air, indicating that it performed
better in dry N2 than in dry air. The MoSe2/ZnO nanocomposite sensor demonstrated
better sensing characteristics compared to other similar reported sensors, suggesting

that it had the potential to be an excellent candidate for ethanol gas sensing.

To further enhance the ethanol gas sensing properties of the sensing device at RT,
Chapter 4 explored a ternary nanocomposite of MoSe,-ZnO heterojunctions
decorated with rGO (MoSe,2/ZnO/rGO) for ethanol gas sensing. The sensing
performance of this ternary nanocomposite sensing device was analysed for various
concentrations of ethanol gas (1 - 500 ppm). The gas-sensing results revealed that, for
500 ppm ethanol gas concentration, the sensing device exhibited an enhanced
response value (Rg/Ra) of 50.2. Significantly, the sensing device displayed a quick
response time of 6.2 seconds and a recovery time of 12.9 seconds. Additionally, the
sensing device could detect ethanol at remarkably low concentrations of 1 ppm and
demonstrates excellent long-term stability of 6 weeks. The analysis of these results
suggested that the MoSe2/ZnO/rGO nanocomposite sensing device was a promising

candidate for real-time ethanol gas detection.

Ph.D. Thesis (Nikita Jain) 129



Chapter 6

In Chapter 5, a novel SPEG sensor was successfully developed using SnS
nanoflakes, which offer high sensitivity, selectivity, and stability. The HEC was
fabricated to power the gas sensor, enabling it to actively detect ethanol gas at RT.
Redox reactions in the HEC were verified through V-I characteristic curves, showing
a Imax of 40 pA and a voltage of 1.03 V. The SPEG sensor displayed a notable
response of 41.3 and a swift response/recovery time of 27.3/31.4 seconds when
exposed to 100 ppm ethanol gas at RT. The sensor exhibited an n-type characteristic
response and can detect ethanol gas down to 10 ppm at RT. Additionally, the sensor
showed excellent repeatability over three consecutive cycles and demonstrated
exceptional long-term stability of 30 days. The experimental results indicated that the
n-type SnS-based self-powered ethanol gas sensor can be a promising platform for
integration into future large-scale 10T systems. This breakthrough may pave the way
for more versatile and scalable 10T solutions, enabling continuous environmental

monitoring and data collection across various settings.
6.2 Salient outcomes of the thesis

The salient outcomes of the thesis can be highlighted in the following ways,

»  RT chemiresistive ethanol gas sensor based on ZnO incorporated with MoSe>

nanosheets.

»  The ternary nanocomposite of MoSe2-ZnO heterojunctions decorated with rGO

(MoSe./ZnO/rGO) for chemiresistive ethanol gas sensing at RT.

» A novel hydroelectric cell-driven gas sensor using SnS nanoflakes for the

detection of ethanol at RT.
6.3 Future prospective

The thesis investigates the distinctive properties of nanocomposites formed from 2D
nanomaterials and metal oxides for multifunctional applications with a focus on gas
sensing. By delving into these advanced materials, the research paves the way for

numerous future possibilities, such as:

1. Scaling up monolayer synthesis: Monolayers of 2D nanomaterials exhibit

distinct properties compared to their bulk counterparts. Achieving true
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miniaturization and practical applications of monolayer-based devices depends
on synthesizing these monolayers on a large scale. Developing methods that
ensure high yield and uniformity of monolayer production is crucial for
realizing the full potential of 2D nanomaterials in commercial and industrial
applications. Advances in scalable synthesis techniques are key to unlocking

these potentials.

2. Enhancing metal chalcogenides: Exploring various modification strategies for
metal chalcogenides such as incorporating metal oxides, polymers, and other
materials can significantly enhance the efficiency of self-powered sensors.
Integrating these different components allows for tailoring the properties of
metal chalcogenides to improve their performance, stability, and sensitivity in

sensor applications.

3. Investigating other 2D nanomaterials: Investigating other 2D nanomaterials,
such as MXenes (e.g., Ti-Cs) and borophene, offers exciting opportunities for
advancing self-powered gas sensors. These materials could provide unique
properties and performance enhancements, potentially leading to more efficient,
sensitive, and versatile gas detection capabilities. Exploring their integration
into sensor technologies opens new avenues for improving the functionality and
applications of self-powered sensors. Efforts to improve the stability and

sensitivity of these sensors are ongoing.

4.  Developing flexible sensors: Investigating flexible sensors holds significant
potential for advancing real-time wearable electronics applications. These
sensors can be seamlessly integrated into clothing or accessories, offering
continuous and reliable monitoring of various physiological parameters. By
enhancing the adaptability, comfort, and responsiveness of wearable devices,
flexible sensors have the potential to revolutionize health tracking, fitness
monitoring, and personal safety, providing real-time data and insights directly

from the wearer.

5. Advancing lab-on-chip devices: Advancing the fabrication of Lab-on-Chip
devices and their subsequent commercialization holds substantial promise for

transforming diagnostic and analytical processes. By developing more efficient,
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cost-effective manufacturing techniques and scaling up production, these
compact, multifunctional devices become more accessible for a broader range of
applications. This advancement could lead to significant improvements in point-
of-care diagnostics, environmental monitoring, and personalized medicine,

driving innovation and expanding market opportunities in the field.

This proposed research aims to develop a highly sensitive, selective, and stable
nanostructured sensing element capable of detecting ethanol gas at RT. By focusing
on advanced nanomaterials and innovative fabrication techniques, the research seeks
to enhance the performance of gas sensors, making them more efficient and reliable
for real-world applications. The proposed work has the potential to contribute
significantly to areas such as environmental monitoring, safety systems, and industrial

processes by providing precise and responsive ethanol detection in diverse settings.
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ABSTRACT

The present study aims to investigate the impact of reduced graphene oxide
(rGO) incorporation on the charge transport properties of zinc oxide (ZnO)
nanocomposite films. ZnO and varied weight percentage of rGO (1.25% to 10%)
in ZnO-rGO nanocomposites are synthesized via cost-effective and facile
hydrothermal method. The effect of varying weight percentage of rGO in ZnO
nanocomposite is analysed by techniques such as X-ray diffraction (XRD),
Scanning electron microscopy (SEM), Energy dispersive X-ray (EDX), Fourier
transform infra-red spectroscopy (FTIR), and Raman spectroscopy. The
observed current-voltage (I-V) characteristics at room temperature show the
enhancement in forward current with an increasing weight percentage of rGO
(1.25% to 10%) in ZnO nanocomposite films. To study the charge transport
mechanism in nanocomposite films, dual-logarithmic I-V characteristics are
plotted. From the characteristic curves, we find that three different laws of space
charge limited conduction (SCLC) model namely Ohm’s law, Child’s law, and
trap-limited SCLC mechanism describe charge transport properties in the ZnO-
rGO nanocomposite films. At a low weight percentage of rGO (1.25%) in ZnO-
rGO nanocomposite films, a transition from Child’s law to trap-limited SCLC
mechanism (0.9 V being the cross-over voltage) is obtained. As the weight
percentage of rGO in ZnO-rGO nanocomposite films is increased from 2.5 to
10%, the conduction is favored by Ohm’s law at low applied voltages to Child’s
law at higher applied voltages. Best experimental results are shown with 5% of
rGO in ZnO-rGO nanocomposite. The prepared nanocomposite films have
potential applications in UV-photodetector devices.
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1 Introduction

Nanocomposites are a blend of dissimilar materials
with one or more of their constituents being at the
nanoscale range. They offer an opportunity to tailor
the properties of material towards a specific appli-
cation. There has been an enormous interest in
nanocomposite materials in recent times, owing to
their cost-effectiveness and enhanced properties
leading to improved device performance. Hybrid
nanocomposites have been developed and explored
for profound applications such as photodetectors,
supercapacitors, gas sensors, solar cells. [1, 2].
Among the various metal-oxides, zinc oxide (ZnO) is
a prominent semi-conductor with a wide range of
applications due to its wide-bandgap, large exciton
binding energy, abundant availability, non-toxicity,
and high photon-absorption [3, 4]. A variety of
morphologies can be synthesized by numerous
chemical and physical methods widening up the
research opportunities towards new technology [4].
Simultaneously, easy tuning of shape, size, and
compositions of ZnO play an important role in
altering its magnetic, optical, electrical, and other
properties for numerous applications [5, 6].

Reduced graphene oxide (rGO), a two-dimensional
(2D) material is an expeditious rising star on the
horizon of material science and nanotechnology. Its
exceptional mobility and conductivity, mechanical
flexibility, optical transparency, chemical stability,
and high specific surface area is attracting consider-
able research interest [7]. The sheets of rGO possess a
large surface area which may provide support to load
other functional nanomaterials. Furthermore, the
oxygenated functional groups can act as nucleation
centers to support nanomaterials onto graphene
sheets which makes it viable to synthesize
nanocomposites based on graphene [8].

Various hybrid nanocomposites based on ZnO and
rGO have been explored in the field of photodetec-
tors, gas sensors, batteries, supercapacitors, and
many more due to their enhanced properties [9-14].
Previously, it has been widely reported about the
charge transport properties of ZnO and rGO materi-
als individually and their nanocomposites with other
different materials (eg. n-type ZnO grown on plain
and focussed ion beam GaN substrates, n-Gallium
doped-ZnO on p-Silicon substrate, GaN/rGO
nanocomposite with a different weight percentage of
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GaN, etc. [15-17]). Soylu et al. studied the effect of the
molar concentration of precursors of ZnO on -V
characteristics [18]. Therefore, it is evident that ZnO,
rGO, and their nanocomposites with other materials
have been explored extensively. However, to the best
of our knowledge, no reports are available focussing
on a detailed study of the charge transport mecha-
nism in ZnO-rGO nanocomposite films.

A plethora of experimental methods have been
rigorously explored for binding of ZnO with rGO
such as hydrothermal, aerosol spraying, microwave
synthesis, chemical deposition, solvothermal, pre-
cipitation methods, and solution combustion syn-
thesis [19-23]. Among these methods, hydrothermal
synthesis is considered advantageous as it is cost-ef-
fective, uses mild synthesis conditions, and requires
low energy with simple equipments resulting in
uniform ZnO nanoparticles over rGO nanosheets
[24].

In the present work, ZnO and ZnO-rGO
nanocomposites with different weight percentage of
rGO (from 1.25 to 10%) have been synthesized using
hydrothermal method. The charge transport mecha-
nism in the prepared Al/ZnO/ITO and Al/ZnO-
rGO/ITO nanocomposite films (rGO varied from 1.25
to 10%) have been studied in detail towards their
utilization for UV-photodetector devices.

2 Experimental
2.1 Chemical reagents

The chemicals used in the synthesis are Zinc acetate
(Zn(CH3C00),-2H,0), sodium hydroxide pellets
(NaOH), graphite powder, concentrated sulphuric
acid (H,SO,), orthophosphoric acid (H;PO,4), hydro-
gen peroxide (HyO,), potassium permanganate
(KMnOQOy), hydrazine hydrate (N,H,;-H,0), and etha-
nol (C;HsOH). All the chemicals are purchased from
Fisher Scientific and Sigma Aldrich. All belong to AR
grade purity and are employed without further
purification.

2.2 Synthesis of ZnO twin-hexapods

Firstly, ZnO twin-hexapods are synthesized using the
facile hydrothermal method. In the synthesis, a
solution of Zinc acetate (0.2 M) and sodium hydrox-
ide (1.25 M) is prepared separately, with continuous
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magnetic stirring for 30 min. Then, the solution of
sodium hydroxide is added into zinc acetate solution
drop-wise. The pH of the solution is observed to be
6.6. The final solution is kept for stirring for an hour
which is then transferred to a 100 ml Teflon-lined
steel autoclave, which is heated at 130 °C for 24 h.
After several washings with DI and ethanol, the final
product is dried overnight.

2.3 Synthesis of rtGO

Firstly, GO is synthesized from graphite using
improved modified Hummer’s method as reported
elsewhere [25, 26]. In detail, 2 g of graphite powder is
added to a mixture of concentrated sulphuric acid
and phosphoric acid in the ratio of 9:1 with contin-
uous stirring. Thereafter, some amount of potassium
permanganate is added at a very slow pace to the
resulting solution followed by the magnetic stirring
of 12 h at 50 °C. After this, the reaction is quenched
by adding ice (300 ml) with 2.5 ml of hydrogen per-
oxide solution. Finally, the yellowish slurry mixture
is washed (until the pH reached to 7), filtered, and
dried to obtain the final product. For the synthesis of
rGO, 200 mg of GO powder so obtained is dispersed
in 200 ml of DI water and ultrasonicated for an hour.
Then it is transferred onto the stirrer and 100 pL of
hydrazine hydrate is added drop-wise into it which
acts as a reducing agent and the solution is left for
12 h stirring at a particular temperature. The final
solution turns black which then is washed, filtered,
and dried to obtain rGO.

2.4 Synthesis of ZnO-rGO nanocomposites

Various nanocomposites of ZnO-rGO are synthesized
via hydrothermal route by varying weight percentage
of rGO (from 1.25 to 10%) in ZnO. Typically, a suit-
able amount of rGO (1 mg/ml) is dispersed in etha-
nol with wultrasonic treatment for an hour.
Meanwhile, a solution of Zinc acetate (0.2 M) and
sodium hydroxide (1.25 M) is prepared separately
with stirring. It is followed by mixing of all three
resulting solutions under continuous stirring for an
hour. The observed pH of the solution (ZnO-rGO
nanocomposite) is 6.6. At last, the solution is trans-
ferred to a Teflon-lined stainless-steel autoclave
which is heated at 130 °C for 24 h. After several
washings with DI water and ethanol, the grey color
powder is obtained which is then dried overnight.
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Weight percent variation by volume (w/v) of 1.25%,
2.5%, 5%, and 10% of rGO to ZnO are prepared and
named as ZG-1.25, ZG-25, ZG-5, and ZG-10,
respectively. All these ZnO-rGO nanocomposites
with various rGO content are prepared by above said
process.

2.5 Film fabrication

ZnO-rGO nanocomposite films are fabricated on
rectangular indium tin-oxide (ITO) coated corning-
glass substrates. The standard wet cleaning method is
employed to clean the ITO substrates. Briefly, soap
solution, deionized ionized (DI) water, acetone, and
finally with isopropyl alcohol. After cleaning, the
substrates are dried at 100 °C on a hot plate for
30 min. In the first step, ZnO powder is dispersed in
ethanol by ultrasonicating it for 30 min. In the second
step, ZnO films are prepared via spin-coating tech-
nique, by dispensing the above solution on ITO
substrates at 3000 rpm for 60 s. It is followed by
drying the films in the open air at 70 °C for 10 min. A
similar process is devised to obtain all the desired
ZG-1.25, ZG-2.5, ZG-5, and ZG-10 nanocomposites
films. Finally, 100 nm thick top Al metal electrodes
are deposited on the prepared films using the thermal
evaporation technique. Figure 1 shows the schematic
description of the process of fabrication of Al/ZnO-
rGO/ITO nanocomposites films.

3 Results and discussions

All the prepared samples are thoroughly character-
ized using various techniques such as X-ray diffrac-
tion (XRD), Scanning electron microscopy (SEM),
Energy dispersive x-ray (EDX), Fourier transform
infra-red spectroscopy (FTIR), and Raman spec-
troscopy. Charge transport properties of all the pre-
pared films (Al/ZnO/ITO, Al/ZnO-rGO/ITO) have
been studied via current-voltage (I-V) characteristics
over the voltage range of — 2.5 to 25V using
Keithley 2450 SMU.

3.1 Structural analysis (X-ray diffraction)

The XRD pattern of ZnO, ZG-1.25, ZG-2.5, ZG-5, and
ZG-10 nanocomposite is shown in Fig. 2. XRD pat-
tern of ZnO shows all the diffraction peaks which are
congruous with the standard data available for the
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wurtzite structure of ZnO (JCPDS 36-1451) [27]. A
prominent diffraction peak of GO (Fig. Sla in the
Supplementary Information) is found to be at 11.7°
and a weak peak located at 42.6° corresponding to
(002) and (100) reflection, respectively. The inset of

Fig. Sla in the Supplementary Information shows the
diffraction pattern of raw graphite which shows a
highly crystalline and strong diffraction peak at 26.6°
towards the (002) plane. The shift in GO peak at a
lower diffraction angle confirms the successful
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oxidation of graphite [28]. The broadening and
shifting of the distinct peak of GO from 11.7° to 23.1°
can be attributed to the breakdown of the long-range
order of GO [29]. Two broad diffraction peaks located
at 23.1° and 43.6° correspond to rGO (Fig. S1b in the
Supplementary Information). These two peaks con-
firm the formation of (002) and (100) planes of rGO
[29]. The peak positions of ZnO remain the same in
all ZnO-rGO nanocomposites (Fig. 2) while the two
reflection peaks of rGO are absent in nanocomposites.
The reason can be attributed to the low diffraction
intensity of rGO in the dispersed state [30, 31].

The d-spacing of graphite, GO and rGO is calcu-
lated using Bragg’s relation [32] and is found to be
0.33 nm, 0.75 nm, and 0.38 nm, respectively for the
(002) plane. The increase of d-spacing of GO com-
pared to graphite can be due to the intercalation of
oxygenated functional groups (such as epoxide and
hydroxyl groups) and intercalation of molecules of
water in the interlayer spacing of carbon layers [28].

The average crystallite size of ZnO and ZnO-rGO
nanocomposites is calculated using Scherrer’s rela-
tion [33, 34]. The crystallite size calculated for ZnO,
ZG-1.25, ZG-2.5, ZG-5, and ZG-10 samples is 81, 77,
76,70, and 74 nm, respectively. It is observed that the
crystallite size of ZnO decreases progressively as the
weight percentage of rGO in the nanocomposites is
increased to 5%. This suggests that the growth and
nucleation stage of ZnO crystals in the nanocom-
posites is hindered by rGO [4]. Furthermore, the
dislocation density (6) of ZnO and ZnO-rGO
nanocomposite is calculated using the following
relation: 6 = 1/D* where D is the crystallite size of
Zn0O and ZnO-rGO nanocomposite. The highest and
lowest dislocation density is found to be approxi-
mately 2.05 x 10* nm ™2 and 1.49 x 10* nm? for
ZG-5 nanocomposite and ZnO, respectively. When
the dislocation density decreases, the crystallinity
increases [35]. The intensity of the diffraction peak
along the (101) diffraction plane is supporting this
phenomenon. The diffraction peaks of the composite
ZG-1.25 are stronger than those of other nanocom-
posites but weaker than the diffraction peak of pure
ZnO which indicates that the crystallinity of the
composite is affected by the addition of rGO [20].

The lattice parameters (lattice constants and vol-
ume of unit cell) are calculated by means of Rietveld
refinement using FullProf Software. Best matching of
the peaks for all the samples is observed for hexag-
onal structure with P6smc space group. Table 1
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shows the calculated values of FWHM, lattice
parameters, crystallite size, and dislocation density
for all the prepared samples. It is clear from the
table that the structural lattice parameters increases
and the crystallite size decreases with the increasing
weight percentage of rGO in the ZnO-rGO
nanocomposites upto 5%. The obtained results are
consistent with the literature [36-38].

On the other hand, the variation in the trend of
certain crystal parameters of ZG-10 nanocomposite
can be understood as: at this concentration, the ratio
of zinc ions to rGO is not critical. Since the critical
ratio is not maintained, the sorption of zinc ions is
less on rGO nanosheets, due to which the synergetic
effect could not follow the trend as followed by the
other nanocomposites.

3.2 SEM and EDX observations

SEM analysis is done to investigate the surface mor-
phology as well as to examine the average length of
the prepared twin-hexapods of ZnO, ZG-1.25, ZG-2.5,
ZG-5, and ZG-10 nanocomposites. Figure 3 shows the
SEM images of the prepared ZnO and ZnO-rGO
nanocomposite with variation in weight percentage
of rGO from 1.25 to 10%. It is observed that the
average length of the hexapods is closely related to
the weight percentage of rGO in the ZnO-rGO
nanocomposite. Figure 3a depicts the SEM image of
ZnO. The observed average length of the top-hex-
apod is 2.7 pm and the average length of the bottom-
hexapod is 5 um. Compared to the crystallite size of
the samples calculated by the XRD analysis, a bigger
particle size of ZnO and ZnO-rGO nanocomposites
(rGO varied from 1.25 to 10%) is obtained from SEM
observations. This can be due to the fact that particles
contain many smaller crystallites [39, 40]. When rGO
is introduced in the ZnO framework, the morphology
is maintained as can be seen (Fig. 3b—e). The top-
hexapod of the ZG-1.25 nanocomposite (Fig. 3b) has
an average length of 1.7 um and the average length of
the bottom-hexapod is 3.1 pm. Thus, we can clearly
see that the size of ZnO hexapods decreases with the
increase in the concentration of rGO in nanocom-
posites. Top-hexapods of average length 1.6 um and
bottom-hexapod of the average length of 2.9 um is
obtained when the rGO concentration is increased to
2.5% in ZnO (Fig. 3¢c). But, further increase in rGO
concentration to 5% in ZnO-rGO nanocomposite the
ZnO twin-hexapods are found to be comparatively
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Table 1 Variation in FWHM, lattice parameters (lattice constants and volume of unit cell), crystallite size and dislocation density of
(a) ZnO, (b) ZG-1.25, (¢) ZG-2.5, (d) ZG-5, and (e) ZG-10 nanocomposites with variation in weight percentage of rGO

Sample Plane 260 FWHM Lattice Volume of unit cell ~ Crystallite size Dislocation density
(degree)  (degree) parameters (A% (nm) (nmfz) x 107
ad) @)
ZnO (101) 36.3 0.10 3.2465 5.2021 47.48 81 1.49
ZG- (101) 36.3 0.10 3.2477 5.2034 47.53 77 1.67
1.25
ZG-2.5 (101) 36.3 0.11 3.2481 5.2040 47.54 76 1.74
ZG-5 (101) 363 0.11 3.2485 5.2041 47.55 70 2.05
ZG-10 (101) 36.3 0.11 3.2480 5.2039 47.54 74 1.82

small with an average length of 1.2 ym and 2.4 pm
(Fig. 3d) of top and bottom-hexapod, respectively.
The reason is the formation of rGO sheets which
creates a hindrance for further growth of ZnO hex-
apods which is consistent with the XRD analysis as
well.

On the other hand, when the rGO concentration is
increased to 10% in ZnO-rGO nanocomposite, most
of the rGO sheets in the nanocomposite are agglom-
erated and some of the ZnO grow on graphene
sheets. To understand and deduce the ongoing
observation in surface morphology, the formation
process of ZnO-rGO nanocomposite is surmised.
There should be a critical ratio of zinc ions of ZnO
and rGO to form well-dispersed nanocomposites.
When the concentration of rGO is low, the ratio of
zinc ions is relatively high in rGO. This leads to
excess sorption of zinc ions on rGO sheets which
results in well-dispersed ZnO-rGO nanocomposite.
On increasing the concentration of rGO in ZnO, the
sorption of zinc ions is less on rGO sheets. The neg-
ative charges on reduced graphene oxide are partially
neutralized by the zinc ions. This lead to the coagu-
lation of rGO sheets during the reaction process [41].
It is observed that the top-hexapod of ZnO in this
nanocomposite has an average length of 1.5 um and
the bottom-hexapod has an average length of 2.7 pm
(Fig. 3e). But, an increase in rGO concentration in the
nanocomposites does not result in the agglomeration
of ZnO hexapods. From the above observation, we
can deduce that rGO nanosheets co-exist with the
ZnO twin-hexapods in the fabricated ZnO-rGO
nanocomposites.

The elemental composition of ZnO and ZnO-rGO
nanocomposites are analysed by the EDX spectrum.
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It is inapt to determine the exact content of the ele-
ments present in the ZnO and ZnO-rGO nanocom-
posites using EDX because of the presence of light
elements (O and C) [42]. EDX spectra and the weight
percent composition of ZnO and ZnO-rGO
nanocomposites are shown in Fig. S2 in Supplemen-
tary Information. As can be seen from the EDX
spectra of ZnO (S2a in Supplementary Information),
no peak corresponding to carbon is found. With the
addition of rGO in the ZnO framework, increasing
weight percent of carbon peak is observed in all the
ZnO-rGO nanocomposites (Fig. S2b—e in Supple-
mentary Information). However, an impurity peak of
sodium is also found in all the samples. This impurity
peak could be due to the precursor (NaOH) used in
the synthesis of ZnO and ZnO-rGO nanocomposites.
Although its weight percent composition is negligibly
small, yet it may be one of the reasons for the creation
of traps inside ZnO and ZnO-rGO nanocomposite
[43].

3.3 FTIR Spectroscopy analysis

FTIR Spectroscopy is performed to investigate and
elucidate the presence of functional groups related to
ZnO, GO, rGO along with the other functional groups
which may arise after hybridization in prepared
samples. Figure 4 shows the FTIR spectra of ZnO,
7G-1.25, ZG-2.5, ZG-5, and ZG-10 nanocomposites.
The spectrum of ZnO (Fig. 4a) exhibits a broad peak
at 3278 cm™' which corresponds to O-H stretching
vibrations [44]. Few narrow peaks 2830 to 2955 cm ™"
correspond to C-H bonds [45]. Several peaks
appearing between 1360 and 1710 cm™' can be
attributed to the stretching modes of COOH group,
which are believed to be adsorbed on the surface of
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Fig. 3 SEM images of ZnO and ZnO-rGO nanocomposites: a ZnO, b ZG-1.25, ¢ ZG-2.5, d ZG-5, and e ZG-10

the ZnO hexapods during the process of synthesis
[46]. In addition to this, a small peak at 920 cm ™" and
a pointed peak at 457 cm™' corresponds to Zn-O
stretching and deformation vibrations, respectively
[46, 47]. FTIR spectrum of GO (Fig. S3a in the Sup-
plementary Information) consists of broad peak
3290 cm ™! corresponding to O-H groups and narrow
peaks at 2868 cm ™' corresponding to C-H stretching.
In addition to this, the peak at 1705 cm ' and

1577 cm ™" corresponds to C=0 and C=C stretching.
A small peak at 1395 cm™' corresponds to O-H
deformation. Finally, two peaks at 1230 and
1056 cm™! confirm the epoxy C-O-C and alkoxy C-O
stretching vibrations, respectively [48]. When GO is
reduced to rGO using hydrazine hydrate, the oxygen-
containing functional groups are significantly
reduced and weakened which is clear in the FTIR
spectrum of rGO (Fig. S3b in the Supplementary
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Information). The peak at 3450 cm ™' is attributed to
O-H group. The two new peaks at 1640 cm™' and
1369 cm ™" arise due to the cyclic hexagonal symme-
try and the vibrations of skeletal of rGO, respectively
[47]. Two peaks at 1230 and 1056 cm ™! confirm the
epoxy C-O-C and alkoxy C-O stretching vibrations,
respectively which are also present in GO. The FTIR
spectrum of ZnO-rGO nanocomposites (Fig. 4b — e)
contains a broad absorption band at 3440 cm™'
denoting the O-H groups and a few tiny peaks
around 2900 cm™' confirming C-H bonds. Various
peaks in the range of 1350 to 1600 cm ™' are due to the
stretching modes of the COOH group. Furthermore,
few weak peaks around 1100 cm ™" are attributed to
C-O stretching vibrations of rGO sheets. A peak
around 457 cm ™' is the characteristic peak of ZnO
and corresponds to the Zn-O bond confirms the
presence of ZnO in all the nanocomposites [9, 21].
Hence, this indicates the coexistence of ZnO and rGO
phase in all the prepared ZnO-rGO nanocomposites
which is in good accordance with the SEM observa-
tions as well.

3.4 Raman Spectroscopy analysis

The Raman spectra of ZnO, GO, rGO and ZG-1.25,
7G-2.5, ZG-5, and ZG-10 nanocomposites is shown in
Fig. 5 and the detailed parameters are calculated
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from Raman data are summarized in Table 2. Raman
spectroscopy measurements of ZnO (Fig. 5a) show
peaks at 332, 387, 437, 559, and 1145 cm ™!, The peak
with Raman shift of 332 cm ™' corresponds to acoustic
and optical phonon overtone with A; symmetry
while the peak located at 387 cm™' corresponds to
A(TO) mode [30]. The peak at 437 cm™" corresponds
to the ZnO non-polar optical phonons (Eapign). It
signifies the crystal quality and is the characteristic
peak of hexagonal wurtzite phase of ZnO [49]. A
peak at 559 cm ™! confirms the A;(LO) mode which is
attributed to the surface defect formation of ZnO [50].
A spectral peak at 1145 cm™' is attributed to the
multi-phonons process [51].

Two characteristic peaks of GO are observed at
1352 em ™" and 1600 cm ™" which corresponds to the
D and G bands of graphene, respectively (Fig. S4a in
the Supplementary Information). The D band repre-
sents lattice disorders in the sp>-hybridized C atoms
and the G band is related to the highly oriented sp”
hexagonal graphitic lattice [52]. Structural changes
from GO to rGO wupon chemical reduction are
reflected in the spectrum clearly (Fig. S4b in the
Supplementary Information). The D and G bands of
rGO are located at 1347 cm™! and 1575 cm™},
respectively. The intensity ratio (In/Ig) increased
from 0.99 to 1.07 when GO is chemically reduced to
rGO indicating the partial modification of surface

AA—\’,\ (a)
(b)
D o
/ 2D p+G
E ©
= D G
G
Z |
=
= 2D p+G
D (d)
G
l ’ \ /\ 2D D+G
D (e)
" G
T . L] - 1 s T o T N I
500 1000 1500 2000 2500 3000

-1
Raman shift (cm )

Fig. 5 Raman spectra of ZnO and ZnO-rGO nanocomposites: a
ZnO, b ZG-1.25, ¢ ZG-2.5, d ZG-5, and e ZG-10



Table 2 Parameters calculated

from Raman data of (a) GO, Sample Position of D band/cm ™ Position of G band/cm™" In/lg FWHM (cm™ )

(b) 1GO, (c) ZG-1.25, (d) ZG- D-band  G-band

2.5, (e) ZG-5, and (f) ZG-10

nanocomposites GO 1352 1600 0.99 102 66
rGO 1347 1575 1.07 85 65
7G-1.25 1343 1591 1.01 88 66
7ZG-2.5 1347 1587 1.01 83 66
ZG-5 1351 1579 1.01 81 66
ZG-10 1339 1583 1.01 86 67

functional groups containing oxygen [52]. The results
indicate that GO is successfully reduced to rGO after
chemical reduction by hydrazine hydrate.

The Raman spectrum of all the prepared
nanocomposites (Fig. 5b — e) contains the Raman
bands of ZnO and rGO which confirms that the
nanocomposites are successfully synthesized [53].
The Ip/Ig ratio of all the ZnO-rGO nanocomposites
decreases to 1.01 compared to rGO which indicates
that the sp® domain size of carbon atoms decreases
with the incorporation of rGO in ZnO [10]. The D
band shifts from 1343 to 1351 cm ™' and the G band
decreases from 1591 to 1579 cm™' as the weight
percentage of rGO increases from 1.25 to 5% in ZnO.
But, the same trend of shifting in the D and G band is
not observed in ZG-10 nanocomposite.

A small shifting in the D and G band (Table 2) of
the Raman spectrum of the nanocomposites is
attributed to the electronic interactions of ZnO and
rGO during the hydrothermal synthesis process [49].
In the nanocomposites, the 2D band is at
~ 2700 cm ™' and the D + G band is at ~ 2900 cm™"
which reconfirms the presence of rGO in the
nanocomposites. The 2D and D + G bands of ZG-10
nanocomposite are not observed clearly.

To derive more quantitative information, the
Raman spectra of GO (Fig. S4a in the Supplementary
Information), rGO (Fig. S4b in the Supplementary
Information), ZnO and ZnO-rGO nanocomposites is
further deconvoluted (Fig. 6). The full-width half
maximum (FWHM) is calculated using deconvoluted
D and G bands (Table 2). It is found that when GO is
reduced to rGO the FWHM values for both the bands
decreases. The decrease in the width of the D-band of
rGO is attributed to an increase in carbon-sp” content
[54]. The lower the value of the width of G-band of
rGO, higher its degree of crystallization [55]. Fur-
thermore, with the addition of rGO (from 1.25 to 5%)
in the ZnO-rGO nanocomposite, the width of the

Intensity (a.u.)

T y T T T y T : T ) T
500 1000 1500 2000 2500 3000

Raman shift (cm- )

Fig. 6 The deconvoluted Raman data of ZnO and ZnO-rGO
nanocomposites: a ZnO, b ZG-1.25, ¢ ZG-2.5, d ZG-5, and e ZG-
10

D-band first increases and then decreases as com-
pared to rGO. Consequently, the carbon-sp” content
of the ZG-5 nanocomposite is more than the ZG-1.25
nanocomposite. The width of the G-band remains
almost the same in all the prepared nanocomposites.
This indicates that the crystallization of rGO is
maintained in all the nanocomposites. For ZG-10
nanocomposite, the width of D and G bands deviates
from the trend as followed by all the other
nanocomposites.

The reason for the deviation from the trend in
Raman results of ZG-10 nanocomposite can be
inferred as: The uncritical ratio of zinc ions to rGO
does not lead to the synergetic effect between ZnO
and rGO. Because of this, the ZG-10 nanocomposite
cannot follow the trend as followed by the other
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nanocomposites. The co-observed Raman peaks of
ZnO together with rGO confirm that the ZnO-rGO
nanocomposites are synthesized successfully which
is in good accordance with the SEM and FTIR Spec-
troscopy results as well.

3.5 Electrical analysis of films

The impact of incorporation rGO on electrical prop-
erties [56, 57] of ZnO is studied using room temper-
ature -V plots using Keithley 2450 SMU. Figure 7
shows the illustration of I-V measurement experi-
mental setup. Figure 8 represents the current-voltage
(I-V) characteristics for Al/ZnO/ITO and Al/ZnO-
rGO/ITO films with variation in weight percentage
of rGO in ZnO. Figure 9a—e shows the variation in
dual-logarithmic I-V curves with a varying weight
percentage of rGO from 1.25 to 10% in the prepared
nanocomposite films.

As can be seen from the I-V curves (Fig. 8), the
forward current in the ZnO films is 51 pA at 2.5 V.
When the weight percentage of rGO is increased from
1.25 to 10% in ZnO nanocomposite films (as con-
firmed from the EDX spectra), the forward current is
found to be increasing from ~ 51 to 105 pA (Table S1
in Supplementary Information). When rGO is incor-
porated from 1.25 to 5% in ZnO nanocomposite films,
the leakage current under applied reverse bias volt-
age is found to be decreasing from 71 to 35 pA at
2.5 V. It is also found that the forward and reverse
voltage in ZG-10 nanocomposite films could reach a
maximum of 1.75 V after which the films breakdown.
The enhancement in forward current and reduction
in leakage current in the prepared nanocomposite
films can be attributed to rGO nanosheets which
provided a facile pathway for the direct transporta-
tion of charge carrier in the ZnO-rGO nanocomposite
[58]. SEM and EDX observations, FTIR, and RAMAN

Fig. 7 Illustration of -V
measurement experimental
setup
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I-V Plot of AI/ZnO and AVZnO/rGO nanocomposite films
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Fig. 8 Current—Voltage characteristics of ZnO and ZnO-rGO
nanocomposite films

Spectroscopy analysis support these results by
showcasing the coexistence of ZnO and rGO in all the
prepared ZnO-rGO nanocomposites. When an
external bias is applied to the films, mobility as well
as the drift velocity of the charge carriers increases
which thereby increased the forward current. The
increase in leakage current in the ZG-10 nanocom-
posite films can be ascribed to the formation of trap-
level defects in ZnO due to the high concentration of
rGO.

The rectification ratio (RR = Iz/IR) is calculated for
all the film samples [59]. In this case, the RR is cal-
culated as: the forward current at 2.5 V divided by
the reverse current at -2.5 V for all the films except for
ZG-10 nanocomposite films. The RR for ZG-10
nanocomposite films is calculated as: the forward
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Fig. 9 Dual-logarithmic I-V curves obtained for a ZnO, b ZG-1.25, ¢ ZG-2.5, d ZG-5, and e ZG-10 nanocomposite films with standard
error < £ 0.002

current at 1.75 V divided by the reverse current at
— 1.75 V. The RR is found to be 0.7, 1.2, 1.5, 2.9, and

1.6 for Al/ZnO, Al/ZG-1.25, Al/ZG-25, Al/ZG-5,
and Al/ZG-10 nanocomposite films, respectively.
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The I-V curves of all the samples are almost sym-
metric in the forward and reverse direction, which
results in low RR of Al/ZnO and Al/ZnO-rGO
nanocomposite films. The reason can be attributed to
the low work function contrast between the ZnO and
Al electrodes, ZnO-rGO nanocomposite, and Al
electrodes [60]. Table S1 in the Supplementary
Information depicts the variation in electrical
parameters of the fabricated ZnO and ZnO-rGO
nanocomposite films with varying weight percentage
of rGO from 1.25 to 10%.

To understand the effect of weight percentage
variation of rGO in ZnO nanocomposite films on
underlying current conduction mechanism, linear
fittings of the obtained I-V curves are carried out. All
the I-V curves are fitted by the space charge limited
conduction (SCLC) mechanisms, which is similar to
the results reported in the literature [18, 43, 61, 62].
The standard error for linear fitting of different
regions in the current-voltage curves is found to
be < £ 0.002. The relationship between the current
generated and applied voltages can be directly
interpreted from the value of the obtained slopes
from dual-logarithmic -V curves. The obtained
slopes imply that the charge transport mechanism in
prepared ZnO-rGO nanocomposite films is governed
by the three limiting laws of space charge limited
conduction (SCLC) model, which are Ohm’s law,
Child’s law, and trap-limited SCLC mechanism. The
power-law relationship (I < (V)™, where m is the
slope of the plots) is used to categorize the charge
transport mechanism in all the films [43]. Such a
mechanism is explained based on deep-level defects.
Traps capture the electronic charges, which generally
lie in the forbidden gap region or extended band tails.
Energetically favored states or trap states strongly
influence the conduction characteristics in semicon-
ducting materials. The reason for the creation of traps
could be (1) inadvertent impurities, (2) defects
introduced during the film processing [63-66].
Moreover, the addition of rGO with different weight
percentage in ZnO nanocomposite films could also be
the cause of interfacial defect states in the prepared
films which is supported by the XRD analysis as well.
The XRD analysis clearly shows an increase in dis-
location density, variation in lattice parameters, and
decrease in crystallite size of ZnO with the increase in
weight percentage of rGO in ZnO-rGO nanocom-
posites. Further, EDX spectra show the presence of
sodium in the as-synthesized samples which may
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also be one of the reasons for the creation of traps
inside ZnO and ZnO-rGO nanocomposite.

Figure 9a depicts the dual-logarithmic I-V curve of
ZnO films. It is observed that for low applied volt-
ages i.e, for V < 0.9V (Region-1), the slope of the
dual-logarithmic I-V plots comes nearly one. This
implies linear dependence of current on the applied
voltage. Hence, it is concluded that the conduction
mechanism is governed by Ohm’s law. Such behavior
is because the density of thermally generated free
carriers inside the ZnO films is more than those of the
injected charge carriers [42]. The weak injection of
charge carriers from the electrodes leads to the partial
filling of the trap centers. Again to maintain the
neutrality of the charges inside the films, redistribu-
tion of the charge carriers occurs. This redistribution
occurs in such a manner that the injected carriers are
still obstructed to travel across the films which results
in a slope of 1.06. At higher applied voltage (V
> 09YV), the departure from ohmic behavior is
observed thereby following the Child’s Law. This is
denoted by Region-2, where the electrons injected
from the electrodes to the films are high. Due to
which the accumulation of the charge carriers at the
electrodes forms a space charge region which thereby
affects the electrical distribution.

Figure 9b shows the logl—logV curves of ZG-1.25
nanocomposite films. When rGO is introduced in the
ZnO nanocomposite films, the charge carriers are
increased. These charge carriers facilitate the injected
charge carriers upto a certain limit to travel across the
prepared films. But the effect due to traps over-
shadows the carriers of rGO and results in a slope of
1.39 at a low applied voltage (V < 0.9 V) indicating
Child’s law SCLC mechanism. A transition from
Child’s Law to trap-limited SCLC mechanism is
observed at a higher applied voltage (V > 0.9 V). The
strong injection of charge carriers at higher applied
voltage occurs, due to which the carriers do not get
enough transit time for reapportioning via thermally
generated charge carriers or rGO charge carriers. This
leads to the filling of trap centers. Hence, a slope
greater than 2 is obtained which confirms the trap-
limited SCLC conduction mechanism.

Figure 9c—e depicts the dual-logarithmic I-V
curves of ZG-2.5, ZG-5, and ZG-10 nanocomposite
films. It is observed that as the concentration of rGO
is increased from 2.5 to 10% in the ZnO nanocom-
posite films, a clear transition of the voltage ranges
for ohmic conduction keeps on increasing thereby
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decreasing the voltage range for Child’s Law mech-
anism. Apart from the prepared ZG-1.25 nanocom-
posite films, in which the transported charge carriers
are low in comparison to the other nanocomposite
films with high rGO content, all the nanocomposite
films followed the same trend. The reason for such a
behavior is explained based on deep-level defects as:
It can be observed that for low applied voltages i.e.,
(Region-1), the slope of the plots comes nearly one.
The films are said to follow Ohm'’s law. The charge
carriers due to rGO incorporation increases, which
not only facilitates the injected charge carriers to
travel across the films but also overshadows the effect
of traps. As the voltage increases, the prepared films
follow Child’s Law. This implies that the strong
injection of charge carriers occurs due to which
accumulation of the charge carriers at the electrodes
form a space charge region which thereby affects the
electrical distribution. Hence, the dual-logarithmic I-
V characteristics of the prepared ZnO and ZnO-rGO
nanocomposite films are dominated by the SCLC
conduction mechanism.

4 Conclusion

Motivated by the adjoining merits of ZnO and rGO,
the present study addresses the fundamental charge
transport properties of ZnO and ZnO-rGO
nanocomposite films and their potency for the real-
ization of film-based nanodevices. The nanocompos-
ites are synthesized by a facile hydrothermal method
and are analysed by various characterizations. Phase
formation of ZnO and dispersion of rGO in ZnO are
confirmed by XRD and SEM observations. The ele-
mental composition of ZnO and ZnO-rGO
nanocomposites is confirmed by EDX analysis. The
coexistence of ZnO and rGO in the nanocomposites is
confirmed by FTIR and Raman spectroscopy. Films of
ZnO and the ZnO-rGO nanocomposites are fabri-
cated on ITO coated corning-glass substrate using
spin-coating technique. Charge transport properties
of all the as-prepared films (Al/ZnO/ITO and Al/
ZnO-rGO/ITO) have been studied via current-volt-
age (I-V) characteristics over the voltage range of
— 25 to 25 V. The detailed I-V curves shows the
enhancement in the performance characteristics of
the nanocomposites films by varying the rGO con-
centration in ZnO-rGO nanocomposite. It is found
that as the rGO concentration increases in ZnO
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nanocomposite films, the forward current in the films
also increases. Furthermore, the dual-logarithmic I-V
plots have been explained based on the space charge
limited conduction (SCLC) model to identify the
charge transport mechanism in the films. As the
weight percentage of 1.25% of rGO is introduced in
ZnO nanocomposite films, the dual-logarithmic I-V
characteristics give a clear transition from Child’s law
to trap-limited SCLC mechanism (0.9 V being the
cross-over voltage). On further incorporation of rGO
(from 2.5 to 10%), the conduction is favored by Ohm'’s
law at low applied voltages and Child’s law at higher
applied voltages. Experimental results show that the
best percentage of rGO in ZnO-rGO nanocomposite
films is 5% in respect of high forward current, low
leakage current, and higher rectification ratio com-
pared to other ZnO-rGO nanocomposites. Beyond 5%
of rGO in ZnO-rGO nanocomposites, the critical ratio
of zinc ions to rGO is not maintained, due to which
the synergetic effect did not lead to expected results.
Hence, manipulation of functional properties such as
charge transport by the addition of highly conducting
rGO may provide additional liberty during device
fabrication suitable for applications such as UV-
photodetection.
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Herein, a room-temperature chemiresistive ethanol gas sensor based on hydrothermally synthesized zinc
oxide (ZnO) incorporated-molybdenum diselenide (MoSe,) nanosheets was demonstrated. The sensing
properties of the MoSe,/ZnO nanocomposite sensor were investigated systematically by exposing the
sensor to various ethanol gas concentrations (10-500 ppm) in dry N, and dry air. The synergistic effect due
to the incorporation of ZnO nanorods in MoSe; nanosheets was found to enhance the sensor response to
ethanol gas (when operated in dry N;) with improved response and recovery time of 8.4 and 14.7 s re-
spectively, high selectivity, stability, and reproducibility. The nanocomposite-based sensor showed high gas
sensing response (R,/R,) of 37.8 to 500 ppm of ethanol gas. While the response of the nanocomposite-based
sensor decreased to 15.3, to 500 ppm of ethanol gas in dry air which suggests that the sensor performs
better when operated in dry N, than in dry air. On the basis of experimental results, a plausible mechanism
has been proposed based on the formation of p-n heterojunction and potential barrier modulation at the
interface of the MoSe,/Zn0O nanocomposite sensor. The results demonstrated that MoSe,/ZnO-based na-
nocomposite may pave the way for the fabrication of ethanol gas sensors for real-time electronics appli-
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Chemiresistive
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cations.
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1. Introduction

Rapid industrialization and socio-economic development have
resulted in the release of volatile organic compounds (VOCs) in the
environment [1,2]. Exposure to most VOCs, not only causes en-
vironmental pollution but is also detrimental to human health. One
of the typical VOCs “ethanol gas”, is extensively used as a valuable
ingredient in alcoholic beverages, paints, medicines, cosmetics, etc
[3,4]. Despite its numerous applications in a variety of fields, its
long-term exposure causes various ailments such as eye and skin
irritation, headaches, nausea, vomiting, kidney failure, and even
damage the central nervous system [5,6]. Therefore, it is the need of
the hour to timely monitor and detects ethanol gas, especially at
room-temperature (RT) as a part of the safety system. Among var-
ious types of sensors developed by scientists for the effective de-
tection of VOCs, chemiresistive sensors have generated huge interest
due to their low-cost, simple monitoring techniques, easy design,
and high chemical and thermal stability [7,8].

* Corresponding author.
E-mail address: nitinkumarpuri@dtu.ac.in (N.K. Puri).
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0925-8388/© 2023 Elsevier B.V. All rights reserved.

Recently molybdenum diselenide (MoSe;), a two-dimensional
(2D) transition metal dichalcogenides (TMDs) has attracted con-
siderable attention for multifunctional applications due to its sig-
nificant physical and chemical properties [9,10]. Its outstanding gas
sensing properties have been explored owing to the large surface-to-
volume ratio which provides elevated sites for the adsorption and
desorption of target gasses [11]. In addition to this, it also exhibits
higher adsorption energy with chemical molecules [12]. Some pio-
neering studies based on the gas sensing properties of MoSe, have
been investigated (targeting several analytes like H,S, NH3, NO,
C,HsOH, etc.) which led a path to explore this material in-depth
[13-16]. Jha et al. studied the gas sensing properties of MoSe; for the
detection of H,S gas down to the ppb level. But pristine MoSe;
showed a recovery time of 5 min at 90 °C [13]. Late et al. used a
single-layer MoSe,-based NH3 gas sensor at RT. The sensor displayed
a bit large response (2.5 min) and recovery (9 min) time [14]. In
another report, Singh et al. made use of liquid-exfoliated MoSe;
nanosheets for RT ammonia sensing. The corresponding response
and recovery times were 15 s and 135 s respectively [15]. In another
study, Zhang et al. reported the sensing potential of MoSe, toward
ethanol gas at 90 °C. It was observed that the nanosheets took a long
time to restore its original state at RT. Although the temperature was
raised higher, still the recovery time was 5 min [ 16]. Therefore, these
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studies demonstrate that pristine MoSe,-based gas sensors exhibit
sluggish response and recovery time which challenges the use of
intrinsic MoSe,-based gas sensors. In this regard, various strategies
have been employed to improve the sensor performance of MoSe;
gas sensors such as synthesizing composites, combining with noble
metals (gold (Au), silver (Ag), platinum (Pt), etc.), surface functio-
nalization, and many more. For instance, Jha et al. demonstrated the
use of reduced graphene oxide/molybdenum diselenide nano-
composite for the detection of ammonia at RT. The sensor showed
the limit of detection down to 300 ppb, with an operating voltage of
2 mV [17]. Li et al. prepared pristine MoSe, and Ag-modified MoSe,-
based ethanol gas sensors at RT. The sensor exhibited a low detec-
tion limit, good response properties, and excellent repeatability [10].
Abun et al. fabricated a hydrogen gas sensor based on p-n hetero-
structures comprising exfoliated MoSe, nanosheets doped on the
surface of n-type ZnO nanorods. The hybrid p-n heterostructure
showed better sensor response in comparison to pristine ZnO and
MoSe, [18]. Hence it is clear from the above studies that modifica-
tion of MoSe, with other elements provides alternate strategies for
the development of practical gas sensors. This encourages us to
explore MoSe,/ZnO nanocomposite for ethanol sensing application
which can effectively improve the response/recovery time of the
existing 2D nanomaterials-based ethanol sensors.

To the best of our knowledge, there are no reports available
focussing on hydrothermal synthesis of ZnO incorporated- MoSe;
nanosheets-based nanocomposite towards their utilization for the
chemiresistive detection of ethanol gas at RT. The sensor was re-
covered in two different environments i.e., in dry N, and dry air.
Various characterization techniques are employed to confirm the
successful synthesis of the as-synthesized nanocomposite. For fab-
ricating the ethanol sensor, MoSe,/ZnO nanocomposite powder so-
obtained is deposited on indium tin oxide (ITO) coated corning glass
substrate using a facile electrophoretic deposition (EPD) technique.
The as-fabricated sensor is exposed to various ethanol gas con-
centrations (10-500 ppm) and its response is systematically in-
vestigated at RT. The synergistic effect due to the incorporation of
ZnO in MoSe; is explained in detail and a sensing mechanism is
proposed based on this.

2. Experimental
2.1. Chemical profile

The chemicals used in the synthesis were Sodium Molybdate
Dihydrate (Na,M004.2H,0), Selenium (Se) powder, Hydrazine
Hydrate-86% (N,H,4.H,0), Zinc Acetate (Zn(CH3C00),-2H,0), Sodium
Hydroxide (NaOH) pellets, and Ethanol (C;HsOH). All the chemicals
were purchased from Sigma Aldrich and were employed without
further purification.

2.2. Synthesis procedure

A facile hydrothermal method was used to synthesize ZnO in-
corporated- MoSe, nanosheet-based nanocomposite. Fig. 1 displays
the schematic of the fabrication process. Firstly, MoSe, nanosheets
were synthesized. Typically, 2 mmol of sodium molybdate dihydrate
was dissolved in deionized (DI) water and ethanol (volume 1:1) with
stirring for 45 min to obtain a clear solution. Meanwhile, a solution
containing selenium powder (4 mmol) was prepared separately in
10 mL hydrazine hydrate-86% with stirring. It was followed by the
addition of selenium solution in sodium molybdate dehydrate so-
lution dropwise under continuous stirring for 45 min. Then, the
above mixture was transferred into a 50 mL hydrothermal autoclave
and was kept at 220 °C for 24 h. After several washings with DI and
ethanol, the black color powder was obtained which was then dried
overnight at 100 °C.
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Then, ZnO nanorods were prepared by dropping 5 mol of sodium
hydroxide solution in 0.5mol of zinc acetate dihydrate solution
under continuous stirring for 45 min. Then, the above solution was
kept in an oven at 120 °C in a 100 mL hydrothermal autoclave for
24 h. After washing it with DI water and ethanol, the white color
powder so obtained was left for drying at 80 °C.

For preparing MoSe;/ZnO nanocomposite, a quantitative amount
of MoSe, and ZnO synthesized by the above procedure were dis-
persed in ethanol and sonicated for 2 h. The dispersed solution was
transferred to a 100 mL hydrothermal autoclave and heated at 120 °C
for 24 h. The final product was washed with DI and ethanol to yield
gray color powder which was then dried overnight in a vacuum.

2.3. Sensor fabrication for ethanol gas sensing

For fabricating the ethanol sensor, MoSe;/ZnO nanocomposite
powder so-obtained was deposited on pre-hydrolyzed indium tin
oxide (ITO) coated corning glass substrate using electrophoretic
deposition (EPD) technique. MoSe,/ZnO nanocomposite powder was
dispersed in a suitable solvent with a concentration of 1 mg/mL. This
dispersion was ultrasonicated for 2 h. The dispersed solution was
then poured into a 2-electrode glass cell comprising copper as a
connector to attach the working electrode (WE) and platinum as the
counter electrode (CE). The ITO was attached to WE and an opti-
mized constant potential was applied for 60 s. The film so formed of
MoSe,/ZnO nanocomposite was left for drying. Finally, silver (Ag)
contacts were made on the prepared films with the help of the
thermal evaporation technique. A similar process was devised to
obtain pristine-MoSe, and pristine-ZnO films. These films were used
for performing sensing measurements.

2.4. Gas sensing experimental set-up

The gas sensing behavior of the MoSe,/ZnO nanocomposite-
based chemiresistive gas sensor was investigated in a customized
stainless steel (SS) chamber by the use of 1% ethanol balanced with
nitrogen (N;) gas. The chamber was attached to two gas mass flow
controllers (MFC). The MFC was used to maintain the flow of the
target gas analyte and dry N,/ dry air (standard composition: N; =
79% and O, = 21% by volume) inside the chamber. A source mea-
suring unit was employed to provide a constant current supply to
the as-fabricated ethanol gas sensor. A rotary pump was connected
to the SS chamber to create rough vacuum pressure. A digital hy-
grometer was employed to measure the relative humidity (RH) in
the SS chamber. Ethanol gas sensing was performed by introducing
the dry N/ dry air first to sustain standard ambient conditions for
50s. Thereafter, ethanol (1%) / nitrogen (99%) mixture was in-
troduced inside the SS chamber for 100 s at different concentrations
like 10, 100, 200, 300, 400, and 500 ppm at RT. The formula given
below (Eq. 1) was used to calculate the concentration of ethanol gas
in the SS chamber:

=22.4><LP><p><V1><1000

C
M x V, (1)

In the above formula (Eq. 1), C is the concentration of ethanol gas
(ppm), ¥ is the required gas volume fraction, p is the density of
ethanol (kg.m™3), V; is the volume of ethanol gas, M is the molecular
weight of ethanol (kg.mol™!), and V, is the volume of the SS chamber
(m3) [19,20]. The change in resistance of sensing films was recorded
using a Lab-View data acquisition software connected to the source
measuring unit. The gas sensing measurements of the sensing films
were carried out at room-temperature (27 °C) and relative humidity
(29 %). The selectivity performance of as-fabricated ethanol gas
sensors was investigated with other VOC gases like acetone, ben-
zene, and formaldehyde.
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Fig. 1. Step-by-step preparation of MoSe,/Zn0O nanocomposite sensor for the detection of ethanol gas.

3. Results and discussions
3.1. Structural analysis using XRD

The crystallographic structure of the as-synthesized pristine-
MoSe,, pristine-ZnO, and MoSe,/ZnO nanocomposite is investigated
using XRD (Fig. 2). The diffraction peaks of as-synthesized pristine-
MoSe, (Fig. 2a) are attributed to the (002), (100), (103) and (110)
planes of the hexagonal phase of MoSe, (JCPDS 029-0914) [21]. XRD
pattern of ZnO (Fig. 2b) shows all the diffraction peaks which are
congruous with the standard data available for the wurtzite struc-
ture of ZnO (JCPDS 36-1451) [22]. The diffractogram of the MoSe,/
ZnO nanocomposite (Fig. 2¢) consists of all the peaks corresponding
to ZnO nanorods and some major planes of (002), (100), and (110)
corresponding to MoSe, which indicates the successful interaction
between MoSe, nanosheets and ZnO nanorods. The reason for the
invisibility of two other planes of MoSe; i.e. (004) and (103) can be
ascribed to the much higher intensity of ZnO diffraction peaks [23].
In addition to this, there is a decrease in the intensity of diffraction
peaks of MoSe; and ZnO in MoSe,/ZnO nanocomposite which fur-
ther confirms the formation of nanocomposite [24].

It is also observed that there is a shift in the diffraction peaks of
the nanocomposite with respect to the pristine materials in Figs. 2a
and 2b. To confirm the shifting of diffraction peaks in the nano-
composite, zoomed highest intensity diffraction peaks of pristine-
MoSe, (100) and ZnO (101) were considered (Fig. 2(d) and Fig. 2(e))
for comparison. As can be seen in Fig. 2(d), the (100) diffraction peak
of MoSe,/Zn0 nanocomposite is slightly shifted to a higher diffrac-
tion angle (31.76°) compared to the (100) diffraction peak of pris-
tine-MoSe, (31.67°). Similarly, in Fig. 2(e), the (101) diffraction peak
of the nanocomposite is slightly shifted to a lower diffraction angle
(36.24°) compared to the (101) diffraction peak of pristine-ZnO
(36.27°). This shift can correspond to the lattice mismatch between
the pristine materials or strain generated in the nanocomposite after
interaction during the synthesis [25].

3.2. Microstructure analysis using HRTEM

The high-resolution transmission electron microscopy HR-TEM
images of pristine-MoSe,, pristine-ZnO, and MoSe;/ZnO nano-
composite are shown in Fig. 3. Figs. 3a and 3b display a large area of
MoSe, nanosheets stacked over one another, which are wrinkled and
curled at the edges. The fine lattice fringes of MoSe, nanosheets can
be seen in Fig. 3c with the interplanar spacing of 0.28 nm which is
related to the (100) lattice plane of MoSe,. Fig. 3d shows an HRTEM
image of ZnO nanorods and Fig. 3e shows the measured interplanar
spacing of 0.24 nm which corresponds to the (101) lattice plane of
Zn0 nanorods. Evidence for modification of the MoSe, nanosheets
by ZnO nanorods is given in Figs. 3f and 3g, which shows the suc-
cessful incorporation of ZnO nanorods in MoSe, nanosheets. A clear
heterogeneous interface between MoSe, nanosheets and ZnO na-
norods can be seen in MoSe,/Zn0O nanocomposite at a 200 nm and
100 nm scale bar. The corresponding selected area electron diffrac-
tion (SAED) pattern of the MoSe,/ZnO nanocomposite is shown in
Fig. 3h. Hence from the HRTEM analysis, the successful incorporation
of ZnO nanorods in MoSe, nanosheets is evident, which is consistent
with the XRD analysis as well.

3.3. Study of vibrational modes using Raman spectroscopy

The Raman spectrum of pristine-MoSe,, pristine-ZnO, and
MoSe,/Zn0O nanocomposite acquired using an excitation wavelength
of 532 nm is shown in Fig. 4. Raman spectroscopy measurements of
MoSe, shows a strong out-of-plane mode A;g; mode at 238 cm™!
which is the characteristic peak of MoSe, [26]. The other two in-
plane modes E;; and Eig of MoSe, are observed at 167 cm™ and
283 cm™! which are in good agreement with the earlier reports [15].
Fig. 4 shows an intense Raman peak of ZnO at 437 cm™! (EZ”igh) which
is the characteristic peak of the hexagonal wurtzite phase of
Zn0 [27].
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Fig. 2. XRD pattern of the as-synthesized (a) pristine-MoSe,, (b) pristine-ZnO, (c) MoSe,/ZnO nanocomposite, (d) zoomed (100) diffraction peak of pristine-MoSe, and MoSe,/ZnO
nanocomposite, and (e) zoomed (101) diffraction peak of pristine-ZnO and MoSe;/ZnO nanocomposite.

The corresponding spectrum of MoSe,/ZnO nanocomposite in
Fig. 4 displays the presence of modes belonging to both MoSe, and
ZnO. In addition to this, it is noted that the modes in MoSe;/ZnO
nanocomposite are shifted from their respective position in their
individual spectrum in Figs. 4a and 4b. In the MoSe,/ZnO nano-
composite, there is a red shift in the A;; mode (233.7 cm™) corre-
sponding to MoSe, as well as in the EN" (431.3cm™) mode
corresponding to ZnO. This is attributed to the defects produced due
to electronic interactions between MoSe, and ZnO during the hy-
drothermal synthesis process [28]. Hence, the Raman spectrum of
MoSe,/ZnO nanocomposites confirms that the nanocomposite is
successfully synthesized, as confirmed by XRD and HRTEM analysis.

3.4. Identification of functional groups using Fourier Transform Infrared
Spectroscopy (FTIR)

FTIR Spectroscopy is performed to investigate and elucidate the
presence of functional groups in the prepared samples of pristine-
MoSe,, pristine-Zn0O, and MoSe,/Zn0O nanocomposite in the range of

400 - 4000 cm™!. Peaks in the FTIR spectrum of MoSe, nanosheets
are observed corresponding to O-H (3420cm™), C-H (2910cm™),
CO0™! (1620 cm™), Mo-0 (1000-750 cm™'), and Se-O-Se (420cm™)
as shown in Fig. 5 [29,30]. The FTIR spectrum of ZnO nanorods
(Fig. 5) consists of peaks corresponding to O-H (3438 cm™'), COOH
(1620 and 1480 cm™), Zn-OH (920 cm™'), and Zn-O (577 and 427 cm”
1y [27]. The corresponding spectrum of MoSe,/ZnO nanocomposite
in Fig. 5 displays the peaks corresponding to both MoSe, and ZnO.
Furthermore, the peaks in the as-synthesized nanocomposite are
shifted as compared to pristine-MoSe, and ZnO indicating the
electronic interaction between the pristine materials. Hence, from
the FTIR spectrum of MoSe,/ZnO nanocomposite, the co-existence of
both MoSe, and ZnO is confirmed which is in good accordance with
the XRD analysis, Raman spectroscopy, and HRTEM observations.

3.5. Gas sensing performance

The gas sensor response characteristics of pristine-MoSe,, and
MoSe,/ZnO nanocomposite are investigated towards different
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Fig. 3. HRTEM images of as-synthesized (a) and (b) pristine-MoSe;, nanosheets (c) Lattice fringes of MoSe, nanosheets with measured interplanar spacing, (d) pristine-ZnO
nanorods, (e) Measured Interplanar spacing of pristine-ZnO nanorods (f, g) MoSe,/ZnO nanocomposite, and (h) corresponding SAED pattern of MoSe,/ZnO nanocomposite.

ethanol concentrations ranging from 10-500 ppm at RT in dry N, as
illustrated in Fig. 6a. Fig. S1 (Supporting Information) shows the
response characteristics of pristine-ZnO towards different ethanol
concentrations at RT in dry N,. It can be observed in Fig. 6a that the
sensing response (resistance versus time graph) of pristine-MoSe; is
low and the resistance changes slightly under exposure to different
concentrations of ethanol gas. However, the MoSe,/ZnO nano-
composite sensor exhibited a much higher response towards the
same concentration of ethanol gas. The response value (Rg/R,) of the
as-fabricated nanocomposite sensor is 37.8 to 500 ppm ethanol gas
where Ry and R, represent the value of the sensor’s resistance in
presence of ethanol gas mixture and dry N, respectively. But, the
response from the same pristine-MoSe, and MoSe,/ZnO nano-
composite sensor decreased significantly when recovered in dry air.
Specifically, the response of 4.5 and 15.3 is obtained to 500 ppm
ethanol gas for pristine-MoSe, and MoSe,/ZnO nanocomposite
sensor as shown in Fig. S2 (Supporting Information).

Therefore, the improved response of the nanocomposite sensor
when operated in dry N, than dry air encouraged us to measure
sensor performance in this environment. Fig. 6b defines three
parameters that describe the properties of the sensor which are: the
sensing response (R,/R,), the response time (tresp), and the recovery

time (t.c). Firstly, we note that the resistance of the MoSe,/ZnO
nanocomposite sensor increased from base resistance R, = 1.9 kQ in
dry N, to Rg =71.9kQ when the sensor is exposed to 500 ppm of
ethanol. The sensing response of the nanocomposite sensor is cal-
culated using Ry and R, values obtained and is found to be 37.8 at
500 ppm ethanol. This also suggests that the response of the nano-
composite sensor is p-type towards ethanol gas [10,16]. Further-
more, full recovery to the same base resistance is observed for both
pristine and nanocomposite sensor. This reveals the reversible in-
teraction between the as-fabricated nanocomposite sensor and
ethanol gas due to the physisorption process. It is also evident from
Fig. 6a and 6b. that the base resistance of the MoSe,/ZnO nano-
composite sensor is higher as compared to the pristine-MoSe;
sensor. The other two parameters are tresp and trec which are cal-
culated to be 11 s and 18 s for the pristine-MoSe; sensor respectively.
An improvement in tresp and trec is observed for MoSe,/ZnO nano-
composite sensor and are found to be 8.4 s and 14.7 s respectively. A
comparison of performance parameters such as sensing response,
response, and recovery time of pristine- MoSe;, pristine-ZnO, and
ZnO/MoSe, nanocomposite sensor in dry N, is shown in Table S1
(Supporting Information). Therefore, the ZnO/MoSe; nanocomposite
sensor exhibits a faster response than the pristine-MoSe,.
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Similarly, tresp and tre. of the MoSe,/ZnO nanocomposite sensor
are calculated for different ethanol gas concentrations and shown in
Fig. 7a. 1t is observed that the t.es, decreases and the ty. increases as
the ethanol gas concentration increases from 10 to 500 ppm. The
reason for a decrease in tresp, may be attributed to the availability of
large sites on the sensor’s surface for gas adsorption. On the other
hand, the increase in t,.c may be due to the chemisorption of ethanol
molecules and their reaction products which took time to desorb
from the surface of the sensor [26].

Fig. 7b and 7c demonstrate the repeatability of the MoSe,/ZnO
nanocomposite sensor exposed to 10 ppm and 500 ppm ethanol gas
at RT for five consecutive cycles respectively. The results suggest that
the sensor exhibited almost the same response during each cycle.

For real-life applications, the gas sensor should have good sta-
bility. As shown in Fig. 8a the long-term stability of the MoSe,/ZnO
nanocomposite sensor is also conducted to evaluate its stability. The
sensor is tested under 10 and 500 ppm of ethanol gas at RT at an
interval of 7 days. The response values of the sensor showed no
distinct changes in a month (30 days) which confirmed the excellent
stability of the MoSe,/Zn0O nanocomposite sensor.

Selectivity is also a very important parameter for evaluating the
sensor’s performance. Fig. 8b shows the response of pristine-MoSe;
and MoSe,/ZnO nanocomposite sensors toward a few VOCs with a
concentration of 500 ppm at RT, which involves ethanol, acetone,
benzene, and formaldehyde. The corresponding bar chart depicts
that MoSe,/Zn0O nanocomposite sensor is highly selective towards
ethanol.

Table 1 compares the ethanol sensing properties of previous re-
search work in terms of working temperature, response, and re-
covery time with our work. The comparative results demonstrate
that MoSe,/ZnO nanocomposite sensor have better response and
recovery time, and operate at room-temperature. Therefore, MoSe,/
Zn0 nanocomposite sensor has better sensing characteristics than
others indicating that it can become a great potential candidate for
ethanol gas sensing.

4. Ethanol sensing mechanism

The gas sensing mechanism is attributed to the change in re-
sistance with respect to baseline due to the interaction of ethanol



N. Jain and N.K. Puri

@ I 500 ppm
1 BN 10 ppm

w
>
1

53
3
1

Response (Rg/R“)

<
1

2 3
Time (weeks)

Journal of Alloys and Compounds 955 (2023) 170178

(b)

& ¢
A’m‘pollu‘ R
:;'/R-?

Fig. 8. (a) Long-term stability (30 days) under 500 ppm and 10 ppm ethanol at RT for the MoSe,/ZnO nanocomposite sensor in dry N,, and (b) Corresponding response bar chart
showing the selectivity of the MoSe,/ZnO nanocomposite sensor towards a few VOCs with a concentration of 500 ppm at RT in dry N,.

Table 1

A comparison of performance parameters of this work with previous work for ethanol gas sensing.
Senor Materials Concentration Sensor Response Operating Temperature (°C) Response/Recovery Time Refs.

(ppm) (sec)

MoS,/TiO, 500 100% 300 70 + 105 [ 90 + 20s 3]
ZnO 500 32 160 14 /13 [31]
Pd decorated ZnO 500 81% 260 6 /95 [32]
WO;/g-C5Ny 500 62.5% RT 30/ 25 [33]
MoSe,/Zn0O 500 37.8 RT 8.4 /14.7 This work

molecules with the surface of the sensing material. From the re-
sponse curves (Fig. 6a and 6 b), the pristine-MoSe, nanosheets ex-
hibit a p-type character, pristine-ZnO exhibits an n-type character
and MoSe,/Zn0O nanocomposite sensor exhibits a p-type character.
Based on these data, the sensing mechanism of pristine sensors as
well as nanocomposite sensor is explained as follows:

The sensing behavior of MoSe, nanosheets showed a p-type
characteristic response during ethanol gas exposure (Fig. 6a). It has
been proved in the literature that, although semiconducting TMD
nanosheets are intrinsically n-type, adsorption of oxygen molecules
from the air atmosphere can introduce p-type doping [17,34]. During
the synthesis, a number of defects are created in the MoSe, na-
nosheets. These defects act as an active point for the adsorption of
oxygen molecules from the air atmosphere during the fabrication of
process of the sensor [35]. The adsorbed oxygen molecules tend to
trap electrons from the MoSe, nanosheets which creates a large
number of oxygen ion species. These oxygen ion species induce the
formation of a thick accumulation layer near the surface of MoSe,
nanosheets. When the MoSe; nanosheets are exposed to ethanol gas,
the electrons are donated by the ethanol to the MoSe;, nanosheets as
ethanol is a reducing agent. This results in decreasing the majority
charge carrier concentration in MoSe, nanosheets and hence an
increase in sensor resistance [13,36]. The gas sensing mechanism of
pristine-ZnO is explained in Section-S.1. (Supporting Information).

A plausible mechanism for enhanced ethanol gas sensing of the
MoSe,/Zn0O nanocomposite sensor compared to the pristine-MoSe;
and pristine-ZnO sensor can be explained by considering the p-n
heterojunction generated at the interface of p-MoSe, and n-type
ZnO [37]. Fig. 9a shows the schematic representation and energy
band diagram of p-MoSe, nanosheets and n-type ZnO nanorods in

air. The band gap of MoSe; and ZnO is 1.3 eV and 3.4 eV respectively
[12,38,39]. The discrepancy of the bandgap in the nanocomposite is
attributed to the formation of heterojunction between MoSe, and
ZnO. The current-voltage characteristic curve of the MoSe;/ZnO
nanocomposite sensor is also obtained at RT using Keithley 2450
SMU to confirm the existence of p-n heterojunction in the nano-
composite sensor (Supporting Information: Fig. S3). Under the
scanning voltage of -2 V to +2 Vit can be seen that the reverse cur-
rent of the nanocomposite sensor is smaller than the forward cur-
rent which indicates the existence of p-n heterojunction at the
interface of MoSe, nanosheets and ZnO nanorods [20,40]. The work
function of n-type ZnO is 4.5 eV [39]. According to the literature, the
work function of pure MoSe; is 4.65eV, and the withdrawal of
electrons from the nanosheets would increase the work function of
MoSe, [41]. Therefore, the work function of ZnO is lower than that of
MoSe,. The distinction in the work function of MoSe, and n-type
ZnO results in the diffusion of electrons from ZnO to MoSe, and the
holes will diffuse from MoSe, to ZnO until an equilibrium of Fermi
level is achieved. The energy band bends at the interface of MoSe,
and ZnO as shown in Fig. 9b. An accumulation layer is formed at the
interface of MoSe, to ZnO, where the electrons accumulate at the
side of MoSe, and the holes accumulate at the side of ZnO. A po-
tential barrier is formed due to carrier trapping at the interface of
the MoSe,/Zn0O nanocomposite which increased the resistance of the
nanocomposite films in the air. As mentioned above, the R, value of
the MoSe,/ZnO nanocomposite sensor is higher as compared to the
pristine-MoSe, sensor owing to the presence of an enhanced po-
tential barrier (Fig. 6a). When the nanocomposite sensor is exposed
to ethanol molecules (Fig. 9c), this results in thinning of the charge
carrier accumulation layer near the surface of MoSe, nanosheets.
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The free electrons so released during this process neutralize the
majority of charge carriers in the MoSe, nanosheets. Similarly, the
released electrons on the surface of ZnO lead to more electron-hole
recombination on the interface of MoSe, nanosheets and ZnO. Fi-
nally, the electron transfer from the ZnO to the MoSe, is impeded
which overall results in an increased change in resistance and en-
hanced sensitivity [42]. The p-type behavior of the MoSe,/ZnO

nanocomposite sensor is similar to the pristine-MoSe, sensor, which
suggests a synergistic effect between MoSe, nanosheets and ZnO
nanorods in which p-type MoSe, nanosheets act as majority charge
carriers [39,43].

The reason for a better response of pristine-MoSe; and MoSe,/ZnO
nanocomposite sensor to ethanol gas in dry N, than dry air can be
explained as: It is evident from the literature that adsorption of oxygen
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on the surface of the MoSe, trap electrons from the MoSe, nanosheets
by occupying the reactive sites on the surface of the sensing layer
[35,44,45]. An increase in the baseline resistance of the sensor in the
presence of dry air compared to dry N, (Supporting Information: Fig.
S2) indicates that more reactive sites are occupied by oxygen thereby
reducing the sensing response of the pristine-MoSe, sensor. As men-
tioned above, the p-type response of the nanocomposite sensor in-
dicates that MoSe, nanosheets act as majority charge carriers. Hence,
the response from the MoSe,/ZnO nanocomposite sensor also de-
creased significantly when recovered in dry air.

From the above ethanol gas sensing results, we surmise that the
superior gas sensing properties of MoSe,/Zn0O nanocomposite sensor
in the presence of dry N, can contribute to the development of
ethanol gas sensors with high sensitivity, good selectivity, stable
repeatability, and fast adsorption/desorption at RT, which are sui-
table for practical applications.

5. Conclusions

A highly selective, stable, and reproducible chemiresistive ethanol
gas sensor based on MoSe,/ZnO nanocomposite was developed.
Specifically, the response value of the as-fabricated nanocomposite
sensor was 37.8 to 500 ppm ethanol gas when operated in dry N, and
15.3 to 500 ppm ethanol gas when operated in dry air. This suggests
that the sensor performs better when operated in dry N, than in dry
air. The sensor demonstrated a p-type characteristic response.
Importantly, the sensor operates at room-temperature and can detect
ethanol down to 10 ppm. The sensor also exhibited improved response
(8.4s) and recovery (14.7 s) time to 500 ppm ethanol gas compared to
previously reported values. The enhancement in performance of the
sensor was due to the formation of a p-n heterojunction at the interface
of the MoSe, nanosheets and ZnO nanorods in MoSe,/ZnO nano-
composite sensor. Furthermore, potential barrier modulation at the
interface provided a positive effect on sensitivity performance. The
results demonstrated that this work may open new avenues to en-
gineer 2D nanomaterials/metal-oxide-based nanocomposites for the
fabrication of ethanol gas sensors for real-time electronics applications.
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Abstract

In this research, we report an enhanced sensing response ethanol gas sensing device based on a
ternary nanocomposite of molybdenum diselenide-zinc oxide heterojunctions decorated rGO
(MoSe,/ZnO/rGO) at room temperature. The sensing performance of the ternary nanocomposite
sensing device has been analysed for various concentrations of ethanol gas (1-500 ppm). The
gas-sensing results have revealed that for 500 ppm ethanol gas concentration, the sensing device
has exhibited an enhanced response value (Ry/R,) of 50.2. Significantly, the sensing device has
displayed a quick response and recovery time of 6.2 and 12.9 s respectively. In addition to this,
the sensing device has shown a great prospect for long-term detection of ethanol gas (45 days).
The sensing device has demonstrated the ability to detect ethanol at remarkably low
concentrations of 1 ppm. The enhanced sensing performance of the ternary nanocomposite
sensing device has highlighted the effective synergistic effect between MoSe, nanosheets, ZnO
nanorods, and rGO nanosheets. This has been attributed to the formation of two heterojunctions
in the ternary nanocomposite sensor: a p-n heterojunction between MoSe; and ZnO and a p-p
heterojunction between MoSe, and rGO. The analysis of the results has suggested that the
proposed MoSe,/ZnO/rGO nanocomposite sensing device could be considered a promising
candidate for the real-time detection of ethanol gas.

Keywords: ternary nanocomposite, heterojunctions, room-temperature sensing,
chemiresistive ethanol gas sensing

1. Introduction [3]. VOCs are organic substances that can quickly turn into

vapor and float into the air, even at room temperature (RT)
Air pollution has become a major concern for society with the  because they have a low boiling point [4]. As per the World
advancement in science and technology [1, 2]. The release  Health Organisation, air pollution is the leading cause of early
of hazardous gases as well as volatile organic compounds death and various diseases [4, 5]. As a result, it is critical to
(VOCGs) in the environment is not only detrimental to the detect and control the release of these pollution-causing gases.
atmospheric environment but also deleterious to human health  As a typical representative of VOCs, ethanol is extensively

used in various food industries, agricultural production, chem-

ical and pharmaceutical communities, etc [6, 7]. But its long-
“ Author to whom any correspondence should be addressed. term exposure causes health problems, such as difficulty in
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breathing, kidney failure, headaches, drowsiness, eye and skin
irritation, and even coma [1, 8, 9]. Thus, it becomes critically
important to monitor and detect ethanol gas at the right time
at RT [10-12].

Molybdenum diselenide (MoSe,), a two-dimensional (2D)
transition metal dichalcogenide (TMD) has gained focus in
the fields of gas sensing, energy storage, solar cells, etc.
owing to its intriguing physical and chemical properties
[13-17]. It possesses high adsorption energy with chemical
molecules, exceptional adsorption-desorption properties, and
a large surface-to-volume ratio which makes it a suitable can-
didate to be explored in-depth for gas sensing applications
[18, 19]. Over the past few years, significant efforts have been
devoted to developing gas sensors based on MoSe; [3, 20,
21]. However, gas sensors relying on pristine MoSe, exhibit
drawbacks such as poor response, slow response, and recov-
ery time. This limits the utilization of pristine MoSe, for gas
sensors [20-22]. To meet the requirements of practical gas
sensors, recently MoSe,-metal-oxide semiconductor (MOS)
hybrids have aroused worldwide attention. For instance, Pan
et al report an RT H;,S sensor based on metal-organic frame-
work (MOF)- derived a-Fe;03/MoSe, composite exhibiting
prominent sensing performances compared to pristine- -
Fe, 05 and pristine- MoSe; sensors [23]. Yang et al designed a
novel MOF-derived SnO,/MoSe; nanocomposite sensor with
improved CO sensing properties at RT compared to pristine
MoSe, and SnO, sensors [19].

In order to further strengthen the sensing performance
of 2D TMDs—MOS hybrids, researchers are focussing on
compositing them with carbon materials forming a tern-
ary nanocomposite [24, 25]. In comparison to the binary
hybrids, ternary nanocomposites develop multiple heterojunc-
tions which modulate the charge transfer behavior in the
gas sensing process thereby enhancing the sensing perform-
ance of the ternary nanocomposite sensors [26, 27]. Carbon
materials such as reduced-graphene oxide (rGO) have been
employed in the field of gas sensing owing to the pres-
ence of abundant residual oxygen functional groups, super-
ior specific surface area, high carrier mobility, and chem-
ically active defect sites for the adsorption of gases [4,
24, 28-30]. Ding et al constructed an RT ppb-level CO
gas sensor based on MoS,/rGO/Cu,0 composite by hydro-
thermal and soft-template methods. The ternary composite
sensor exhibits excellent sensing response, good selectivity,
and long-term stability [24]. Yuan et al reports an NH; gas
sensor based on MoO3/MoS,/rGO composite. The compos-
ite sensor operates at low temperatures with enhanced gas
sensitivity compared to the pristine-MoOs, pristine-MoS,, and
MoS,/Mo0s; sensors [25]. Therefore, incorporating rGO in
the binary hybrids serves to improve the uniform distribu-
tion of heterojunctions, thereby increasing the contact area
between the sensing material and the gas. This improves
the rate of gas adsorption [31, 32]. Furthermore, it cre-
ates a conductive network to transport carriers and improves
the sensing material’s ability to detect carriers generated in
trace gas reactions [33, 34]. Thus, utilizing ternary nanocom-
posite promises enhanced sensing parameters for practical
applications.

In our previous work [3], we explored MoSe,/ZnO
nanocomposite-based sensor for ethanol gas sensing at RT.
The ethanol gas sensing results of the nanocomposite sensor
exhibit higher response value, improved response time, and
recovery time than the pristine- MoSe, sensor to 500 ppm
ethanol gas. To further enhance the ethanol gas sensing prop-
erties of the sensing device at RT, we have explored a tern-
ary nanocomposite of MoSe,—ZnO heterojunctions decorated
rGO (MoSe,/ZnO/rGO) for the first time to the best of our
knowledge. In the gas sensing performance, the as-fabricated
sensing device has been exposed to various concentrations of
ethanol gas ranging from 1 to 500 ppm at RT. A sensing mech-
anism has been proposed to explain the enhanced sensing para-
meters of the as-fabricated sensing device. This work may
uncover insights into the potential of ternary nanocomposites
for ethanol gas sensing, presenting new avenues for progress
and applications in the field.

2. Experimental section

2.1 Chemicals used for the synthesis of the ternary
MoSe»/ZnO/rGO nanocomposite

The chemicals essential for the synthesis included sodium
molybdate dihydrate (Na;Mo0O4.2H,0), selenium (Se)
powder, hydrazine hydrate-86% (N,H4.H,O), zinc acetate
(Zn(CH3COO); - 2H,0), sodium hydroxide pellets (NaOH),
graphite powder, concentrated sulphuric acid (H;SOu),
orthophosphoric acid (H3PO,), hydrogen peroxide (H,O»),
potassium permanganate (KMnOy), ethanol (C,HsOH), and
isopropyl alcohol (IPA). These chemicals were purchased
from Sigma Aldrich.

2.2. Synthesis of the ternary MoSe,/ZnO/rGO
nanocomposite

A hydrothermal approach was utilized to synthesize
MoSe,/ZnO/rGO nanocomposite. MoSe; nanosheets and ZnO
nanorods were synthesized using a hydrothermal method
while GO nanosheets were synthesized via a modified
Hummer’s method as reported earlier in our previous work
[3, 28, 35, 36].

Briefly, for the synthesis of MoSe; nanosheets, 2 mmol of
Na,Mo0,4.2H,O was dissolved in deionized (DI) water and
ethanol (1:1 volume ratio) with stirring for 45 min to obtain a
clear solution. Separately, Se powder solution (4 mmol) was
prepared in NpHy4.H,0-86% with continuous stirring. This
solution was then added to Na,MoQO,4.2H,0 solution drop-
wise. Finally, this reaction mixture was shifted into a 100 ml
Teflon beaker. The Teflon beaker containing the reaction mix-
ture was placed in an autoclave which was kept inside the
vacuum oven at 220 °C for 24 h. Subsequently, the obtained
solution was thoroughly washed multiple times with ethanol
and dried overnight at 100 °C.

For the synthesis of ZnO nanorods, a solution of
Zn(CH3COQ), - 2H,0 (0.5 M) and NaOH (5 M) was pre-
pared separately under continuous stirring. After half an
hour, the solution of NaOH was added to the solution of
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Zn(CH3COO), - 2H,0 dropwise. This reaction mixture was
shifted into a 100 ml Teflon beaker. The Teflon beaker was
placed in an autoclave which was kept inside the oven at
180 °C. The resultant solution was centrifuged and dried to
obtain a white-colored powder.

For the synthesis of GO nanosheets, H,SO4 and H3POy4
were added to 2 g of graphite powder in a ratio of 9:1. After
some time, KMnO, was added to the above reaction mix-
ture slowly which was followed by magnetic stirring at 50 °C
overnight. Subsequent to this procedure, ice (300 ml) was
introduced into the reaction mixture, followed by the addition
of 2 ml of H,O, to effectively quench the reaction. The res-
ultant yellowish slurry was centrifuged until the pH reached 7
which was then dried to obtain GO.

Finally, MoSe,, ZnO, and GO synthesized by the above
procedure were taken in a quantitative amount and dispersed in
a mixture of ethanol and DI water. This dispersion was subjec-
ted to ultrasonication for 4 h. This solution was put in a hydro-
thermal autoclave which was kept in a vacuum oven at 180 °C
for 24 h. After cooling to RT, the black-color precipitate of the
ternary MoSe,/ZnO/rGO nanocomposite was centrifuged and
dried subsequently in a vacuum oven.

2.3. Gas sensing device fabrication

A series of steps were followed to fabricate an ethanol
sensing device using the ternary MoSe,/ZnO/rGO nanocom-
posite. First, the glass slides coated with indium tin oxide
(ITO) were hydrolyzed [37]. The hydrolyzed ITO slides were
cleaned using IPA and DI water several times. After clean-
ing, the slides were dried at 60 °C in the oven for 30 min.
Next, a film of MoSe,/ZnO/rGO nanocomposite was prepared
using the electrophoretic deposition (EPD) technique. The as-
obtained powder was dispersed in acetonitrile (0.75 mg ml~1).
Afterwards, it was transferred into a 2-electrode EPD cell, con-
sisting of the working electrode (WE) and the counter elec-
trode (CE) as illustrated in figure 1. An optimized potential
was applied to the ITO clipped to the WE for 120 s. The pre-
pared film was left to dry overnight. Finally, the thermal evap-
oration technique (Smart Coat 3.0, Hind High Vacuum) was
utilized to deposit silver (Ag) electrodes onto the prepared
film. Figure 1 illustrates the stainless steel (SS) mask design
employed in the silver electrode deposition on the sensing
device. During the evaporation, the chamber was maintained
at a pressure of 4 x 10~ mbar. The resulting silver electrodes
had a thickness of 100 nm. The as-fabricated sensing device
was used for performing ethanol sensing measurements.

2.4. Gas sensing measurements

The gas sensing was carried out in a customized SS cham-
ber. A constant current supply to the ternary MoSe,/ZnO/rGO
nanocomposite ethanol sensing device was provided by the
source measuring unit (SMU). At the beginning of the eth-
anol detection process, rough vacuum pressure was created
inside the SS chamber using a rotary pump. Then, dry air was
introduced for 50 s to obtain the baseline resistance. After that
1% ethanol gas/ 99% dry nitrogen gas mixture was introduced

inside the SS chamber. Inside the SS chamber, the concentra-
tion of ethanol gas was calculated in parts per million (ppm)
according to the following equation:

Cc— 224X xpxVy
N M xV,

x 1000 (1)

In the above formula equation (1), the ethanol gas concen-
tration is depicted by C (ppm), gas volume fraction is denoted
as @, density of ethanol is represented as p (kg . m*3) , volume
of ethanol gas is indicated as V; (L), molecular weight of eth-
anol is expressed as M (kg-mol~!), and volume of the SS
chamber is denoted as V, (m3) [38, 39]. A data acquisition
software (Lab-View) attached to the SMU was used to record
the change in resistance of the sensing film.

3. Results and discussions

3.1. Structural analysis of the ternary MoSe»/ZnO/rGO
nanocomposite using x-ray diffraction (XRD)

XRD is used to investigate the crystal structure of MoSe;,
Zn0O, GO, and MoSe,/ZnO/rGO nanocomposite as depicted
in figure 2. All the diffraction peaks of as-synthesized MoSe;
are attributed to the (002), (100), (103) and (110) planes of
the hexagonal phase of MoSe, (JCPDS 029-0914) [40]. The
XRD pattern of ZnO shows all the diffraction peaks which
are congruous with the standard data available for the wurtzite
structure of ZnO (JCPDS 36-1451) [41]. The XRD pattern
of GO exhibits prominent and weak diffraction peak at 11.7°
and 42.6° which corresponds to the (002) and (100) planes
of GO respectively [42]. The XRD pattern of the ternary
MoSe,/ZnO/rGO nanocomposite consists of diffraction peaks
of (002), (004), (100), and (110) planes belonging to MoSe;
along with all the diffraction peaks of ZnO. The reason for the
invisibility of the (103) plane of MoSe; can be attributed to
the strong characteristic peak intensities of MoSe, and ZnO
[3, 43].

Noticeably, it is also difficult to find the reflection peaks
of rGO in the MoSe,/ZnO/rGO nanocomposite. The much
higher intensity of the characteristic peak of MoSe,, as well
as ZnO in the ternary MoSe,/ZnO/rGO nanocomposite, can
be the reason for the suppression of the rGO peak in the
nanocomposite [36]. Also, we believe that the MoSe,—ZnO
might attach to the surfaces of rGO which prevents their
restacking and aggregation, which might have weakened the
diffraction peak of rGO [44—46]. Therefore, further character-
izations have been done to provide evidence for the coexist-
ence of rGO in the ternary MoSe,/ZnO/rGO nanocomposite.

3.2. Study of vibrational modes of the ternary
MoSe»/ZnO/rGO nanocomposite using Raman spectroscopy

To confirm the presence of rGO in the as-synthesized ternary
MoSe,/ZnO/rGO nanocomposite, Raman spectroscopy is util-
ized. Figure 3 shows the Raman spectra of MoSe,, ZnO, GO,
and MoSe,/ZnO/rGO nanocomposite. Figure 3(a) shows the
Raman peaks at 238, 167, and 283 cm~! which are ascribed
to the Ajg, Ei, and Eég modes of MoSe, respectively [20,
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Figure 1. Diagrammatic representation of fabrication of the ternary MoSe,/ZnO/rGO nanocomposite ethanol sensing device and gas

sensing setup.

47]. Figure 3(b) shows a characteristic Raman peak of ZnO
at 437 cm™! (Elzngh) [35]. Figure 3(c) displays the two distinct
peaks of GO at 1353 and 1590 cm~! representing the D and
G bands, respectively. The intensity ratio (Ip/I¢) corresponds
to the ratio of the intensity of the D and G peaks respectively
is determined to be 0.99.

The Raman spectrum of the ternary MoSe,/ZnO/rGO nano-
composite is illustrated in figure 3(d). The peak at 233.7 cm™!
in MoSe;/ZnO/rGO nanocomposite corresponds to the A,
vibration mode of MoSe, and the characteristic peak identified
at 431.3 cm™! is specifically attributed to ZnO. Additionally,
two prominant bands at 1345 and 1585 cm~! in the Raman
spectrum of MoSe,/ZnO/rGO nanocomposite are attributed to
the D and G bands of rGO respectively.

The Ip/l; ratio of GO in MoSe,/ZnO/rfGO nanocompos-
ite is calculated to be 1.02 which is higher than that of GO.
The increase in intensity ratio from 0.99 to 1.02 indicates that
GO was successfully reduced to rGO during the hydrothermal

synthesis of MoSe,/ZnO/rGO nanocomposite [36, 48, 49].
Therefore, the concurrent presence of Raman peaks attributed
to MoSe;, ZnO, and rGO validates the successful synthesis of
the ternary MoSe,/ZnO/rGO nanocomposite.

3.3. Microstructure analysis of the ternary MoSe»/ZnO/rGO
nanocomposite using high-resolution transmission electron
microscopy (HRTEM)

The microstructure of MoSe,, ZnO, GO, and MoSe,/ZnO/rGO
nanocomposite is analysed by high-resolution transmission
electron microscopy (HRTEM) as displayed in figure 4. The
wrinkled nanosheets of MoSe, stacked over one another
is shown in figure 4(a). In addition to the wrinkles, the
nanosheets are curled at the edges. Figures 4(b) and (c) dis-
play the nanorods of ZnO and creased nanosheets of GO.
The HRTEM image of the ternary MoSe,/ZnO/rGO nano-
composite (figures 4(d) and (e)) suggests that rtGO nanosheets
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Figure 4. HRTEM images of (a) MoSe; nanosheets (b) ZnO nanorods, (c) GO nanosheets, (d) and (e¢) MoSe,»/ZnO/rGO nanocomposite,
and (f) Heterogeneous interface between MoSe; nanosheets and ZnO nanorods.
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Figure 5. FTIR spectra of MoSe;, ZnO, GO, and MoSe,/ZnO/rGO nanocomposite.

have been successfully decorated with MoSe, nanosheets
wrapping the ZnO nanorods. These rGO nanosheets provide
a large specific surface area and active sites for the depos-
ition of MoSe; nanosheets and ZnO nanorods. Also, figure 4(f)
shows the fine lattice fringes of MoSe, nanosheets wrapping
the ZnO nanorods. This indicates the formation of a hetero-
geneous interface between MoSe, nanosheets and ZnO nanor-
ods. The interplanar spacing of MoSe, nanosheets is calcu-
lated to be 0.28 nm corresponding to the (100) lattice plane
of MoSe, as labeled in figure 4(f). Hence HRTEM results
confirm the successful decoration of ZnO nanorods wrapped
by MoSe; nanosheets onto rGO nanosheets in the ternary
MoSe,/ZnO/rGO nanocomposite.

3.4. Functional groups identification of the ternary
MoSe»/ZnO/rGO nanocomposite using fourier transform
infrared spectroscopy (FTIR)

The FTIR spectra of MoSe;, ZnO, GO, and MoSe,/ZnO/rGO
nanocomposite are depicted in figure 5. The spectrum of
MoSe, spectrum exhibits a peak at 3424 cm™! indicative of
O-H stretching vibrations. Additionally, within the range of
1000750 cm~! peaks are observed corresponding to Mo—
O bonds, while the peak at 464 cm~! corresponds to Se—
O-Se bonds [50, 51]. Peaks in the FTIR spectrum of ZnO
are observed corresponding to O-H (3427 cm™'), COOH
(1510-1380 cm ™), Zn—OH (836 cm™!), and Zn-O (510 and
370 cm™") [35]. The FTIR spectrum of GO reveals several
distinctive peaks: a broad peak at 3280 cm~! is attributed
to O-H groups, and peaks at 1700 and 1562 cm~! indic-
ate C=0 and C=C stretching, respectively. Additionally, a

minor peak at 1400 cm~! corresponds to O—-H deformation,
while two peaks at 1215 and 1030 cm~! correspond to epoxy
C-0O-C and alkoxy C-O stretching vibrations, respectively
[35, 52]. The spectrum of ternary MoSe,/ZnO/rGO nano-
composite displays the peak corresponding to Mo—O bonds,
and Zn-O bonds. In addition to these peaks, some peaks
corresponding to oxygen-containing functional groups with
decreased intensity compared to GO are also seen. This
implies a successful thermal reduction of GO into rGO dur-
ing the hydrothermal synthesis of the ternary MoSe,/ZnO/rGO
nanocomposite [36, 53]. Hence, the presence of func-
tional groups associated with MoSe,, ZnO, and rGO in
the MoSe,/ZnO/rGO nanocomposite confirms its successful
formation.

3.5. Ethanol gas sensing performance of the ternary
MoSe»/ZnO/rGO nanocomposite sensing device at RT

3.5.1. Response of the sensing device toward various con-
centrations of ethanol gas. The gas sensing performance
characteristics of the ternary MoSe,/ZnO/rGO nanocomposite
sensing device are analysed towards various ethanol gas con-
centrations ranging from 1 to 500 ppm at RT as illustrated in
figure 6(a). It is observed in figure 6(a) that as the ethanol con-
centration increases, there is an increase in resistance change
of the device. As a result, the response value (R,/R,) of the
ternary nanocomposite sensing device to ethanol gas concen-
trations of 1, 100, 200, 300, 400, and 500 ppm at RT is calcu-
lated as 2.2, 14.0, 23.5, 32.4, 42.6, and 50.2 respectively. R,
and R, are the resistance of the device in the air and ethanol
gas respectively.
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MoSe,/ZnO/rGO nanocomposite sensing device.

3.5.2. Response and recovery time of the sensing device.
Figure 6(b) describes the response time (tresp), and the recov-
ery time () of the ternary MoSe,/ZnO/rGO nanocomposite
sensing device. The device exhibited a #,, of 6.2 and #.. of
12.9 s to 500 ppm ethanol gas. Moreover, the ternary nano-
composite sensing device exhibits a typical p-type gas sens-
ing behavior, that is, an increased resistance induced by redu-
cing gas. In addition to this, full recovery to the initial state
is observed for the ternary MoSe,/ZnO/rGO nanocomposite
sensing device which reveals that the interaction is due to the
physisorption process.

The response time and recovery time of the ternary
MoSe,/ZnO/rGO nanocomposite sensing device are systemat-
ically evaluated for various concentrations of ethanol gas ran-
ging from 1 to 500 ppm as depicted in figure 7(a). It is noticed
that the as-fabricated ternary nanocomposite sensing device
shows low f., and large #.c when the device is exposed to
a higher concentration of ethanol gas (500 ppm). The fall in
tesp could be explained by the abundant sites on the sensor’s
surface for gas adsorption. Conversely, the rise in .. may be
attributed to a large number of ethanol gas molecules involved
in the interaction with the sensor which required time to desorb
from the sensor’s surface [27].

3.5.3. Repeatability of the sensing device. A practical gas
sensor should possess good repeatability under exposure to
the same concentration of target gas. The repeatability of the
ternary nanocomposite sensing device is tested for five suc-
cessive cycles to 1 and 500 ppm ethanol gas in the order
of dry air-ethanol-dry air as shown in figures 7(b) and (c).
It is observed that the resistance change of the as-fabricated
ternary nanocomposite sensing device is approximately the
same, exhibiting good repeatability to ethanol gas over cyclic
measurements.

3.5.4. Selectivity of the sensing device.  Another vital
aspect of a practical gas sensor is selectivity. The selectivity
study of the ternary MoSe,/ZnO/rGO nanocomposite sens-
ing device is conducted with a primary focus on developing
a VOC gas sensor. The radar plot in figure 8(a) shows the
response of the sensing device toward a few VOCs (includ-
ing ethanol, acetone, benzene, and formaldehyde) each at a
concentration of 500 ppm at RT. It can be seen that the tern-
ary MoSe,/ZnO/rGO nanocomposite sensing device displays
a response of 50.2 to ethanol gas. This suggests that the tern-
ary nanocomposite sensing device displays a higher response
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Table 1. A comparison of ethanol gas sensing performances of the ternary MoSe»/ZnO/rGO nanocomposite sensor with other reported

literature®
Operating Concentration ~ Sensor response  Response time  Recovery time — Stability

Sensor materials temperature (°C) (ppm) S) (s) (s) (days)
MoSe,/ZnO [Previous work] [3] 27 (RT) 500 37.8% 8.4 14.7 30
Mo0O,/MoO3/MXene [12] RT 100 10.8° — — 15
CuO-ZnO/g—C3Ny4 [54] 260 500 16° 87 169 30

Pd decorated ZnO [55] 260 500 81¢ 6 95 22
MoS,/TiO; [56] 300 500 100° 70+ 10s 90 £20s 56
ZnO [57] 275 500 33¢ 25 12 60
ZnO/rGO/g—C3Ny [58] 300 100 178° 76 6 14
Iny03/Zn0O/Ti3C, Tx [59] RT 100 6.5¢ — — 30
MoSe,/ZnO/rGO [This work] 27 (RT) 500 50.2% 6.2 12.9 45

? Indicates that S = (Ry/R4).

b Indicates that S = (R; — R, /R,) X 100.
¢ Indicates that S = R, /R,.

4 Indicates that S = (Rq — Rg/Ra) x 100.

¢ Indicates that the literature provided has been structured to follow the chronological order of their publishing.

to ethanol gas compared to other gases, which is ~1.8 times
of acetone gas, ~16.2 times of benzene gas, and ~26.4 times
of formaldehyde gas. In future reports, we intend to broaden
the scope of our selectivity studies to include a diverse array
of reducing gases.

3.5.5. Stability of the sensing device.  To evaluate the exten-
ded stability of the ternary MoSe,/ZnO/rGO nanocomposite
sensing device, its response to 500 ppm ethanol gas at RT is
observed over a period of 45 days, with measurements taken
at regular intervals of 7 days. As represented in figure 8(b), no
obvious variation in the responses of the as-fabricated sensing
device is observed within 45 days, inferring that the sensor has
a great prospect for long-term detection of ethanol gas at RT.

The detailed comparison of ethanol gas sensing perform-
ances of the ternary nanocomposites and other reported lit-
erature with the present work is shown in table 1. Compared
to previously reported ethanol gas sensors, the ethanol sensor
based on the ternary MoSe,/ZnO/rGO nanocomposite exhib-
its higher response value (R,/R,), fast response and recovery
time, outstanding long-term stability, and importantly operates
at RT.

3.5.6. Ethanol gas sensing mechanism.  The gas-sensing
mechanism of the sensor is based on the change in resistance
due to the adsorption and desorption of ethanol molecules on
the surface of the sensing material [60]. In general, MoSe, and
rGO nanosheets show a p-type behavior, and ZnO nanorods
show an n-type behavior towards ethanol gas [3, 61]. From the
response curves (figures 5(a) and (b)), the MoSe,/ZnO/rGO
nanocomposite sensing device shows a p-type behavior which
suggests that MoSe, and rGO nanosheets act as majority
charge carriers during the ethanol sensing mechanism.

The ternary MoSe,/ZnO/rGO nanocomposite sensor
enhancement mechanism to ethanol gas primarily involves
four main aspects: Firstly, the gas sensing performance of
the ternary MoSe,/ZnO/rGO nanocomposite sensing device is
closely related to the formation of heterojunctions. Figure 9(a)
shows the schematic representation and energy band diagram
of p-MoSe; nanosheets, n-type ZnO nanorods, and p-rGO
nanosheets. The discrepancy of the work functions and band
gap of MoSe;, ZnO, and rGO in the nanocomposite is attrib-
uted to the formation of p-n heterojunction between MoSe;
and ZnO and p-p heterojunction between MoSe, and rGO.
The differences in fermi levels result in rapid movement of
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Figure 9. Schematic representation of ethanol gas sensing mechanism of the ternary MoSe,/ZnO/rGO nanocomposite sensing device.

charge carriers (electrons/holes) until an equilibrium of fermi
level is achieved. The energy band bends at the interface of
MoSe,/ZnO and MoSe,/rGO and an accumulation layer is
formed as shown in figure 9(b). A potential barrier is formed
due to carrier trapping at the interface of the MoSe,/ZnO
and MoSe,/rGO in the ternary MoSe,/ZnO/rGO nanocom-
posite sensing device. Under normal air atmosphere, the
adsorption of oxygen molecules on the surface of the tern-
ary MoSe,/ZnO/rGO nanocomposite sensor plays a crucial
role as depicted in figure 9(b). When the sensing device is
exposed to air, the oxygen molecules adsorbed on the sur-
face of the sensor are transformed into oxygen species (O;)

by trapping free electrons from the conduction band of the
MoSe,/ZnO/rGO nanocomposite sensor [24]. Generally, at
RT the oxygen molecules can react as follows to produce O,
[12, 62]:

O, (gas) — O, (ads)
20; (ads) +2e~ <> 20; (ads).

@
3

Upon exposure of the sensing device to ethanol gas, the
ethanol gas molecules react with the oxygen species adsorbed
on the surface of the ternary MoSe,/ZnO/rGO nanocomposite
sensor. This causes the ternary nanocomposite to recapture the
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electrons carried away by the adsorbed oxygen in the air. This
results in the broadening of the charge carrier accumulation
layer formed at the two interfaces. The simultaneous exist-
ence of two distinct accumulation layers and potential barri-
ers is particularly noteworthy. This coexistence significantly
enhances the number of heterojunctions present in the nano-
composite device, resulting in a marked enhancement of eth-
anol gas sensitivity [63]. The entire process leads to an overall
increase in the resistance of the ternary nanocomposite sensor.
The reaction is shown in equation (4).

2C,HsOH + 605 (ads) — 4CO, + 6H,0+6e ™. (4)

Secondly, a large number of active sites are provided
by rGO for the deposition of MoSe, nanosheets and ZnO
nanorods [46, 64]. This is also evident in HRTEM images
(figures 4(d)—(f)) that MoSe, nanosheets and ZnO nanorods
are deposited onto the rGO matrix. The specific ternary struc-
ture provides increased active sites, enhancing the adsorption
and desorption of ethanol molecules thereby improving the
sensing response appreciably. Third, rGO also acts as a con-
ductive network facilitating rapid electron transfer between
MoSe; nanosheets and ZnO nanorods [42]. This leads to quick
response and recovery time as shown in figure 5(b). Fourth, the
bandgap of rGO is small, and slight changes in the carrier con-
centration on the surface of rGO have an obvious influence on
the electrical conductivity of the MoSe,/ZnO/rGO nanocom-
posite sensor [46]. Therefore, there is a great contribution of
rGO in enhancing the ethanol gas sensing performance of the
ternary MoSe,/ZnO/rGO nanocomposite sensor.

Thus, we conclude that the as-fabricated ternary nanocom-
posite sensing device is capable of detecting ethanol gas at low
concentration (1 ppm) with high sensitivity, good selectivity,
long-term stability, fast adsorption and desorption, and stable
repeatability.

4. Conclusions

In conclusion, a highly stable, exceptionally selective, and reli-
ably repeatable ethanol gas sensing device has been success-
fully developed using the ternary MoSe,/ZnO/rGO nanocom-
posite, promising long-term stability. Importantly, the tern-
ary nanocomposite sensing device exhibits a fantabulous sens-
ing response of 50.2 to 500 ppm ethanol gas. The ternary
nanocomposite sensing device can detect ethanol down to 1
ppm at RT. The developed ternary nanocomposite sensing
device exhibits a considerably fast response time (6.2 s) and
recovery time (12.9 s) to 500 ppm ethanol gas. Besides, the
sensing device also establishes prolific long-term stability of
45 days. The superior performance of the developed tern-
ary nanocomposite sensing device is owed to the formation
of two heterojunctions: a p-n heterojunction between MoSe;
and ZnO and a p-p heterojunction between MoSe, and rGO.
Furthermore, the abundance of active sites is provided by rGO
for the attachment of the MoSe, nanosheets and ZnO nanor-
ods. Consequently, this increases the sites for the adsorption

and desorption of ethanol molecules. This improves the gas-
sensing response of the sensing device toward ethanol signi-
ficantly. In addition to this, the conductive network of rGO
nanosheets facilitates fast electron transfer between MoSe;
nanosheets and ZnO nanorods, endowing the ternary nano-
composite sensing device with quick response and recovery
time. The result provides a facile and effective approach for
developing a ternary nanocomposite for the fabrication of eth-
anol gas sensing devices with enhanced properties.
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