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ABSTRACT

As the global population surges and various industries flourish, the quest for innovation
escalates daily. Similarly, polymers characterized by elongated, chain-like structures serve
as highly effective insulators against heat and electricity. However, a novel process now
enables these polymers to conduct heat more efficiently, unlike metals, which uniformly
conduct heat in all directions. This unique property designates them as conducting
polymers. Early investigations into conducting polymers (CPs) were sparked by the
remarkable discovery that the conductivity of polyacetylene. However, due to the
challenges in assembling and maintaining stability of polyacetylene, the demand for more
conductive polymers surged, leading to the emergence of polyheterocycles as a family of
highly stable conductive polymers. In 2000, the Nobel Prize in Chemistry honoured
MacDiarmid, Heegar, and Shirakawa for their pioneering work on polyacetylene,
recognizing its significance as a conducting polymer. Among various CPs, polypyrrole
(PPy) is considered to be best due to their intrinsic properties like thermal, electrical and
morphological properties which are further used in various applications like sensors,
batteries and capacitors. The properties of PPy can be improved by adding various fillers

like CNT, metal oxides and metal sulfides.

Recently, there has been a notable surge in attention towards hazardous gas sensors, both
within industry and academia. This surge is attributed to their integral role in intelligent
systems, particularly due to the pervasive presence of hazardous gases in the air we breathe,
posing threats to human health. Researchers are increasingly focusing on the well-being of
not just humans, but also animals and plants, underscoring the imperative to detect CO,
C2HsOH, Hz, and NHz in our environment. These pollutants, originating from a variety of
roots including natural phenomena, stationary sources, moving vehicles, and thermal power
plants. To regulate the air quality of our environment, it is essential to continuously monitor
the concentration of various gases or volatile organic compounds (VOCs). Hence, the
critical necessity lies in detecting these detrimental gases or VOCs at minimal concentration
levels, serving as the fundamental requirement for employing sensors in air quality

maintenance.



The proposed research addresses the synthesis of PPy and Metal sulfides (MoS2, SnS,, WS,)

chalcogens as matrix and fillers, respectively by in-situ chemical oxidative polymerization
route for good dispersion of fillers in the matrix of PPy at different wt % of fillers (1 wt%,
5 wt%, 10 wt%, 20 wt%, and 30 wt%). The key goal is to develop highly selective and
response for different gases. To study about structural, morphological and electrical
properties of PPy based nanocomposites various physiochemical techniques were done
using SEM, TEM, XRD, FTIR and I-V measurements. Finally, sensing activity of PPy and
its nanocomposites with metal sulfides were performed at room temperature to detect gases
such as Hz, C2HsOH, CO, COzand NHs. The proposed research work achieved good sensing

response at low weight percent with high sensitivity and stability.
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CHAPTER ONE

Introduction

This chapter provides a comprehensive overview of gas sensing, conducting polymers, and
the research conducted within the scope of the Ph.D. thesis. It delves into the fundamentals
of gas sensors, conducting polymers, as well as their composites and nanocomposites,
elucidating their respective advantages. Notably, particular emphasis is placed on exploring
the application of PPy and its nanocomposites in gas sensing. The chapter concludes with a

concise presentation of the motivation behind the research and its objectives.



CHAPTER ONE Introduction

1.1 Overview of Gas Sensor

Balancing the escalating energy needs due to a growing population and sustaining economic
growth poses a significant challenge for humanity. Achieving this without causing
irreversible harm to the environment is crucial. The ongoing release of a multitude of
chemical pollutants such as NHs, CH4, NOx, CO, SOx and fluorocarbons from industrial
activities, vehicle emissions, and domestic waste significantly exacerbates environmental
challenges, including acid rain, climate change, indoor air pollution, and ozone depletion
[1]. To mitigate environmental damage caused by air pollution, there is a requirement for
monitoring systems capable of promptly detecting and identifying pollutants within

specified standards [2].

Air pollution poses a significant environmental health challenge, profoundly impacting life
on earth. An air pollutant is any substance in the air capable of causing harm to living beings
and the environment. Various sources contribute to this issue, including solid particles,
household stoves, smoke from tobacco, vehicles, industrial amenities, construction, and
flames in forests or agriculture. These pollutants are categorized into two types: primary
and secondary. Primary pollutants encompass toxic gases like NOx and CO emitted directly
from vehicle exhausts and SOy released from industrial factories. In contrast, secondary
pollutants are not emitted directly but form in the air through reactions or interactions among
primary pollutants. Ground-level ozone, a significant concern, is an example of a secondary
pollutant [3]. As per “WHO” pollution significantly exacerbates asthma and heightens the
risk of respiratory infections, especially among children. Air pollution is additionally
associated with increased rates of illness and death, contributing to conditions such as
stroke, chronic respiratory diseases, and various forms of cancer. In 2019, * air pollution”
was recognized as the greatest environmental threat to health, underscoring its status as the
foremost global environmental health risk.

Moreover, the importance of indoor air quality is underscored, given the substantial time
spent indoors in places such as homes, hospitals, and schools. Monitoring various hazardous
gases (NHs, CO2, CO, Benzene, toluene, etc.) and volatile organic compounds (VOCs) with
humidity is crucial. Prolonged exposure to these pollutants indoors can lead to respiratory

infections, lung cancer, and heart diseases. Moreover, the importance of



indoor air quality is underscored, given the substantial time spent indoors in places such as
homes, hospitals, and schools. Prolonged exposure to these pollutants indoors can lead to
respiratory infections, lung cancer, and heart diseases. Consequently, detecting both indoor
and outdoor air pollution is equally vital. For this, gas sensors play a crucial role in
safeguarding safety and well-being across various industries and applications, providing
invaluable advantages such as instant monitoring and timely identification of gas leaks or
hazardous concentrations. The gas sensor stands out as the paramount and economical
technology embraced by the scientific community for the sensitive, selective and rapid
detection of volatile organic compounds, as well as toxic and combustible gases. Every day,
the global demand for gas sensors is on the rise, driven by their essential role in health and
environmental surveillance, industrial safety measures, and various other applications. Gas
sensors empower us to observe and comprehend the unseen and rapid molecular dynamics
in our surroundings, enabling proactive measures to anticipate, prepare, and mitigate
unforeseen occurrences which includes air quality monitoring, industrial safety and

detecting fires.

1.2 Basic Characteristics of gas sensor

Gas sensors are characterized by their response to gas molecules, quantified by transfer
function, sensitivity, repeatability, linearity, speed of response, and their susceptibility to
environmental effects. This response is often manifested as a change in resistance upon
exposure to gas molecules on the sensor's surface. Some of these parameters which are

relevant to present work are defined here:

e Sensitivity- In context of gas sensor, refers its ability to detect changes in gas
concentration. It essentially quantifies how much the sensor’s output signal varies

in response to a change in gas level.
Ra/Rg = reducing gases
Rg¢/Ra = oxidizing gases
Where Ra denotes resistance of gas sensors in the reference gas (usually the

air) and Ry denotes resistance in the reference gas containing target gases.

e Response time- It is defined as the time it takes for the sensor's output to reach a
certain percentage (usually 90%) of its final stable value when exposed to a specific
gas concentration. In essence, a faster response time indicates a more reactive



sensor that can detect changes in gas concentration quickly. This is crucial for
applications where rapid detection is vital, such as leak detection systems or safety
alarms.

e Selectivity- In the realm of gas sensor, it refers to its ability to distinguish between
the target gas it's designed for and other gases present in the surrounding
environment. It is important due to several reasons:

Accurate Measurements: If a sensor is not selective, its output signal will
be a combination of the target gas and interfering gases. This can lead to inaccurate
measurements of the target gas concentration.

False Alarms: In safety applications like CO detectors, poor selectivity can
trigger false alarms if the sensor responds to other common gases in the environment.
Specificity: Many applications require the detection of a specific gas amidst
a mixture. Good selectivity ensures the sensor focuses on the target gas of interest.

e Long term stability- It refers to its ability to maintain consistent and reliable
performance over an extended period of time. This translates to the sensor's output
signal remaining relatively unchanged when exposed to the same gas concentration
under constant operating conditions.

e Repeatability- It refers to the consistency of a sensor's response when measuring
the same gas concentration under identical conditions on multiple occasions. It
essentially quantifies how closely the sensor's output signal matches itself across
repeated measurements.

1.3 Conducting polymers as gas sensor

Researchers have recently made numerous efforts to enhance the features of gas sensors,
including “sensitivity”, “repeatability”, fast “response-recovery time”, “selectivity”, and
“stability”. CPs display electrical, electronic, magnetic, and optical characteristics
resembling those of metals or semiconductors, they are frequently termed "synthetic
metals.” Researchers are increasingly drawn to the semiconductor behaviour of conducting
polymers, acknowledging them as promising materials for gas sensor applications. The
demand for innovation is increasing day by day due to rise in population and various

industrial facilities. Similarly, polymers made of long, series-like molecules act as excellent



insulators for heat and electricity. But the new process allows the polymer to conduct heat
more efficiently on the other side, unlike metals, which conduct equally well in all directions
called conducting polymers. The initial research on CPs originated from the discovery that
the conductivity of polyacetylene, typically a semiconductor at best, surged by a staggering
10 million-fold upon oxidation with iodine vapor. This phenomenon, termed "doping,"
proved essential for polymer conductivity as it facilitated the attainment of high
conductivity levels. However, due to challenges in assembling polyacetylene and its
instability in air, there emerged a need for more conductive polymer alternatives [4]. CPs
possess an extended p-orbital system that facilitates electron mobility throughout the
polymer structure, enabling electrons to traverse from one end to the other. Recent research
classifies intrinsically conducting polymers (ICPs) as one of the interest growing research
for synthetic polymeric material from the last century due to its excellent electrical,
mechanical, thermal, morphological properties of metal and semiconducting materials [5,6].
The intrinsic conducting polymers (ICPs) are interesting material having n- conjugated
system in the polymeric chains [7]. Well-studied conducting polymers like "Polypyrrole,”
"Polyaniline,"” "Poly(3,4-ethylenedioxythiophene),” "Polythiophene,” along with their
composites, have garnered significant attention as highly promising options for sensor
applications. Among all the ICPs, Polypyrrole is found to be the best because of its excellent
environmental monitoring [8], easy synthesize [9] process, reversible doping/dedoping
character, and high electrical conductivity [10,11]. Due to these properties, it has many
applications such as batteries [12], sensors [13], capacitors [14], electrodes [15,16] and thus
there is growing interest in PPy composites due to their combination of desirable properties
including electrical conductivity, thermal stability [17], and well-defined morphologies [18]
as well as their ease of fabrication at low cost [19,20]. Experimentally synergy between
individual components imparts nanocomposites enhanced characteristics, thus extending its
scope of applications [21,22]. Next-generation sensors crafted from 2D/3D materials are
promising a best future, potentially replacing traditional metal oxide sensors that require
high operating temperatures (200-400°C). Moreover, certain commercial sensors exhibit
diminished activity at room temperature. Consequently, the scientific community is delving
into novel material categories, including carbon-based materials such as CNTs, graphene
and metal sulfides, owing to their reduced resistance and operational temperature
requirements. Furthermore, there's a growing demand for materials with lower power
consumption, which carbon materials offer compared to semiconductor materials. Hence,

the properties of PPy can be improved by incorporating various fillers

5



like carbon nanotubes (CNT), metal oxide nanoparticles, graphene, and metal sulfides [23].
2D layered transition metal dichalcogenides (TMDs) have emerged as highly appealing
materials for a diverse array of applications in gas sensors [24—-26]. TMDs, denoted as MX>
(where M represents a transition metal and X signifies a chalcogen), exhibit a layered
structure wherein the metal atoms coordination can adopt either trigonal or octahedral
configurations, resulting in hexagonal or rhombohedral structural symmetries [27,28].
These materials exhibit both a considerable specific surface area and covalently bonded
layers united by weak van der Waals forces, resulting in significant interplanar distances.
Consequently, the intercalation of small moieties between the layers becomes feasible,
rendering such structures suitable for interactions with the environment. TMDs such as
WS,, MoS; and SnS> are popular choices for gas sensing applications due to their unique

properties and advantages:
1. Large Surface area:

e 2D Structure: These materials exhibit a layered, 2D structure with a high
surface-to-volume ratio. This large surface area allows for increased interaction

with gas molecules, enhancing sensitivity and response time.
2. Tunable bandgap:

e Semiconducting Nature: WS, MoSz, and SnS; are semiconductors with
tunable bandgaps. This means their electrical conductivity can be adjusted by
varying the number of layers. This tunability enables selective detection

detection of different gases.
3. High Sensitivity and Selectivity:

e Surface Reactions: The large surface area and active sites on these materials
facilitate strong interactions with gas molecules, leading to significant changes
in electrical conductivity. This results in high sensitivity, allowing detection of

even low concentration of gases.

e Selective Adsorption: The unique electronic and chemical properties of these
materials enable selective adsorption of specific gas molecules, improving

selectivity and reducing interference from other gases.

4. Stability and Durability:

e Resistance to Degradation: WSz, MoS;, and SnS; are relatively resistant to
degradation by moisture and other environmental factors, ensuring reliable

performance over time.



Based on the aforementioned context, the current research endeavors to fabricate
nanocomposite materials based on PPy, aiming to enhance their electrical characteristics.
For the selection of better oxidants, PPy has been synthesized by “chemical oxidative
polymerization” method using oxidants ammonium persulfate and ferric chloride. These
PPy were dried and designated as PPy/APS and PPy/FeCls having globular morphology.
Pyrrole as a matrix and FeClz as an oxidant were selected for developing hybrid
nanocomposite, as FeClz has better electrical conductivity. Metal sulfides like WS, MoS;
and SnS» were selected as a filler material with easily tunable electronic, physical and
chemical properties which makes them attractive for gas sensing applications. “In-situ
chemical oxidative polymerization” method was adopted to prepare nanocomposite with
matrix pyrrole as formation of polymers occurs directly at the interface between the matrix
and reinforcing material which results in better adhesion and homogeneity leading to
improved properties and overall performance of the composite.

The composition and structure of the matrix, filler, and final nanocomposites were
investigated using a range of techniques: X-ray diffractometry (XRD) for crystallographic
analysis, Fourier transform infrared (FTIR) spectroscopy for chemical bonding information,
current-voltage (I-V) measurements for electrical properties, transmission electron
microscopy (TEM) for high-resolution imaging, and scanning electron microscopy (SEM)
for morphology analysis. Meanwhile, the electrical properties were assessed utilizing an

electrometer. PPy and its nanocomposites like WSz, MoSz and SnS; showed different values

of electrical conductivity. According to the findings thus far, gas sensing utilizing PPy-

based composites such as WS, MoS», and SnS; has been investigated.



1.4 Various Objectives of the Research Work

Specific objectives of research topic are:

To synthesize of PPy by Chemical oxidative Polymerization method.

To prepare PPy and its composites with metal disulfides such as WSz, MoSz, SnS»
etc.

Characterization of PPy and its composites such as WS, MoS,, SnS; using FE-
SEM, HR-TEM, XRD, EDX, FTIR spectral techniques and I-V measurements.

Structure-Properties-Sensing correlation of PPy based composites.

To explore the sensing activity of PPy and its composites with metal sulfides (WS,
MoS,, SnSy).



CHAPTER TWO

Literature Review

An extensive “literature review” is presented on various synthesis methods utilized for the
production of conducting polymer PPy, including electrochemical polymerization, photo-
induced polymerization, enzymatic polymerization, chemical polymerization, in- situ
polymerization, and plasma polymerization in this chapter. Additionally, detailed
discussions are  provided on the production of conducting  polymer
composites/nanocomposites combining different fillers. Lastly, the chapter thoroughly

explores the utilization of PPy-based nanocomposites to enhance sensing applications.



CHAPTER TWO Literature Review

2.1 Method for synthesis of polypyrrole composites

Overview of all the proposed research methodology for the synthesis of polypyrrole

composites is presented in this section.

2.1.1 Electrochemical polymerization

The small amount of monomer required makes this method for studying material growth on
electrodes in real-time. It unlocks a powerful platform for analysis, allowing researchers to
probe the process using both electrochemical and spectroscopic techniques directly on the
electrode [29-31]. This technique enables the creation of electroactive/conductive films,
with their properties finely tuned through adjustments to electrolysis conditions like
electrode potential, current density, solvent choice, and electrolyte composition. [30,32].
The electrochemical method of synthesis is a simple method to produce conducting
polymers as free-standing films and colloids due to its purity and high rate of accuracy
[31,33]. Figure 2.1 shows a general scheme for electrochemical polymerization [34]. The
primary factor influencing the efficiency of these sensing materials is the type of dopant
utilized. Table 2.1 illustrates the extensive efforts focused on enhancing gas detection
capabilities through the development of PPy films as the basis for gas sensors targeting a

range of gases.

Table 2.1 Electrochemically synthesized polymers for gas sensing applications

Polymeric D- Dopant Analyte References
material
PPy D: tetrafluoroborate (BF%) COz [34]
PPy 12 different dopants with CeHe, CeHsCHs [35]
sulfonated anions’
PPy D: perchlorate NHz [36]
PPy Perchlorate as dopant NH3 [37]
PPy lithium perchlorate and NH3 [38]
toluenesulfonic acid as
dopant
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Figure 2.1 Electro polymerization mechanism of polypyrrole [34].

A study by Dunst et al. [39] investigated the use of electrochemically polymerized
polypyrrole (PPy) films on gold electrodes for ammonia gas sensing. The PPy film exhibited
an improved sensor performance, with the normalized resistance (R/Ro) increasing from 1.0
— 1.1 as the NHs conc. rise from 10 ppm - 200 ppm at RT. The long- term performance of
the PPy sensor for detecting NHs gas was monitored over a period of 35 days. The
researchers observed a gradual change in the sensor's response to ammonia over time, with
the data following a linear trend. This suggests that the sensor's sensitivity to ammonia may
slowly decrease over extended use. While PPy sensors suffer from a decrease in sensitivity
(normalized response) over time due to aging effects this particular sensor exhibited
remarkable stability for 35 days [40]. Despite a drop from a maximum normalized response
of 39% to 20% for 100 ppm ammonia, this represents a significant achievement in long-term
stability for PPy-based sensors. Patois and his co-workers [41] investigated using a high
applied potential (2V vs. SCE) during electrochemical polymerization to enhance the
ammonia sensitivity of PPy films. Their work highlights the importance of both the
electrolyte solution and its salt concentration in influencing sensor sensitivity. Using a
lithium perchlorate (LiClOa) solution at a conc. of 0.1 M as the electrolyte led to a gas sensor
with impressive features: it could detect ammonia at 3 ppm (low conc.) and responded
quickly [42].
11



Research approach of Kwon et al. was to find the effect of particle size of PPy nanoparticles
to detect volatile organic compounds (VOCSs) and toxic gases on behaviors of chemical
sensing with 20nm, 60nm and 100nm different diameter ranges produced at a rate of 11%
changing range from 6 ppm - 200 ppm comparable to the others [43]. PPy nanoparticles of
different diameters are chemically synthesized using the soft template method in an aqueous
solution and found that the conductivity and volume ratio increase with a decrease in size of
nanoparticles. Chemical sensors made from very small polypyrrole nanoparticles (20 nm),
as seen in the FE-SEM images of Figure 2.2, exhibit excellent performance. These sensors
offer high sensitivity, meaning they can detect tiny amounts of gas, along with good
reversibility, allowing them to return to their original state after exposure, and a rapid

response time.
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Figure 2.2 SEM micrographs of Polypyrrole NPs (a) 20 nm, (b) 60 nm, and (c) 100 nm PPy
NPs. (d, e and f) present data on how the electrical resistance of these nanoparticles is
affected by ammonia gas Part (d) focuses specifically on a 50 ppm ammonia concentration,
while part (e) explores how resistance changes with different particle diameters (5 nm to
200 nm). Finally, part (f) investigates the relationship between increasing ammonia
concentration and the sensor's sensitivity (S) [43]. Reproduced with permission from

American Chemical Society

In 2007, Tai [46] team developed TiO2/PPy nanocomposites ultrathin film showing highly

sensitive as well as selective NH3, CO, and NO- sensor. The sensor showed a high response
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rate (~2.73%~7.95%) when there were different NHs concentrations ranges from 23-141
ppm with recovery time (~60 s) and average response (~17 s). The gas sensor of TiO2/PPy

thin film was defined on interdigited electrodes of gold on SiO»-coated silicon wafer. The
ultrathin TiO2/PPy film sensor (Figure 2.3a and 2.3b) shows a positive response to
ammonia (NH3) with increasing sensitivity as the NH3 concentration rises. However, the
sensor also exhibits cross-sensitivity to carbon monoxide (CO), meaning it can respond to
CO gas as well. Figure 2.4a and 2.4b illustrate how the sensor's sensitivity varies with
different CO concentrations. The data indicates a clear distinction in sensitivity and
response time for the sensor when exposed to 23 ppm of NHz and CO gas compared to air.
Hence, sensors shows NHz with high sensitivity, and gases such as CO and NOz do not

interact with the detection.
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Figure 2.3 focus on (a) Sensitivity of ultrathin-film gas sensor with increasing NH3
and CO concentrations. (b)Response-recovery of ultrathin-film gas sensor for 23

ppm NHs and CO [46]. Reproduced with permission from Taylor and Francis

This method stands out for its simplicity and directness. It allows for the deposition of
intrinsically conducting polymers onto electrode surfaces without the requirement for a
subsequent doping process [47]. While this method offers several advantages, several
factors can influence the film's quality and yield. These factors include the type and
concentration of the monomer and electrolyte solution, the solvent used, and the
properties of the electrode itself. Certain modification is required on these factors to
enhance the applications of electrochemical polymerization.
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Figure 2.4 Reproducibility features of TiO2 based polypyrrole ultrathin film gas sensor
on addition or removal of 23 ppm NHs at N2 (a) and air (b) [46]. Reproduced with

permission from Taylor and Francis

2.1.2 Photo-induced polymerization

This method uses UV light or visible light to pass on cross-linked polymer structures at
particular pH and room temperature as this method is free from radial photo polymerization
due to the use of hydrogels. This class of materials is made from the manufacture of
polymers and semiconductors of oxide metal which is sometimes known as hybrid material.
This category of products provides superior properties as compared to their original form.
Pyrrole undergoes photoinitiated polymerization, where light excites the pyrrole monomers,

leading to their subsequent polymerization and formation of PPy.

Su et al. created a humidity sensor by combining titanium dioxide nanoparticles (TiO>),
polypyrrole (PPy), and a special polymer called poly-[(3-methacrylamino)propyl] trimethyl
ammonium chloride (PMAPTAC) into a composite film on a polyester sheet [48]. In order
to assess the humidity sensing capabilities and electrical properties of thin films made from

TiO2 nanoparticles and PPy, researchers first investigated these films using FTIR

spectroscopy. To enhance the film's flexibility, they then introduced a polymer electrolyte
called PMAPTAC, which permeated the TiO2NPs/PPy films. The modified films were

subsequently characterized again using FTIR spectroscopy. Figure 2.5a focuses on the
humidity sensing properties of TiO2 nanoparticles/polypyrrole (TiO2 NPs/PPy) films. It
presents an Arrhenius plot, which is a graph of resistance data plotted against the inverse of
temperature (1/T). This plot is used to determine the activation energy of the sensor. The data
shows that for sensors on both PET and alumina substrates, the activation energy for

humidity sensing at 30% relative humidity (RH) is different. The activation energy is 0.32
14



eV for the sensor on the PET substrate and 0.56 eV for the sensor on the alumina substrate.

Thus the difference in activation energy leads to ion migration and diffusion. To optimize
the flexibility of the composite film for humidity sensing, researchers investigated the effect
of different concentrations of TiO. nanoparticles. They focused on finding the concentration
that offered the best balance between sensitivity (ability to detect changes in humidity) and
linearity (how consistently the sensor's response reflects humidity changes) within a
relevant humidity range (30-90% RH). Figure 2.5b included image shows the flexible
sensor bending, demonstrating its capability. Figure 2.5c represents changes in electrical
response and measurements at 25 ‘Cand ac voltage of 1V which increases sensitivity and
linearity on adding MAPTAC. The sensor on TiO2 nanocomposite films shows “better

9 ¢

flexibility”, “linearity”, “faster response” (30s) and “short recovery time”.
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Figure 2.5 (a) Impedance as well as relative humidity for samples at 1V. (b) Image of
flexible sensor on TiO2 nanocomposites on bending (c) Response as well as recovery time
of sample at 1V (d) Impedance as well as relative humidity for sample sensor at different

temp. at 1 V [48]. Reproduced with permission from Elsevier
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Singh et al. [49] created PPy-silver nanocomposite films with a core-shell structure. They
achieved this by photo-initiating the polymerization of pyrrole monomers on a specially
treated BOPET substrate using silver nitrate (AgNOz). This process generates pyrrole
radicals and metallic silver nanoparticles [50]. The pyrrole radicals then undergo chain

growth and dimerization, forming the polypyrrole (PPy) shell around the silver core.

The researchers prepared films using a constant concentration of pyrrole (0.5 M) and varied
the amount of silver nitrate (AgNO3z) from 0.05 M to 0.7 M. They also experimented with
different ultraviolet (UV) exposure times, ranging from 15 to 180 minutes. Interestingly,
they observed a change in the film's structure (morphology) as these conditions changed.
Initially, the films exhibited a layered or plate-like structure (two-dimensional lamellar).
However, with increasing AgNOs concentration or longer UV exposure, the structure
transitioned to a more granular form. SEM images of PPy-silver nanocomposite films
prepared with a fixed UV exposure time of 120 minutes but varying AgNOs concentrations
(0.05 M to 0.7 M). These images allow for the observation of how the film morphology
changes with increasing AgNO3 concentration. The obtained films are small and show a
small amount of PPy grains in the lowest range of concentration 0.5. On increasing the
AgNOs solution to 0.1M, the film becomes larger in 2-D lamellar structures. As the
concentration of the solution continuously increases up to 0.5 M, plate-like crystals
gradually cover the entire BOPET surface. This clearly shows the growth of polypyrrole
directed by Py salts in the plane of the substrate. When identical conditions were used
(pyrrole and silver nitrate concentrations both at 0.5 M, and UV exposure time of 120
minutes) on a BOPET substrate, a granular film was formed. In this film, the layer of PPy
is believed to be responsible for the sensor's response to various gases. The researchers
tested the sensor's ability to detect different gases at a concentration of 20 ppm, including
ammonia (NHs), hydrogen sulfide (H2S), chlorine (Cl2), nitric oxide (NO), nitrogen
dioxide (NOz), carbon monoxide (CO), and methane (CHs). Across all the samples
investigated, the PPy-Ag films containing approximately 0.1M silver exhibited a
chemiresistive response to NHsz and H>S gases. The response curve for NH3z and HzS (30
ppm exposure) shows response and recovery time of NHz as 8 sec and 130 min but H2S

shows an increase in conductance and compares response times for NHz and H»S gas.
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This study compares the performance of the developed PPy-Ag nanocomposite film sensor
with previously reported PPy-based sensors and their nanocomposites for gas sensing
applications. Table 2.2 summarizes the results of this comparison across different materials.
The PPy-Ag nanocomposite film sensor stands out with several advantages: Lowest
detection limit: It can detect ammonia gas at concentrations as low as 5 ppm. Good
sensitivity: The sensor's electrical response effectively reflects changes in gas concentration.
Very fast response time: The sensor reacts to gas exposure within approximately 6 seconds
(at 20 ppm ammonia). However, there's also a drawback to consider: High recovery time:
The sensor takes a relatively long time (around 80 minutes at 20 ppm ammonia) to return
to its baseline state after exposure. The high recovery time is possibly linked to the porous

morphology. This porous structure allows gas molecules to penetrate deeply into the film,
potentially slowing down the process of releasing the gas molecules once exposure stops.
An additional benefit of the PPy-Ag sensor is that even with a minimal amount of silver (0.1

M), it exhibits reversible changes in conductivity upon exposure to ammonia at ppm levels.

Table 2.2 Gas sensing performance of the PPy-Ag film sensor relative to previously

reported PPy-based sensors and their nanocomposite counterparts .

Used Active - layer Synthesis Limit of Response Response | Ref
Material Method detection 20 at time
ppm
Glass Polypyrrole Chemical S5ppm 8% 15 [16]
oxidative second
polymerization
Silicon Polypyrrole Electrodeposited 10ppm 8% 150 [41]
polymerization second
Ceramic Polypyrrole Vapor- phase 50ppm 13% 14 [51]
based Pd polymerization second
composites
Resin Polypyrrole Chemical 10ppm 38% 20 [52]
based Ag oxidative second
composites polymerization
with drop casting
Pellet ZnSnOs/ PPy Chemical 50ppm 40% at 50 20 [53]
oxidative ppm second
polymerization
Glass Carbon/ PPy Vapor deposition 10ppm 150% 10 [54]
as well as second
chemical
oxidative
polymerization
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In 2020, Jlassi et al. created a new type of material for gas sensors. This material combines
PPy (a conductive polymer) with tiny clay tubes (halloysite) and silver nanoparticles. They
made this composite using a technique called in-situ photopolymerization, where light
triggers the formation of the polypyrrole in the presence of halloysite and silver nitrate,
which initiates the reaction [55]. The researchers tested different amounts of PPy/Ag
composite material (0.25%, 0.5%, and 1% by weight) mixed with HNT-DMA. These
mixtures were then applied as a thin layer onto special finger-like electrodes made of Indium
Tin Oxide (ITO) using a spin coating technique. They found that adding silver nanoparticles
to the PPy material stiffens the sensor film. This stiffer film translates to better sensitivity
for detecting humidity changes. Interestingly, the mixture with 0.5% PPy/Ag by weight
showed the best sensitivity compared to the other concentrations. However, there is a
challenge to address. At high humidity levels (80% relative humidity or RH), the sensor
exhibits a hysteresis loss. This means the sensor's response might not perfectly match
when increasing and decreasing humidity levels. Nanocomposite recovery and response
time were found to be the 30s and 35s. Comparative analysis of this method is explained
in Table 2.3.

Table 2.3 Contrast of the gas sensing features of Halloysite/PPy/Ag with previous work
related to PPy based nanocomposites [93].

Material Method Gas Sensing Response vs Ref.
range Recovery time
Polypyrrole-cellulose Chemical 30-80% RH ~418 second [56]
nanocomposites polymerization
TiO2 at RT
TiO2based Photo 11-90%RH ~45second [48]
“NPs/PPy/PMAPTAC” polymerization
Time of 20 min
(UV light)
TiO2/PPy In-situ 5-92%RH ~66 second [57]
nanocomposites polymerization
Time of 20min
deposition
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2.1.3 Enzymatic polymerization

During the last decade, pie conjugated polymers have attracted scientists because of the
electrical conductivity as well as uv-visible characteristics of these compounds [58].
Enzymatic polymerization synthesis is considered as the best extent and accurate polymer
synthesis [59]. In this way, the product is obtained under mild conditions without the use of
toxic reagents. Glucose oxidase (GoX) is considered to be the most interesting enzyme
because of its cheapness, strong natural analysis, and active sugar in the field of research.
Some conductive polymers, like polypyrrole (PPy), polyaniline (PANI), and polythiophene
(PTh), are useful in creating biosensor devices [60,61]. These devices often combine the
conductive plastic with an enzyme called glucose oxidase (GOXx).The effectiveness of
PANI/GOx and PPy/GOx sensors depends on how long it takes to form the plastic using a
technique called dynamic light scattering (DLS).

Enzymatic polymerization offers an alternative route for PPy synthesis. It operates under
mild oxidation conditions and utilizes neutral pH solutions. This approach yields PPy with
stable electrical conductivity. [62,63]. PPy can be made in various ways using water-based
solutions. This versatile material is then used to create biosensors that can detect biological
molecules like enzymes, antibodies, and even DNA [64,65]. Biological molecules such as
uricase [66] are widely used in the synthesis of polymers [67].

Nabid et al. created a water-soluble conductive polymer called PPy. To achieve this, they
used an enzyme called horseradish peroxidase and a special molecule (sulfonated
polystyrene) that acts like a template [68]. This process occurs under environmentally mild
conditions. PPy limits processability, characterization and applications due to lack of
solubility. To overcome these challenges, various strategies have been employed to enhance
the solubility of PPy, thereby improving its characteristics . A common approach involves
the chemical synthesis of pyrrole monomers using ammonium persulfate as an oxidant and
dodecyl benzene as a dopant. Conducting and electroactive form of PPy was confirmed by
morphological pattern. The polymerization process yields a product that necessitates
minimal post-processing steps for isolation and purification. The solubility of polymer
makes it ideal for assembling them into organized structures with biological
macromolecules such as process enzymes. Won et al. [69] indicated that a redox meditator
would be used to achieve the polymerization of monomer that acts as poor enzyme substrate.

They used HRP as an enzyme and various phenothiazine derivations as redox mediators to
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polymerize cardanol.

Bouldin et al. [70] prepared a single polypyrrole composite with similar electrical properties
at a high pH used for chemical procedure. This method uses a natural enzyme called
soybean peroxidase to create a water-based polymer at room temperature. This polymer
conducts electricity very well (over 0.1 siemens per centimetre) and doesn't need additional
chemicals to function. The pyrrole monomer reaction was modified with other dopants
other than PSS such as CSA and PVP. Response temperature control is designed for high-

performance PPy under conditions with good yields.

2.1.4 Chemical oxidative polymerization

For large-scale production of conducting polymers, the chemical oxidative polymerization

method stands out for its simplicity and effectiveness [71, 72]. In this case, PPy was

prepared using chemical oxidative pyrrole monomer [73,74]. Due to the variety of
applications of chemical-prepared polypyrrole, structures such as processability, thermal
stability, and behavior require improved application continuity. In general, redox reactions
between PPy and ammonia are considered to be in response to ammonia sensing from
multiple sources. The equation representing the redox reaction between PPy and ammonia

can be expressed as:

PPy*+ NH3 — PPy + NH3" (Adsorption) (2.1)
PPy+NH 3 —» PPy"+NH 3 (Desorption) (2.2)

When PPy is exposed to certain gases, like iodine (I2) and nitrogen dioxide (NOy), it loses
electrons from its rings. In the case of ammonia, however, the interaction reduces the
number of positive charges (holes) in the PPy, making it more sensitive. Therefore; in this
type of polymerization, many researchers reported the synthesis of PPy using different
oxidants. Iron (I11) chloride (FeCls) has been employed as an oxidant for the synthesis of

PPy films, facilitating the study of their ammonia gas sensing capabilities.

Chitte et al. [73] synthesized PPy purely and uses dopants like LiClIOa, p-TS, and NSA..
The response of these materials is explained by the exposure of ammonia and LPG and the
DC electrical conductivity is measured by four probe method. The electrical current versus
voltage (I-V) curve showed an increase in conductivity when dopants were added. Using
ferric chloride (FeCls) as an oxidant during synthesis, the conductivity of the material

improved from 0.001 to 0.01 S/cm. The electrical conductivity exhibits a gradual decrease
20



across all samples within the temperature range of 300 to 700 C. The added molecules
(dopants) help the material conduct electricity by creating special charged particles inside
it . Figure 2.6 represents a plot for current vs time and samples are read in 3 cycles. The
way the material releases the iodine (I) over time (shown in the graph) is clearly different
between the first cycle and the second and third cycles. This suggests that some of the iodine
wasn't completely removed during the second and third cycles. It is noted that a current
decrease is observed when ammonia gas is exposed using p-TS and NSA as dopant and
electrical conductivity of PPy decreases. The same samples were further used to detect LPG
gas and when LPG gas was added, decrease in electrical conductivity takes place as shown
in Figure 2.7. The sensor responded to ammonia gas very quickly, within a few seconds.
In contrast, it took several minutes to detect LPG gas. This suggests that PPy- based
materials are well-suited for ammonia detection, but less effective for LPG. The gas

sensing response of the proposed route is illustrated in Figure 2.7.
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Figure 2.6 Gas sensing sensitivity for NHz gas using FeCls (a) FeCls+ LiClO4 (b) FeCls+
NSA (c) FeCls+ p-TS (d) [73]. Reproduced with permission from Scientific Research

Studies by Chitte et al. [73] and Khadem et al. [22] support the observed increase in

conductivity with ferric chloride (FeCls) as an oxidant. They attribute this enhancement to
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structural differences between oxidizing agents and the pyrrole monomer during synthesis.
Furthermore, Figure 2.8 shows that the FeCls containing sample exhibits a fibrillar
morphology, whereas the sample with ammonium persulfate has a spherical morphology

(Figure 2.9). As reported by Khadem et al., fibrillar structures promote better electron

transport within the polymer chain, leading to higher conductivity. This aligns with our

findings of the FeCls sample demonstrating both superior conductivity and thermal stability.
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Figure 2.7 Gas sensing sensitivity for LPG - PPy+ FeCls (a) PPy+ LiClO4 (b) PPy+
p-TS (c) PPy+ NSA (d) [73]. Reproduced with permission from Scientific Research

Following a similar approach, Waghuley et al. [77] employed ferric chloride (FeCls) as an
oxidant for chemically synthesizing PPy. Their process resulted in two PPy samples in the
form of a black, odorless powder. These samples were prepared with different weight ratios
of PPy to FeClsz: a low ratio of 0.429 and a high ratio of 4.29. To establish electrical
connections, silver paint electrodes were printed on opposing sides of the sensor film. PPy-
| and PPy-11 sensors were used to test CO2 gas sensing exploration using screen-printed
techniques. Microscopic images (SEM) revealed differences in the structure of the PPy

samples depending on the ratio of PPy to FeClz used during synthesis. The sample with a
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lower ratio (0.429) showed a uniform, porous texture with a variety of void sizes ranging
from about 500 nm to 2 mm. In contrast, the sample with a higher ratio (4.29) had unevenly
shaped voids, including larger and flatter areas, with sizes varying from about 20 nm to a
much larger 200 mm. This suggests that the ratio of PPy to FeCI3 during chemical
polymerization, along with the chosen preparation method (which might be influenced by
solvent polarity), plays a role in shaping the final structure of the material. These structural

differences can potentially affect the material's performance in sensing applications [78].

Both PPy-I and PPy-I1 sensors showed increasing resistance as the CO2 gas concentration
went up. However, the PPy-I sensor reached a saturation point (stopped responding
effectively) at a concentration of 800ppm, while PPy-I1 could handle higher concentrations,

reaching saturation at 950 ppm.

Figure 2.8 Images of PPy samples, FeCls as an oxidizing agent (oxidant 0.1M, pyrrole
0.05M and surfactant 0.025 at 25°C and duration of 4h) [22]. Reproduced with permission

from Hindawi

Figure 2.9 Images of PPy samples, APS as an oxidizing agent (oxidant 0.1M, pyrrole
0.05M and surfactant 0.025 at 25°C and duration of 4h) [22]. Reproduced with permission
from Hindawi
Interestingly, within this range (up to saturation), the response of both sensors increased
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proportionally to the CO2 concentration for 15 minutes at room temperature. In Figure
2.10a, the response rates of both sensors exhibit a linear correlation with the concentration
of CO2 gas over a 15-minute period. In Figure 2.10b, the dynamic responses of PPy-I and
PPy-11 sensors to CO concentrations of 100, 400, and 700 ppm at ambient temperature are
depicted. Notably, the response time for PPy-1 at 300 ppm is approximately 270 s, while for
PPy-I1, it is around 210 s. Upon exposure to air, the recovery time for PPy-I and PPy- Il is
approximately 1760 s and 1560 s, respectively. This indicates that PPy-1l sensor also
demonstrates shorter response and recovery times under room temperature conditions.
Furthermore, both sensors exhibit a notable change in resistance when the temperature is
raised from 303 K to 343 K, resulting in a decrease in their response, as illustrated in
Figure 2.11. At room temperature, the average CO2 sensor readings for PPy-1 measure
139.3x1076 Q/ppm, while for PPy-11, it registers at 129.9x10"6 Q/ppm. Conversely, at 343
K, these values notably decrease to 9.2x1076 Q/ppm for PPy-I and 4x10"6 Q/ppm for PPy-
1, as evidenced by SEM images. This result suggests a more significant response to COz in

PPy-I11, attributed to the smaller kinetic diameter of the CO2 molecule.

Malook et al. [79] investigated a material for detecting ammonia gas at room temperature.
They created a composite by combining PPy, a conductive polymer, with two metal oxides
(V205 and MnOy) using FeClz as an oxidant. They tested different blends of these materials
and found that a specific mix (PPy with 4% V.Os and 5% MnO., labeled S3) performed best
in terms of sensitivity and selectivity towards ammonia gas. This material also showed a
good response time (around 75 seconds to detect the gas and 76 seconds to recover) and
functioned well within a certain range of ammonia gas concentrations (5 ppm to 60 ppm).
Overall, the findings suggest that this specific PPy-based composite (S3) is a promising

candidate for ammonia detection at room temperature.
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Figure 2.10 (a) Response % of PPy-1 and PPy-II sensors of COz gas conc. at RT[77] (b)
Dynamic response of PPy-1 and PPy-II gas sensors at RT to 100 ppm, 400 ppm and 700
ppm [77]. Reproduced with permission from Elsevier

2.1.5 In-Situ chemical oxidative polymerization

This polymerization technique utilizes polymerization mixtures to synthesize polymer
nanocomposites from nanoparticles. This cost-effective method facilitates homogenous
mixing, achieving a uniform distribution of particles within the polymer matrix.
Additionally, it promotes synergistic interactions between the nanomaterial and the

polymer matrix.
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Figure 2.11 (a) Resistance of PPy-1and PPy-I11 films in air (b) Variation of sensor response
% of (a) PPy-I and (b) PPy-11to 100, 300 and 700 ppm of CO; at various temp. [77].
Reproduced with permission from Elsevier

Jun et al. [80] developed a method to coat tin dioxide (SnO2) hollow spheres with
polypyrrole (PPy) using a chemical reaction. This involved starting with pyrrole (the
building block molecule for PPy) dissolved in chloroform. They then added iron (111)
chloride (FeCls) to trigger the reaction and coat the SnO2 spheres with PPy while the spheres

25



were present in the mixture. A TEM image of the empty SnO> spheres shows rough and
porous morphology containing various SnO: nanoparticles. Figure 2.12 shows TEM
micrograph of empty PPy and coated SnO2 spheres which were homogenously entrapped
by PPy coatings. Experimental data showed synergic interaction that leads to thermal
stabilization of PPy in the frameworks. In this work, PPy/SnO, was used for sensor
applications and found that hybrid showed good performance on ammonia gas at RT. It also
shows that the pure SnO> sensor does not show a response to ammonia gas at RT. The sensor
utilizing hybrid materials demonstrates a rapid response when exposed to gas and recovers
quickly afterwards. This translates to a two-fold increase in sensitivity compared to sensors
based on pure PPy. Microscopic images (TEM) show that these sensors made from
combined materials (hybrids) have a good pathway for electrons to move within them.
Additionally, the porous structure of these hybrids creates a large surface area compared to
their volume. This large surface area is why the hybrid sensors are so sensitive [81-84].

Figure 2.12 TEM micrographs of (a and b) SnO2 hollow spheres (c and d) PPy coated

SnOz2 hollow spheres [80]. Reproduced with permission from American Chemical Society

The combined effect of PPy and SnO2 hollow spheres creates special zones within the sensor
material. These zones help improve the sensor's response by making it more difficult for

electrons to move in a certain direction.
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Qin et al. [85] prepared a three- dimensional rGO by hydrothermal treatment from GO at
190°C for 14 h and rGO/PPy nanocomposite was prepared by in situ chemical oxidative
polymerization method. The three-dimensional rGO/PPy nanocomposite shows a 4-5 times
increase in ammonia (300ppb — 5ppm) sensing compared to pure PPy on the alumina
surface. SEM images shows granulated morphology of PPy transforming into a porous,
nanostructure similar to 3D rGO. The sensor response was (~4-~11) at a concentration of

1.0 ppm - 5.0 ppm.

The sensor exhibits rapid response and recovery times, with a response time of 5 seconds
and a recovery time of 20 seconds. The updated sensing parameters are associated with a
porous surface. Sun and his co-workers [86] developed a new type of NHs sensor. This
sensor is made from a combination of PPy nanoparticles and reduced graphene oxide (rGO).
The PPy nanoparticles, about 80 nanometers in size, are evenly spread over the rGO sheets
using a chemical process. The entire sensor is then placed on a flexible plastic base (PET)
to create a thin film. This new sensor design offers several advantages: it's flexible, portable,
cost-effective, and works at room temperature. Figure 2.13a shows that the PPy
nanoparticles are tiny particles, each about 80 nanometers in size. When combined with rGO
(Figure 2.13b), the shape and size of these PPy nanoparticles change somewhat.
Additionally, the PPy nanoparticles appear to be scattered throughout the rGO, both on its
surface and in between its sheets. 5 wt% of rGO-PPy hybrid sensors on NH3 show good
selectivity for VOCs at room temperature and show 2.05 times more response than pure
PPy. The improved response of the sensor to ammonia gas (NHs) can be explained by several
factors. First, the PPy and rGO materials interact in a specific way, with their flat surfaces
(n-w stacking) and hydrogen bonds forming between them. Second, the rGO sheets provide
a large surface area for the gas molecules to interact. Finally, the structure of the sensor

allows for fast movement of electrical charges (carriers) within the material.

Mahajan et al. [87] created a new method to build nanoparticles of PPy at room temperature.
They used a special solution (ferric chloride) to trigger a reaction and combined the PPy
with several other materials: reduced graphene oxide (RGO), multi- walled carbon
nanotubes (MWCNTS), and zinc oxide (ZnQO). These additional materials act- like fillers
within the PPy. By examining the material under a microscope (Figure 2.14), they observed
that the PPy nanoparticles have a round or spherical shape, with an average size between
150 and 200 nanometers. Interestingly, the other materials (fillers) seem to be well-
distributed throughout the PPy. The amount of filler material (nanofiller) added significantly

impacted the surface area of the PPy composites. As the filler concentration increased from
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2% to 20% by weight (wt%), the surface area also increased. Because more filler creates
more surface area for gas molecules to attach. Interestingly, at concentrations of 5%, 10%,
and 20% wt%, the PPy composite material seems to be organized in layers on the rGO
sheets. The gap between PPy spheres has increased with the increase in the concentration
of fillers.

Figure 2.13 SEM images of (a) PPy nanoparticles with diameter 80 nm (b) rGO/PPy hybrid

material [86]. Reproduced with permission from Elsevier

Sensitivity was determined by NH3 gas at room temperature. Ammonia gas being reducing
gas and PPy as a p-type semiconductor, electrons obtained through holes from the NHs gas
in PPy showing a change in resistance. Gas sensitivity experiments were conducted on PPy,
2RCZPPy, 5RCZPPy, 10RCZPPy, and 20RCZPPy at ambient temperature, as depicted in
Figure 2.15. Removal of NH3 gas at concentrations of 50, 100, and 200 ppm revealed that
20RCZPPy exhibited a remarkable response of 325%, owing to its superior conductivity is

shown in Figure 2.16.

Similarly, Kiani et al. [88] reported a highly selective NHs sensor on PPy/Ag
nanocomposites and gas sensor comparing PPy nanosphere/Ag nanocomposites and pristine
PPy. Thin films made of PPy fibers and silver nanoparticles were layered onto special
electrodes (interdigitated electrodes). These sensors exhibited faster response and recovery
times compared to sensors made with PPy spheres and silver nanoparticles. This difference
is likely due to a stronger chemical reaction between the fiber/silver composite and
ammonia gas compared to its reaction with other vapors. Scientists investigated how well
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the sensor conducts electricity (electrical conductivity) at different temperatures, ranging
from 220 to 700 C. They observed that the sensor's ability to conduct electricity
(conductivity) gradually decreased as the temperature increased. Hence, PPy fiber/Ag
nanocomposites show better sensing properties. Ramesan synthesized polypyrrole coupled
with copper sulfide (CuS) through in-situ chemical oxidative polymerization, followed by
comprehensive characterization using FTIR, SEM, XRD, DSC, and conductivity analyses.
The findings indicated that the FTIR spectrum affirmed the incorporation of CuS
nanoparticles within the polymer nanocomposites. Structural and morphological
assessments revealed improved surface characteristics, displaying porous, granular, and

globular morphology with excellent uniformity. The optimal dielectric properties make it

suitable for sensor applications.
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Figure 2.14 FE-SEM images of PPy, 2RCZPPy, 5SRCZPPy, 10RCZPPy and 20RCZPPy
Nanocomposites [87]. Reproduced with permission from Springer
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The direct current (DC) conductivity of the CuS/PPy composite was higher than that of pure
PPy. Interestingly, the conductivity also increased as the amount of CuS added (filler content)
increased. This suggests that adding more CuS creates more free space within the PPy matrix.
This extra space allows ions or molecules to move more easily throughout the material,
ultimately improving its conductivity [89]. Yeole et al. [90] investigated a new material for
detecting ammonia (NHs) gas at RT. They created nanocomposites by combining PPy with
Ag>S using a special process called in-situ polymerization. Interestingly, they studied how
the amount of Ag.S affected both the electrical properties of the material and its ability to
sense NH; gas. They then tested these new materials to see how well they detected ammonia
gas at room temperature in normal air conditions (ambient conditions). The results were
promising: the nanocomposites made with PPy and Ag.S showed an excellent response to

ammonia gas at a concentration of 100 ppm.
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Figure 2.15 Response % of 20RCZPPy nanocomposites at different conc. of 50, 100 and
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2.1.6 Plasma Polymerization

Several methods are employed to produce polypyrrole including chemical oxidation polymer,
electrochemical polymerization, and gelation. Plasma polymerization emerges as an optimal
method for crafting small pyrrole films, ensuring high-quality outcomes. Films generated
through plasma polymerization exhibit notable characteristics such as thermal and chemical
stability, transparency, uniformity, and density. Li et al. [91] prepared polypyrrole films on Si
substrate by this type of polymerization using RF power in the Ar atmosphere in an empty
chamber. They chose the power level as 10, 12, and 14 W and characterized the films by SEM,
FTIR, EDS, and XPS. FTIR shows three major shifts in films that lead to unbreakable pyrrole
rings and pyrrole containing nitrogen groups and low RF power to improve the electrical

conductivity.
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Figure 2.16 Sensitivity of PPy, 2RCZPPy, 5RCZPPy, 10RCZPPy, and 20RCZPPy

nanocomposites on NHs gas [87]. Reproduced with permission from Springer
Yague et al. [92] reported deposition of small PPy films on nanostructured surfaces and showed
that the incorporation and growth of PPy increased with the construction of pyrrole terminated
self-assembled monolayer on gold surface. In this, the synthesis of different N-pyrrole alkane
thiol is explained. The length of the monolayer chain and the plasma polymerization conditions
were studied to determine their role in determining in high monolayer structure and film growth.
The conditions for plasma polymerization were to promote the formation of solid thin films with

rough value and control thickness and further used in sensor array development. Dhillon et al.
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[93] prepared semi-crystalline films of PPy, thin and pin hole free by RF plasma polymerization
using PPy monomer as a precursor in the field of Ar plasma zone. For the formation of plasma,
RF was used in constant argon gas pressure. It shows confirmation of crystalline regions and inter
plane separation calculation. It is evident that the films obtained by polymerization are very stable
and show adhesion to all types of substrate. It can also be seen that the films contain the finest
grains of globular contrast and grains are dispersed evenly at a ratio of 1 nm in the matrix
shown in Figure 2.17a and regions with a diameter 15-20 nm observed with sharp lattice
planes of 0.68 nm inter plane separation in Figure 2.17b and confirms the formation of semi
crystalline phases in the amorphous matrix. In addition to electrochemical and chemical
polymerization methods, the spin coating technique is utilized to fabricate PPy based NiO hybrid
film sensors on glass substrates. While Geng et al. [94] demonstrated that PPy-WO3; materials
are sensitive to HzS gas, Nalage et al. were the first to explore the gas sensing properties of
PPy/NiO hybrid nanocomposites in detail. Their study investigated factors like stability,
reproducibility, and selectivity alongside sensitivity [95]. In addition, nanocomposite was used
to detect NO2 gas compared to PPy and nano-NiO. PPy-NiO gas sensitivity (10%, 20%, 30%,
40%, and 50%) was carried at room temperature at 100ppm concentration to test different gases
and the reaction of PPy based NiO (50%) shows a very high response rate of 47% to 100ppm for
NO.. The selectivity of PPy, nano-NiO, and PPy-NiO (50%) was investigated using test gases
including Clz, NO2, H2S, C2HsOH, and NHgs, each at a concentration of 100 ppm. The responses
obtained were 13%, 26%, and 47%, respectively, with minimal response observed towards other
gases. Hence, PPy-NiO exhibits high sensitivity and stability at room temperature and the

response slows down the higher concentration.

Figure 2.17 (a) HR TEM image of polypyrrole at scale bar of 10 nm. (b) Inter plane spacing

by HR TEM [93]. Reproduced with permission from Elsevier
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The combination of nickel oxide (NiO) and polypyrrole (PPy) in the sensor creates a special
effect. NiO acts like a material with positive charges (p-type semiconductor) and NO2 gas
tends to attract electrons. When NO> gas comes in contact with the sensor, it pulls electrons
away from the composite material, increasing the number of positive charges (holes) within
it. This increase in holes makes it easier for electricity to flow through the material, resulting

in a decrease in resistance.

2.1.7 Vapor-phase polymerization

Vapor- phase polymerization is simple and successful solvent process for the formation of

high- quality polymer chains on substrates.

An et al. [96] found that combining PPy with single-walled carbon nanotubes made a sensor
ten times more sensitive to nitrogen dioxide (NO2) gas compared to a sensor made of PPy
alone. They also observed that combining PPy with multi-walled carbon nanotubes resulted
in a sensor with some sensitivity to ammonia (NH3) gas, especially at room temperature.
Hong et al. developed a new method to create a sensor material for ammonia (NHz) gas
detection [51]. Their method involved a simpler process using heat (thermal refluxing) and
vapor phase polymerization to combine PPy with palladium (Pd). Interestingly, the study
found that the structure (morphology) of the sensor material was significantly affected by
three factors: the amount of Pd used, the ratio of PPy to Pd, and the duration of the reaction.
These nanocomposite sensors made with PPy and Pd showed a response rate between 13.9%
and 58.9% for ammonia gas concentrations ranging from 60 ppm to 2000 ppm, all at room
temperature. This response rate was considerably higher than that of pure PPy sensors.
Additionally, the sensor recovered from exposure to ammonia gas quite quickly (recovery
time of 14 seconds) and responded within 148 seconds for a high ammonia concentration
(1000 ppm). Finally, the research suggests that the performance of these sensors is
influenced by two key features: the size of the palladium nanoparticles and the overall
structure of the sensor film. Jang et al. [97] developed a sensor material for detecting
hydrogen gas (Hz) at room temperature. Their design involved combining carbon nanotubes
(CNTs), polypyrrole (PPy), and palladium nanoparticles (Pd). First, they modified the CNTs
with a special molecule (pyrene carboxylic acid) that helped the PPy stick to them better.
Then, they used a vapor process at 800 C to coat the CNTs with PPy. Finally, they used
sound waves (ultrasound irradiation) to attach tiny Pd nanoparticles onto the CNT/PPy

composite. This sensor, based on a field-effect transistor (FET) system, could detect Hz gas
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at concentrations as low as 1 ppm (parts per million) at room temperature, with a sensitivity
of around 1.6%. For comparison, the study also suggests that single-walled carbon
nanotubes combined with PPy (single-enclosed CNT/PPy) might be a better choice for

sensing hydrogen sulfide (H2S) gas at room temperature.

2.1.8 Gassensing

A sensor acts like a translator for the environment. It can detect various physical changes
around it, such as light, heat, movement, humidity, or pressure. The sensor then converts
these physical changes into data (electrical signals) that can be understood by other devices
or even people. Conducting polymers are a special type of plastic that conducts electricity
well. This makes them very useful for building sensors, especially in chemistry and biology.
Scientists are interested in these polymers because several things can influence their
electrical properties. These influences include chemical reactions (analyses), adding small
amounts of other materials (doping), and changes in the polymer's structure (redox regions).
When these things happen, the conducting polymer's ability to conduct electricity
(resistance) or the amount of current it carries can change. These changes in electrical
properties can then be used to detect the presence of specific chemicals or biological
molecules. Nanomaterials are finding a valuable role in the development of gas sensors.
Their unique properties, including high surface area and good electrical conductivity, make
them ideal for this application. The high surface area allows gas molecules to readily come
into contact with the sensor material, increasing the sensor's sensitivity. Additionally, the
good electrical properties of some nanomaterials allow them to convert the interaction with
gas molecules into a measurable electrical signal, facilitating gas detection [98]. Sensors
developed for metal oxides work efficiently but their low selectivity and short life span have
their shortest arrival and should be improved. The limitations mentioned can be overcome
by the construction of room temperature operable gas sensors. MWCNT enhances its
sensory performance when used to create a polymer matrix. The addition of MWCNT to
PPy greatly affects sensitivity towards NH3z. The PPy-MWCNT nanocomposites sensor

shows fine sensitivity to NH3z at room temperature.

Kondawar et al. [99] designed to operate a composite based sensor with a different NHs
sensor. Tiwari et al. [100] improved the PPy-rGO thin film composite sensor for NHs and
ensured the integration of rGO into PPy improved sensitivity and response time. The PPy-
rGO hybrid sensor to NH3 shows good sensing response and sense ammonia at 3ppm. With

the increase in the concentration of ammonia gas, the sensitivity also increases due to which
34



it starts saturating at high concentration and sensitivity of PPy-rGO are more than PPy thin
film sensor. Lin et al. [101] prepared a novel graphene/PPy sensor with different
percentages of graphene for humidity sensor measured using LCR analyzer. The results
show a sample with 10% graphene /PPy with excellent sensitivity at RH (Relative
humidity) in the range of 12-90%. The prepared sensor showed high sensitivity and the
hysterious value was very small which is suitable for high-performance humidity sensors..
Shukla et al. [102] developed a humidity sensor using a composite material made of PPy
and ZnO. They combined these materials using a technique called in-situ polymerization,
which resulted in a well-ordered (crystalline) composite with good electrical conductivity.
The researchers tested the sensor's ability to detect humidity by measuring its electrical
resistance at different humidity levels. The sensor showed fast response and recovery times:
it took only 12 seconds to respond to a change in humidity and 8 seconds to recover to its
original state. To explain how the sensor works, the researchers proposed a model that
considers the combined effect of water molecules ionizing (gaining a charge) and
dissociative adsorbing (breaking apart and attaching) on the sensor surface. This combined
effect likely influences the electrical conductivity of the composite material. Gaikwad et al.
[103] investigated the use of platinum (Pt) nanoparticles and polypyrrole (PPy) for creating
a sensor for liquefied petroleum gas (LPG). Interestingly, they made the PPy in the presence
of hexachloroplatinate, which acted as a starting point (precursor) for the Pt nanoparticles.
Precursor of the Pt nanoparticles plays a role at temperatures 100C, 150C, 200C
respectively. The composite at 150 C shows the highest response enhances synergistic
effect between Pt nanoparticle and PPy. The effective temperature of the gas sensing
experiment was 170°C. Hassan et al. [104] explored the sensitivity of PPy-coated small
copper films to CO2 and O at temperatures.

They observed that the sensitivity of PPy-Cu nanocomposites reached 160% and 300%
respectively at a concentration of 100 ppm. Wang et al. [105] conducted a comparative
analysis of PPy nanosphere/Ag nanocomposite and PPy fiber/Ag nanocomposite, fabricated
through template-free and template-assisted methods, respectively. The results revealed

that the PPy fiber/Ag nanocomposite demonstrated superior NHs gas sensing capabilities,
exhibiting enhanced sensitivity, response time, and recovery time. Notably, even in the
presence of 250 ppm NHjs, the PPy fiber/Ag nanocomposite remained unsaturated, whereas
the PPy nanosphere/Ag nanocomposite reached saturation at 100 ppm NHs gas
concentration. Table 2.4 provides an overview of polypyrrole, including response time,

recovery time, selectivity, and operational temperature.
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Table 2.4 A comprehensive literature review on the sensing capabilities of gas sensors

utilizing PPy-based hybrid nanocomposites.

Material Gas Conc. Sensitivity Response | Recovery | Selectivity | Operating
Sensing time time
used (ppm) Temp
Py-rGO/PPy Ammonia 50 ppm ~22% - - - RT[106]
Chemically Ammonia 10-500 ppm 1.1%-34.7% 400s - - RT[100]
oxidized PPy-
rGO
PPy-Au Ammonia 100-300 ppm 1.35,1.45 - - More RT[107]
nanoparticle @100,300ppm sensitive
to NHs
PPy-Pd Hydrogen | 10-10000 ppm 15%-70% - - More RT[108]
nanoparticle sensitive
than
CO,NO;
PPy-Pt LPG 400 ppm ~9 - - Selective RT-
nanoparticle to LPG 207°C[104]
than other
PPy-Cu oxygen 100 ppm 160%, 300% - - - RT-
nanowire 150°C[105]
[~35°C]
ZnO-PPy LPG 1000-1800 21-34.5% 240s 2400 s - RT[109]
ppm @1400
ppm
PPy-CdS Ammonia 100-500 ppm ~160% - - More RT[110]
selective
to NHs
PVA-PPy Ammonia | 5ppm- 13ppm 61% - 73% 25 min - - RT[111]
PPy-CeO: LPG Up to 20,000 <30% - 85% - - Selective RT[112]
ppm to LPG
than NHz
PPy-SnO27ZnO | Ammonia 30-80 ppm | ~0.7,~0.82@30ppm, 67.25 106 s - RT[113]
70 ppm @70 ppm
SnO2-ZnO/PPy | Ammonia 10-85 ppm 47-48% @ 50 ppm - - More RT[114]
selective
to NHs
PPy-WOs Hydrogen | 100-1000 ppb ~9% - ~81% ~360s - More RT[115]
Sulfide selective
to H2S
than
others
Aunanoparticle- | Ammonia 10-200 ppm ~1.07 @ 80 ppm - - - RT[107]
PPy
rGO-PPy Ammonia 33.2 ppm 7% - - - RT[116]
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PPy-Graphene | Ammonia 1-5 ppm ~2.5% - ~9% 120's 300 s More RT[117]
selective
PPy/Ag-doped Nitrogen 30% ~67% ~36s ~37s - RT[118]
NiO dioxide
PPy-rGO Ammonia 1-10 ppm 50% @10 ppm - - More RT[86]
selective
PPy-MWCNT Ammonia 33.2 ppm 65% <10 min - - RT[97]
PPy thin film- Ammonia 24-141 ppm ~2.7~7.95% ~17s@ ~60s Highly RT[37]
TiO2 23 ppm sensitive
towards
humidity
1D ZnO Ammonia | 300-1000 ppm | ~36.1%@1000 ppm 3-5ppm 600s More RT[119]
nanorod- PPy selective
to NHs
Ag2S-PPy (1%) | Ammonia | 100-150 ppm ~7.7% 20's >600 s - RT[120]
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CHAPTER THREE
Methodology

This chapter provides comprehensive details regarding the materials procured, synthesis
methods employed for PPy (utilizing oxidants FeClsand APS), and the process of preparing
nanocomposites by incorporating various metal sulphides such as WS;, MoS,, and SnS;
fillers into the PPy matrix. Moreover, it extensively discusses the characterization
techniques employed, including XRD, FT-IR, SEM, TEM and I-V measurement to analyze
the synthesized materials. Additionally, the chapter thoroughly explains the gas sensing

measurements conducted, offering a detailed insight into the experimental process.
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CHAPTER THREE Methodology

The chemical oxidative polymerization method was employed for synthesizing PPy,
utilizing various oxidants such as FeClz and APS while maintaining consistent parameters
such as temperature and time. PPy synthesized with FeCls was chosen as the matrix for
subsequent fabrication of nanocomposites, incorporating different metal sulfides like WS,
MoS;z and SnS; as filler materials through in-situ chemical oxidative polymerization. These
PPy-based metal sulfides were then subjected to various characterizations and utilized for

gas sensing applications.

3.1 Materials

Metal sulfides like WSz, MoS; and SnS;, were used as a fillers in globular like morphology
PPy matrix. Prior to utilization, the as-received WS, MoSz, and SnS: underwent
ultrasonication to ensure optimal dispersion within the PPy matrix. The conductive fillers
were additional employed to improve electrical conductivity of PPy composites with

globular morphology.

The subsequent chemicals were utilized in the preparation of all samples; Pyrrole (C4HsN;
98% purity, Spectrochem) as a monomer. Ferric chloride (FeCls; spectrochem) and
Ammonium peroxydisulfate [APS; 97% purity, Loba Chemie)] used as an oxidant. Distilled
water used as the solvent for the preparation of PPy. Fillers Tungsten disulfide (WSz; 98%
purity, Sigma Aldrich), Molybdenum disulfide (MoSz, 98% purity, Sigma Aldrich),
Thioacetamide (TAA, CH3CSNH>, Loba Chemie), Tin chloride pentahydrate (SnCls-5H0,
Loba Chemie), Tin disulfide (SnS2) were used. For the synthesis of MoS, HCI was used as

dopant’ and for SnS», ethylene glycol (EG,) was used as solvent.
3.2 Synthesis of Polypyrrole

The synthesis of PPy involved the chemical oxidative polymerization method, employing
FeCls and APS as the oxidizing agents.. For the synthesis of PPy, parameters like
temperature and time were kept fixed. Sapurina studied oxidative polymerization by
different oxidants like APS, FeCls, and AgNOs for which the values of oxidation potential
are 2.01V, 0.77 V, and 0.8 V, respectively. The use of oxidants shows different
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morphological features like APS, which shows globular structure, whereas FeCls and

AgNO3z show fibers and tubes like structure, respectively.

3.2.1 Using oxidant FeCls

PPy was synthesized via chemical polymerization of the pyrrole monomer in the presence
of a solvent. The monomer to oxidant ratio used for the synthesis of PPy with FeClz oxidant
was 1:2. In order to attain uniformity, 0.5 M (3.47 ml) of pyrrole (Py) was dispersed in 100
ml of distilled water within a beaker, and the mixture was stirred for 30 minutes. A solution
of 1 M (16.22 g) FeClz was added to the above aqueous pyrrole solution. The pyrrole
solution turns green when 10 to 15 drops of aqueous FeCls (one drop every 10 sec) are
added, showing the formation of PPy in a colloidal solution at 300-1200 rpm. As more FeCls
is added, the color changes from light green to dark green, then to black. This reaction was
carried out for about four hours. The colloidal solution underwent purification through
multiple washes with distilled water and ethanol to eliminate impurities. Subsequently, the
resulting powder was collected and dried at 40-60°C until completely dry. The synthesis of
PPy has been carried out at temperature 0-5 by keeping it in the ice bath. The dried PPy
powder was grinded and kept for characterization techniques [73].

3.2.2 Using oxidant APS

The synthesis of PPy with APS was also done by chemical oxidative polymerization
method. First, the pyrrole monomer of concentration 0.5 M (3.47 ml) was dissipated in 100
ml of distilled water in a beaker and agitated for 30 minutes to achieve homogeneity. A
solution of 1 M (22.18 g) APS (NH4(SO4)2) was added to the above aqueous pyrrole
solution. With the addition of 10 to 15 drops of aqueous APS (one drop every 10 sec) to the
pyrrole solution, the solution turns green. On further addition of APS, color becomes dark
green and then black. This reaction was carried out for about four hours at 300-1200 rpm.
The colloidal solution was purified and repeatedly washed with distilled washed and
ethanol. The sufficient powder was collected as well as dried at 40-60 C. Synthesis of PPy
has been carried out at temperature 0-5 C by keeping it in the ice bath. The dried PPy
powder was grinded and kept for characterization techniques [121]. Figure 3.1 depicts the

synthesis process using oxidant APS and FeCls.
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Figure 3.1 Representation for the synthesis of PPy using oxidant APS and FeCls

Out of all the synthesized PPy variants, PPy utilizing FeClz as the oxidant was chosen as
matrix for subsequent preparation of hybrid nanocomposites. These composites
incorporated transition metal dichalcogenides WSz, MoSz, and SnS: as filler materials.
These PPy based hybrid nanocomposites are further used for gas sensing application.

3.3 Nanocomposites Preparation

Usually, nanocomposites are fabricated through a variety of methods including
“electrochemical polymerization”, “chemical oxidative polymerization”, ‘“plasma
polymerization”, “photo-induced polymerization”, “enzymatic polymerization”, “vapor-
phase polymerization”, and “in-situ chemical oxidative polymerization” techniques. “In-
situ polymerization” method has more advantages over other routes as its composite

formation is good, cost-effective and less-time consuming which have been further

employed for detecting a number of gases.
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3.3.1 Polpypyrrole/Tungsten disulfide

The synthesis of PPy/WS; was carried out through an in-situ oxidative polymerization
approach. Initially, tungsten disulfide powder, varying in weight percentages (1 wt%, 5
wit%, 10 wt%, 20 wt%, and 30 wt%), underwent ultrasonication for 1 hour to ensure proper
dispersion. This dispersed powder was then added to a pyrrole solution (0.03 M) and mixed
using a magnetic stirrer. Ferric chloride (0.06 M) was subsequently added dropwise to the
resulting solutions while stirring continuously, yielding PPy/WS; nanocomposites [122] as
shown in Figure 3.2. For different wt% of WS>, samples have been named as PPy/ WS»- 1
wt%, PPy/ WS»- 5 wt%, PPy/ WS- 10 wt%, PPy/ WS,- 20 wt% and PPy/ WS- 30 wt%
respectively.

@w& solution ) w FeCls solution

9 Ultrasonicated (1 h)

WS2Powder ‘W2 suspension

Pyrrole Solution

‘Washed with
distilled
water

—_— .
Finw | ‘ - i ) _
\ { | ‘.! -‘\ W\ 3 Z
| | —— | (— M| e—— 7
V& o > S +

5o Bl 8 -

Substrate coated Si Substrate Grinding for Sample a- terpinol
with material good mixing

Figure 3.2 lllustration depicting the synthesis process of PPy/WS, nanocomposites along
with the gas sensor fabrication.

3.3.2 Polpypyrrole/Molybdenum disulfide

PPy/MoS, nanocomposites were synthesized using in-situ chemical oxidative
polymerization method using Py and MoS; as a monomer and filler, respectively. The
oxidizing agent iron (I11) chloride hexahydrate (FeCls) was used as an aqueous medium at
the temperature range of 0-5° C. To initiate the experiment, pyrrole was first added to the
MoS; suspension in water. This mixture was then sonicated for 1 hour to promote dispersion
of the MoS; powder and facilitate intercalation of the pyrrole. Next, a solution of FeCls was

introduced, triggering the polymerization of pyrrole. After adjusting the pH
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in a strongly acidic medium with hydrochloric acid as a dopant, the mixture was
continuously stirred for 5 hours. The purpose of controlling pH and dopant at 700-800 rpm
is for effective polymerization of monomer and accelerating the electronic cloud in the
polymeric backbone. After completion of the reaction, the resulting nanocomposite powder
was collected, washed with 0.2 M HCI, ethanol, and dried at RT as shown in Figure 3.3.
The prepared samples were designated as PPy/MoSz- 1 wt%, PPy/MoS;- 5 wt%, PPy/MoS,-
10 wt%, PPy/MoS,- 20 wt%, and PPy/MoS2- 30 wt% correspond to different weight
percentages (wt%) of MoS..

¢ !

ultragbnication

MoS, after
dispersion

Constant stirring

MoS2
Aqueous soln.

kF ”1

Y a-terpinol + :
|} e N substrate coated
gas sensor Black powder of
PPy/MoS,

PPy/MoS,
Nanocomposites

Washing
with DI and ethanol

Figure 3.3 Schematic illustration of PPy/MoS> nanocomposites with gas sensor fabrication.
3.3.3 Polpypyrrole/Tin disulfide

Our work presents a straightforward and scalable approach for the synthesis of SnSzin large
quantities. This method utilizes a refluxing route. To begin, 8 mmol of thioacetamide (TAA,
CH3CSNH>) was dissolved in 30 mL of ethylene glycol (EG) at a moderate temperature of
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45 °C. Simultaneously, a separate solution of SnCls-5H20 (2 mmol) in EG (30 mL) was
prepared. The prepared tin(IV) chloride pentahydrate (SnCls-5H20) solution was
transferred to a three-neck flask. This flask was equipped with a condenser for reflux, a
thermometer for temperature monitoring, and a constant pressure funnel containing the
previously prepared thioacetamide (TAA) solution in ethylene glycol (EG). The TAA
solution was then slowly added to the SnCls-5H20 solution in the flask. With continuous
stirring, the reaction mixture was heated in an oil bath at a controlled rate of 10°C per
minute. Once the temperature reached 140°C, the pre-added TAA solution in ethylene
glycol (EG) was swiftly injected into the flask using the constant pressure funnel. To ensure
complete reaction, the mixture was maintained at 140 °C for an additional hour. Finally, the
flask was removed from the oil bath and allowed to cool down to room temperature
naturally. The resulting product was then centrifuged at 4000 rpm for 30 minutes and

subsequently washed three times with absolute ethanol using ultrasonication [123].

To achieve uniform dispersion, SnS, powder, at varying weight percentages (1 wt%, 5 wt%,
10 wt%, 20 wt%, and 30 wt%), was first subjected to ultrasonication for 1 hour using the
in-situ chemical oxidative polymerization method. Subsequently, the dispersed powder was
introduced into a pyrrole solution (0.03 M) and mixed using a magnetic stirrer. Dropwise
addition of ferric chloride (0.06 M) to the resulting solutions with continuous stirring
yielded PPy/SnS, nanocomposites, culminating in the formation of black products. The
obtained product underwent washing with distilled water and acetone. The sample was dried

in an oven at 100°C to remove water until a constant weight was reached.

3.4 Characterizations of PPy powder and PPy nanocomposites
Various characterization techniques were used to analyze filler component, matrix, and
hybrid composites/nanocomposites. The subsequent paragraphs will detail the techniques

employed, which are as follows.

3.4.1 XRD (X-ray Diffractometry)

Using XRD information related to crystallite size of synthesized materials (Pure PPy, hybrid
PPy/WS2, PPy/MoS;, PPy/SnS; nanocomposites) were examined. Cu Ka (A= 1.5406 A)

radiation produced on “30 kV and 50 Ma” at a scanning rate of “2° per min” was used to

capture the diffraction patterns of finely powdered prepared samples on a “Bruker D-8,
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X-ray diffractometer”. For detailed phase identification, XRD data was collected in the 26
range of 10 to 80 degrees with a high-resolution step size of 0.02 degrees. Amorphous and
Crystalline components could be distinguished from the overall area of XRD pattern. The

degree of crystallinity (Xc) was calculated using formula as shown in equation 1.
Xc (%) =[Ac/ (ActAa)] x 100 (3.2)
A= area of crystalline phase, and Aa = area of amorphous phase.
3.4.2 FTIR (Fourier Transform Infrared Spectroscopy)

FT-IR technique (Perkin-Elmer) was employed ranging from 4000 - 400 cm ™ to analyze
“bond stretching” and “bending” of all samples which includes Pure PPy, hybrid PPy/WS,
PPy/MoS,, PPy/SnS, nanocomposites. Sample preparation involved combining a small
amount of the polymeric sample with KBr powder, followed by the fabrication of a pellet.
The FTIR analysis were used for the confirmation of PPy based composites and the presence
of functional groups.

3.4.3 SEM (Scanning Electron Microscopy)

FE-SEM using a Jeol model instrument was employed to investigate the surface
morphology of the samples. Cross-sectional images of pure PPy, and the hybrid PPy/WS>,
PPy/MoS,, and PPy/SnS, nanocomposites were obtained at magnifications of 5,000x,
25,000x, and 50,000x. Due to the inherent conductivity of PPy and the resulting composites,
samples could be directly placed in the instrument holder as pellets without any additional

treatments to enhance conductivity.
3.4.4 TEM (Transmission Electron Microscopy)

This technique allows us to probe the internal structure of the matrix, the specific function
of the filler material, and the resulting properties of the nanocomposite itself. HR-TEM was
utilized to gain a deeper understanding of the morphology, or fine-scale structure, of the
hybrid PPy/WS,, PPy/MoSz, and PPy/SnS> nanocomposites. The distinctive attributes of
PPy-based composites were examined using a JEOL model for TEM imaging in high

resolution mode, operating within a voltage range of 80 to 200 kV.
3.4.5 |-V (Current-Voltage) Measurements

To ensure consistent electrical measurements, two different pellet thicknesses were

employed. Pure PPy pellets were prepared with a thickness of 2 mm, while PPy/WS, and
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PPy/MoS; nanocomposite pellets were made 1 mm thick. Importantly, both types of pellets
maintained a consistent diameter of 12 mm. The DC electrical resistance of PPy pellet as
well as PPy/WS; and PPy/MoS> nanocomposites pellets were measured using electrometer
(2410, Keithley) in the voltage range -1V to 1V. Prior to electrical measurements, the cross-
sectional faces of the pellets were coated with silver paste. Samples resistivity was measured
using two probe technique. Due to its high accuracy and minimal sample preparation
requirements, the two-probe approach is the most widely used method for measuring
semiconductor materials resistivity. It consists of “voltmeter”, “two spring- loaded contact
probes”, “an ampere meter” and “DC current source”. Using a hydraulic press and 2000 Pa
of pressure, a sample was created for the measurement process. The sample was then dried,
cleaned and tested. It was made sure to verify that the voltmeter, ampere meter, and DC
current source were all turned on. The sample was positioned on the disk with the
measurement area lined up beneath the probe tip. After a brief amount of time during which
the voltage stabilized, the measurements were taken. New samples were introduced for
testing after the old samples were discarded following sample testing. To determine the DC
electrical conductivity of PPy, PPy/WS;, and PPy/MoS; nanocomposites, the following

equations were employed for the calculations.
3.4.6 Gas Sensing Measurements

Utilizing the electron-beam deposition method, we applied aluminum interdigitated
electrodes (IDEs) onto a silicon (Si) substrate. The Interdigitated Electrodes (IDEs) had a
finger thickness and spacing of 400 um and 200 pum, respectively, with the substrate
measuring 1 x 1 cm. Various compositions of PPy as well as hybrid PPy/WS,, PPy/MoS;
and PPy/SnS, nanocomposites were prepared by incorporating 1-2 drops of a-terpinol into
a mortar and pestle. These compositions were then coated onto the prepared IDEs. To
improve material adhesion to the electrodes, the coated IDEs were left to air dry at RT. Gas
sensing experiments were conducted within a 1547 mL acrylic chamber that was outfitted
with gas inlet and outlet ports. The chamber was equipped with a sample stage featuring a
resistive heater, which was computer-controlled via a synchronized power supply. To
control the concentration of the target gas in the chamber, a syringe system was linked to
the chamber, and a vacuum pump attached to the outlet recovered the prepared sensors. By
applying voltage and measuring current, the resistance of the sensors was examined. The
entire system was computer-controlled and integrated with a Lab VIEW-based program. To

conduct ammonia sensing tests, a calibration cylinder containing 1000 ppm NH3z mixed
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with dry air (20% O2 and 80% N) as the baseline was utilized as the target analyte. The
sensor response (%) was determined using the formula below:
R = "= % 100 (32)
Ra
In this context, R depicts “sensor response”, Ra is the “resistance in the air”, and Rg is the
“resistance in the presence of the target gas”. The gas pulse was administered for a duration
of 10 minutes to observe the response, followed by a 10-minute period for the sensors to

recover.
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CHAPTER FOUR

Results and Discussion

This chapter extensively covers the structural, electrical and morphological analysis of PPy
synthesized with different oxidants, FeCl3 and APS, as well as PPy-based nanocomposites
incorporating metal sulfides (WS, MoS,, and SnSz). Various techniques such as” XRD, FT-IR,
SEM, TEM, and electrical conductivity measurements” are thoroughly discussed for the
analysis and validation of the prepared nanocomposites. Furthermore, the chapter delves

into the gas sensing measurements of the PPy-based WS,, MoS;, and SnS2> nanocomposites.
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CHAPTER FOUR Results and Discussion

4.1 PPy with different oxidizing agent FeClzand APS
The PPy samples were subjected to characterization using XRD, FTIR, and SEM

techniques. The electrical resistance of all samples was determined using an electrometer.

4.1.1 Structural Study and Crystallinity Determination

The formation of PPy samples with various oxidants and percent crystallinity was
confirmed by XRD characterization (Figure 4.1). According to previous literature, a broad
peak was seen in each instance at about 26= 25" for PPy with oxidant APS and 26= 27" for
PPy with oxidant FeClz with hkl value = (140) [77].

intensity (a.u.)

PPy/APS

PPy/FeCl3

10 20 30 40 50 60 70 80
angle (20) degree

Figure 4.1 XRD graph of PPy/APS and PPy/FeCls

The wide peaks which are representative of amorphous PPy result from PPy polymeric

chains being scattered at interplanar spacing. In the instance of PPy/FeCl3, some distinct
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peaks of higher and lower intensity are visible which may be due to the presence of iron.
The XRD results clearly showed that PPy with oxidant FeCls had a high degree of
crystallinity [124,125]. The XRD pattern of PPy/FeCls revealed distinct peaks at 25°, 32°,
and 39°. These peaks closely match the expected diffraction angles (d-values) for iron (111)
chloride (FeCls) corresponding to crystal planes (102), (104), and (110), respectively. This
observation is consistent with the reference data from JCPDS card No. 13-534, indicating
the presence of FeClz within the PPy composite. The Scherrer equation is applied to
calculate the average crystallite size in the material. This calculation is based on the

broadening observed in the sharp peak at 25° and 27° in XRD pattern.

kA
D =
P cos 6

(4.1)

The crystallite size, shape factor, diffraction angle and FWHM (full width at half
maximum) are represented by symbol D, K, © and B respectively. When above equation
is applied to the sharp peaks, the typical crystallite size for PPy/APS and PPy/FeCls is

about 24 nm and 27 nm, respectively.
4.1.2 Structural Study

FT-IR spectra have been carried out to validate synthesized PPy with both oxidizing agents.
Figure 4.2 shows the FTIR spectrum of PPy particles. Strong bands in the 1600-900 cm™
region, which are characteristic of PPy indicate the formation of conductive type of
polymer.

The characteristics PPy ring vibrations and C=C bond can be attributed to the bands at 1536
and 1699 cm* [126]. The band at 1026 cm™ are for the in-plane deformation of C-H bond
of pyrrole ring while the small peak below 1000 cm™ are due to =C-H out of plane vibrations
[127]. The peaks observed at 1147 cm™ and 1176 cm™ in the FT-IR spectrum are potentially
indicative of in-plane vibrations originating from C-H bonds. These bands are also
commonly referred to as bipolaron bands [128]. The broad peak observed around 3420 cm-
Lin the FT-IR spectrum is likely attributed to O-H stretching vibrations. This signal is
commonly associated with the presence of residual solvent molecules within the sample.

The band at 690 cm-1, on the other hand, can be assigned to C-H vibration modes
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Figure 4.2 FTIR spectra of PPy/APS and PPy/FeCls

in the material [77,129].
From the figure, it can be observed that there is shifting in frequency from 1536 to 1699 cm™.

It can be described by the equation for the bond of the natural vibrational frequency.

The reduced mass p of the system is depicted as:

Y = (4.3)

mi1+ma

The mass of the molecule is reduced if peak shifts towards higher wave number side, as
shown by Equations 4 and 5. Because relationship between frequency of vibration and mass
of vibrating molecule are inversely related to one another. Therefore, lighter the molecule,
more the vibration frequency and greater the wave number. According to above equation,
the shifting of C=C bond shows the value of 1682 cm™ as calculated value and 1650 cm™

as experimental value.
4.1.3 Morphological analysis

The morphological characteristics of chemically synthesized have shown that the growth
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occurs primarily in the globules like shape [73,130]. Figure 4.3 displays typical SEM
image. In the micrograph, globular structure is visible. Polymerization with APS resulted
in the formation of PPy globules with an average diameter of 1.47 um. Notably, the size

distribution of these spherulites exhibited variations, ranging from 0.72 um to 4.76 pum.

Figure 4.3 SEM micrographs of PPy/APS (a) 15000x, (b) 35000x and (c) 55000x

Analysis of the PPy globules formed during polymerization with FeCls revealed an average
size of 3.35 um. The size distribution of these spherulites exhibited significant variation,
ranging from as small as 0.66 pum - 12 um as shown in Figure 4.4. The individual granules
that were seen were spherical in shape and tightly packed. Such spherulites appear to form
continuous structure by growing over the other. As is well known, the concentration of
oxidant determines the size of PPy particles; the greater the concentration, the smaller the
particles. The average particle size of PPy with oxidant APS decreases owing to the large

number of nuclei produced by an increase in oxidant concentration [131].

SEM 9 0 0 x sEM W 8

Figure 4.4 SEM micrographs of PPy/FeCls (a) 15000x, (b) 35000x and (c) 55000x

Image J software was utilized to analyze the particle size distribution of PPy synthesized
using APS and FeCls oxidants and related histogram is shown in Figure 4.5. The analysis
revealed an average particle size of 448 nm for PPy/APS and 240 nm for PPy/FeCls,
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Figure 4.5 Average particle size (a) PPy/APS (b) PPy/FeCls
highlighting the influence of the chosen oxidant on the final particle size.

4.1.4 Electrical Conductivity

The current-voltage measurement for PPy synthesized using FeCls and APS as oxidants is
depicted in Figure 4.6. The graph illustrates the cubical parabolic nature of the voltage
between -1V and 1V measured at room temperature. Upto 0.61 V, both show almost ohmic
behavior or linear current growth. Beyond 0.61 V, the current was increasing a little bit
steadily displaying non-ohmic nature. Both show ohmic behavior between -2V and 2V up

to 0.81 V, after which there is a slight increase in current, indicating non-ohmic behavior.
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Figure 4.6 Current-voltage characteristics of PPy with oxidant FeCls and APS

Conductivity values for PPy with oxidant FeCls are slightly higher than that of PPy with
oxidant APS as seen from the graph. The value of conductivity of PPy with oxidant APS is
0.16 x 10 Scm™ and PPy with oxidant FeCls is 2.22 x 10* Scm™. The reason for the high
conductivity of PPy/ FeClz as compared to PPy/APS is due to the presence of iron ions. This
shows that amino groups in the pyrrole rings contribute n—electron to the aromatic network
in the PPy chain, reducing their electron density in the process. The conjugated
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system creates a donor-acceptor complex when FeCls is added to the polymer. As a result,
quasi-particles are produced that function as charge carriers and are probably polarons. The
polarons show low conductivity and low mobility at low dopant concentrations. A greater
amount of CI is bound to the pyrrole ring in the backbone of the polymer chain as the
polymerization process continues with more doping. At this moment, numerous polarons
are generated and crowded together to gather sufficient energy to create bipolarons [132—
134].

In the instance of PPy, the lack of electron results in the formation of holes, or p-type
conduction in the chain, which allows for the modification of the energy level by the
addition of dopants. The radical cation is then linked via rearrangement, and a bond
sequence resembling a quinoid is created. The band gap is symmetrically occupied by
empty bipolaron states, and as polymers are continuously doped, more localized bipolaron
states are produced. These states eventually overlap to make continuous bipolaron bands.
While the polymer band gap widens due to doping, bipolar bands tend to combine with CB
and VB and give metal-like conductivity, as shown in Figure 4.7. This increases charge
carriers’ mobility, which leads to a rise in conductivity [87]. Table 4.1 shows a comparison

of PPy conductivity with previous literature.

Table 4.1 Comparison of proposed electrical conductivity of PPy with previous literature.

PPy with M/O ratio Electrical Proposed Reference

different Conductivity Electrical

oxidants Conductivity
FeCls 1:2 2.49 x 10° S/cm - [135]
FeCls 1:1 1.55 S/cm - [136]
APS 1:2 0.6 x 10 S/cm - [137]
APS 1:1 0.0135 S/cm - [138]
FeCls 1:2 - 2.22 x 10* -

S/lcm

APS 1:2 - 0.16 x 10S/cm -
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Figure 4.7 Mechanism of polaron and bipolaron in PPy and their energy states.

As indicated in the XRD results, the crystallinity of PPy with oxidant FeCls is high as
compared to PPy with oxidant APS. Subsequently, the conductivities of nanocomposites

increases due to enhanced crystallinity of polymer.

4.2 PPy/WS, Nanocomposites

PPy/WS, Nanocomposites were prepared with different WS, content as given in Table 4.2.
Before preparing nanocomposites pure PPy were kept fixed. The prepared nanocomposites
were characterized using XRD, FTIR, SEM and TGA techniques. The DC electrical

conductivity was also measured using electrometer.
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Table 4.2 Weight percentages of WS; filler in PPy matrix

Sr No. Weight %

1 1
2 5
3 10
4 20
5 30

4.2.1 Structural Study and Crystallinity Determination

The formation of PPy and PPy/WS; (1 wt%, 5 wt%, 10 wt%, 20 wt% and 30 wt%) and
percentage crystallinity were confirmed by the analysis of XRD patterns shown in Figure

4.8. The broad peak observed at 26 = 25° clearly shows that PPy has an amorphous
behaviour due to the more coiled polymeric chains. The broad peak, which is indicative of
amorphous PPy is the product of X-rays being scattered by the PPy chain [77]. Bare WS;
with designated (hkl) values evidence its important peaks at Bragg angles 26 = 14.4°, 28.9’,
32.7°, 33.5°, 39.5°, 44", 49.7°, 58.4° and 60.5° with hkl values (002), (004), (100), (101),

(103), (006), (105), (110) and (112) planes respectively. Obtained data have been confirmed
using JCPDS file No. 08-237. Figure 2 depicts the XRD of PPy/WS; (1 wt%, 5 wt%, 10
wt%, 20 wt% and 30 wt% ) where the broad peak of PPy is suppressed and hardly noticeable
due to the existence and predominance of crystalline WS in the composite, indicating the
PPy-deposited WS> and its crystalline nature.

Using Scherrer’s method, the crystallite sizes of the PPy were calculated from X-ray line
broadening. The equation results in various crystallite sizes for each sample when applied

to the distinctive peak (002 plane) of WS, shown in Table 4.3.
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Figure 4.8 (a) XRD spectra of pure PPy (b) XRD spectra of pure PPy, PPy/WS»- 1
wit%, PPYy/WS>- 5 wt%, PPy/WS;- 10 wt%, PPy/WS»- 20 wt%, PPy/WS;- 30 wt%, pure

WS;.
Table 4.3 XRD data of pure PPy and PPy/WS; nanocomposites
Sample name 20 () d- FWHM B Cos 0 (o) T (nm)
spacing (A°) (Radian)
(A°)

Pure WS, 14.40 6.14 0.234 | 0.0087 0.9999 35.34 nm
PPYyIWS2- 1wt | 14.40 6.14 0.195 | 0.0087 0.9999 40.63 nm
PPyIWS2- > W% | 14 50 6.10 0.227 | 0.0089 0.9999 41.14 nm
PPy/WS,-10 14.55 6.08 0.182 | 0.0090 0.9999 43.19 nm
wit%

PPYIWS-20 14.50 6.10 0.190 | 0.0056 0.9999 49.00 nm
wit%

PPYyIWS2-30 14.28 6.19 0.207 | 0.0059 0.9999 50.01 nm
wit%

The XRD pattern of WS> NPs makes it abundantly obvious that they are single phase in

nature. There was no secondary phase detected and the high intensity of the peaks revealed

the crystalline nature of as WS, nPs. The diffraction peaks of WS, NPs appear in the

PPy/WS; from the Figure 4.9, the intensity of these peaks becomes stronger with increase

in the nanoparticle loadings, while peak of PPy at 26 = 25° shows a reduced intensity.
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Figure 4.9 Variation of crystallite size at different weight % of nanocomposites.

The XRD pattern also confirm the presence of tungsten disulfide in the PPy/WS; (1 wt%, 5
wit%, 10 wt%, 20 wt% and 30 wt%) nanocomposites the crystallite size as calculated, where
the average crystallite size are 40.63 nm (1 wt%), 41.14 nm (5 wt%), 43.18 nm (10 wt%),
49 nm (20 wt%) and 50.02 nm (30 wt%) and 33.56 nm (pure WSy). As shown in Figure 5.2,
the appearance of peaks with a slight shift in the diffraction angles for planes suggest that

the nanocomposites is semicrystalline with tiny crystallites embedded in amorphous PPy.
4.2.2 Structural study

The FT-IR spectra of pure PPy, PPy/WS; (1 wt%, 5 wt%, 10 wt%, 20 wt% and 30 wt%)
nanocomposites and pure WSz are shown in Figure 4.10. The main transmittance peaks of
PPy are appeared at 3225 cm™ and 1709 cm™ could be corresponded to the O-H stretching
vibration and C=C stretching vibration in the PPy ring, respectively. The band at 1341 cm’
1 s assigned to N-H bending vibration bond. The bands at 1147 cm™ and 1176 cm™ may
match to =C-H in-plane vibration but the band located at 1026 cm™ is for the in-plane
deformation of C-H bond of pyrrole ring while the minor peak below 1000 cm™ are
attributable to =C-H out of plane vibrations indicating the polymerization of polypyrrole
respectively [121,139-141]. When FT-IR spectra of PPy nanocomposites of varying weight
percentages of WS2 were compared with pure PPy, it was observed that major
characteristics peak of PPy were present with a slight shift in some of the absorption

frequencies.
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Different types of dopants in the PPy backbone may disturb the conjugate structure of PPy
due to which it limits the extent of charge delocalization of polymer chains, leading to
downward shift. However, as for PPy/WS;, except the peaks of PPy, the band at 614 cm!
and 812 cm™ are attributed to W-S stretching and S-S stretching, suggesting that the WS,
was embedded in PPy matrix [142]. The results indicates that there are some interactions
between PPy and WS, [143].
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Figure 4.10 FT-IR spectra of pure PPy, PPy/WS,- 1 wt%, PPy/WS,- 5 wt%, PPy/WS,- 10
wt % , PPYy/WS»- 20 wt %, PPy/WS,- 30 wt % and pure WS,

In the spectrum of PPy/WSy, all the characteristics peaks of PPy were observed which were
weakend and shifted at smaller wavelengths. The characteristics peak observed at 3225 cm-
11709 cm™?, 1341 cm™ in the spectrum of PPy were detected at 3216 cm™, 1700 cm™, 1327
cmt for PPy/WS; (1 wt%); 3130 cm™, 1700 cm, 1327 cm™ for PPy/WS; (5 wt%); 3100
cm?, 1653 cm?, 1298 cmt for PPy/WS; (10 wt%); 3000 cm™ , 1648 cm™, 1275 cm™ for
PPy/WS; (20 wt%) and 3000 cm?, 1630 cm?, 1265 cm? for PPy/WS; (30 wt%)
respectively, in the spectrum of PPy/WS,. Table 4.4 displays the transmittance peaks and
associated stretching vibration of pure PPy and PPy/WS; nanocomposites. As the wt%
increases in case of PPy/WS,, this may cause WS, particles to be dispersed in
nanocomposites with broader size distribution.
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The characteristic peaks of PPy/WS; slightly shifted to higher wavelength when compared
to pure PPy, suggesting interaction at the interface. Additionally, PPy/WS; characteristic
peaks are well preserved in the nanocomposites, proving that PPy has been effectively
combined with WS, without altering its chemical structure. Peaks of PPy/WS; shifts towards
lower wavenumber when compared to equivalent peaks of pure PPy. This shifting of

absorption bands may be caused by synergistic/electronic interaction acting at molecular

levels between PPy chains and WSz [144].

Table 4.4 FTIR data of pure PPy and PPy/WS> nanocomposites

Sample name O-H Cc=C N-H =C-H in | =C-Hout W-S S-S
stretching | stretching | bending plane | of plane | stretching | stretching
vibration | vibration | vibration | bending | bending | vibration | vibration

(cm™) (cm™) (cm™) | vibration | vibration (cm™) (cm™)
(cm™) (cm™)

Pure PPy 3225.06 1709.95 1341.34 | 1176.42 812.93 - -
PPYIWS2 - 1 wito 3216.47 1700.03 | 1327.49 | 1175.19 | 807.93 574.22 781.35
PPYIWS2 -5 Wi 3130.99 1700.04 1327.42 | 1170.81 803.78 544 45 766.45
PPYIWS2 - 10Wt% | 3100.25 1653.11 1298.41 | 1162.51 780.87 490.43 747.56
PPyIWS2 - 20Wt% | 3000.03 1648.00 | 1275.78 | 116251 | 779.56 460.32 736.34
PPYIWS2- 30Wt% | 3100.18 1630.96 1265.74 | 1160.42 775.45 441.45 728.21

Pure WS, - - - - - 614 812

4.2.3 Morphological analysis of PPy/WS2 Nanocomposites

The surface morphology of the prepared PPy and its nanocomposite with WS filler has
been analyzed with field emission-scanning electron morphology. Figure 4.11 (a) depicts
the FE-SEM image of pure WS; revealing 2D layered structure of WS in the form of sheets.
These bundle of sheets are having an area of few micrometers. Figure 4.11 (b) and Figure
4.11 (c) refers to PPy/WS;- 5 wt% nanocomposite respectively showing WS> sheets are
uniformly distributed in the PPy matrix. In case of PPy/WS»- 30 wt% nanocomposite
(Figure 4.12), the morphology confirms the highly agglomerated structures of the
composite, wherein WS; appears to be just embedded in the matrix of PPy.
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The amalgamation of WS into PPy matrix has resulted in substantial morphological
changes in the composite as a hole, such that these changes enhance the ordered chain

arrangement of PPy and increase crystalline domain in the amorphous material [143].

Figure 4.11 FE-SEM images of (a) Pure WS; (b) PPy/WS>- 5 wt% (10,000X) (c) PPy/WS,-
30 wt% (50,000X).
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Figure 4.12 FE-SEM images of (a) PPy/WS2- 30 wit% (5000X) (b) PPy/WS;- 30 wt%
(10,000X) (c) PPy/WS2- 30 wt% (50,000X).

The confirmation of the 2D structure of WS> in the matrix of PPy has been done with TEM
study (Figure 4.13). Figure 4.14 (a) shows the 2D sheets like structure of WS». However,
the existence of PPy and WS is clearly seen from Figure 4.14 (b). The obtained micrograph
from TEM has good agreement with the FE-SEM results too.
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Figure 4.13 TEM images of a) Pure WS, b) PPy/WS; nanocomposite.
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4.2.4 Electrical Conductivity

The DC electrical conductivity of PPy and its nanocomposites with varied weight % of WS:
content has been measured by two probe method. PPy and its nanocomposites shows room
temperature conductivities of 2.22 x 10* S/cm for PPy, 2.72 x 10* S/cm for PPy/WS,- 10
wit% and 0.32 x 10 S/cm for PPy/WS2- 20 wt%. The measurement shows that the electrical
conducting value of nanocomposites are significantly higher than PPy. The current-voltage
characteristic plots for each nanocomposites shows ohmic behavior up to 1 V, however
beyond it, it shows non-ohmic behaviour. All plots show very good linearity over a wide
range of applied current. The variation in DC electrical conductivity with 10 wt% and 20
wit% of WS, content in PPy nanocomposites is given in Figure 4.14 and shows higher DC
electrical conductivity for PPy/WS;- 10 wt%.
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Figure 4.14 Current-Voltage characteristics plot of PPy/WS; nanocomposites.

The sharp increase in DC electrical conductivity may be due to particle network / packing
dependent electron transport behavior [145]. This means that the particle loading of this
level facilitate the hopping of charge carrier through polymer chain and provide better
physiochemical linkages between PPy and WS particles. The composite with 20 wt% of
WS filler shows electrical conductivity less than that of 10 wt% of WS,. From the graph,
the PPy nanocomposites with 20 wt% WS> have low electrical conductivity which may

ascribed to the low electrical conductivity of filler and reduced fraction of PPy matrix.
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Another reason may be also be the increase in the disorderliness in the nanocomposite and
reduction in favourable localized sites due to conformational changes in the PPy matrix
[143,146].

4.2.5 Ammonia sensing properties

In order to demonstrate the effect of different loading ratio of WS> on the gas sensing
performance of PPy/WS> nanocomposites, a serious of sensors with different WS, loading
ratio were investigated to make a comparison. The prepared PPy-based sensor was used to
perform sensing measurements for ammonia concentrations ranging from 50 to 200 ppm at
room temperature, and the findings are displayed in Figure 4.15. The PPy-based sensor
showed a high response value for increasing ammonia concentrations and provided a

suitable value of response for low concentration (50 ppm) of NHs.
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Figure 4.15 Gas sensing measurements of pure PPy and PPy/WS; (1 wt%, 5 wt%, 10 wt%,
20 wt% and 30 wt%) nanocomposites for 50-200 ppm NH3z at room temperature.

Due to the fact that polypyrrole is a p-type material, the interaction with reducing gas NHs
causes the hole-electron recombination phenomenon, which results in a decrease in the hole
concentration and an increase in the resistance of PPy [147]. A significant rise in response
could be due to the large number of adsorbed target gas molecules at 200 ppm concentration.
Because of its good electrical and chemical properties.
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Tungsten disulfide (WS) is considered to be known as highly efficient sensing materials.
So, adding WS into the PPy matrix will certainly improve the gas sensing properties. In
consideration of this aspect, the gas sensing measurements of PPy/WS; nanocomposites
containing different weight percentages of WS; ranging from 1 wt%, 5 wt%, 10 wt%, 20
wt% and 30 wt% were taken for various concentrations of NHz at room temperature. A
comparison of pure PPy and PPy/WS; (1 wt%, 5 wt%, 10 wt%, 20 wt% and 30 wt%) for 50-
200 ppm concentration of ammonia at 28 °C is shown in Figure 8. The dynamic resistance
curve of PPy/WS,- 5 wt% nanocomposite, as shown in Figure 4.16 (a), demonstrates
resistance change of flexible sensors on exposure of various concentrations of NH3 ranging
from 50 to 200 ppm. This also indicates that off-state terminal resistance (Ra) for PPy/WSo-
5 wt% leads to reduction in the band gap due to WS> doping. Due to the utilization of
atmospheric air at the time of recovery, the stability of air resistance (Ra) is unstable. Figure
4.16 (b) reveals the superior sensing performance of PPy/WS;- 5 wt% nanocomposite based
sensor. The result also demonstrates a linear relation between the response values and
ammonia concentration. At high concentrations, a high increase in response is due to the
exposure of a large quantity of target molecules that were adsorbed on the surface of sensing
element. As can be seen, the nanocomposite prepared by in-situ approach exhibits superior
sensing results, which could be due to a large number of interwine between two materials
and a higher number of adsorption sites available for target gas molecules on the surface of

prepared nanocomposites.
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Figure 4.16 (a) Dynamic resistance curve for PPy/WS,- 5 wt% sensors for various
concentrations of NHzs. (b) Response characteristics of PPy/WS,.5 wt% nanocomposite

synthesized by in-situ approach for 50-200 ppm ammonia at 28°C.

64



In addition, as shown in Figure 4.17, a volcano curve can be seen for response values of
all prepared PPy/WS; (1 wt%, 5 wt%, 10 wt%, 20 wt% and 30 wt%).
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Figure 4.17 Response values of PPy/WS; (1 wt%, 5 wt%, 10 wt%, 20 wt% and 30 wt%)
nanocomposites sensors at 100 ppm ammonia.
Ra values for PPy/WS; at different weight% is predicted in Figure 4.18.
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Figure 4.18 Ra values of PPy/WS; (1 wt%, 5 wt%, 10 wt%, 20 wt% and 30 wt%) nanocomposites
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The response values under different operating temperature for in-situ synthesized PPy/WS;
at 100 ppm NHs is shown in Figure 4.19. The response values decrease with increasing
temperature. For conducting polymers, the desorption rate increases with temperature while
the adsorption rate decreases which could be attributed to reduced response.
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Figure 4.19 Response variation under various operating temperatures

In comparison with pure PPy, which displays 5.39% response for 200 ppm NHs. In
comparison to other nanocomposite-based sensors, the PPy/WS,- 5 wt% based sensor
exhibited the highest response of 30.10% for 200 ppm NHa. Furthermore, the gas sensor
repeatability also plays a major role in gas sensing as it describes the ability of sensor to
provide the same result under same circumstances over and over again under the same
conditions. It also plays a key role in determining product reliability. The proposed
PPy/WS, nanocomposite synthesized by in-situ method was examined for 6 consecutive
cycles, as shown in Figure 4.20 (a). The results reveal highly stable fluctuations values on
exposure of 100 ppm NHz3 for 6 consecutive cycles with shifting between air and ammonia.
On the other hand, selectivity was also examined for in-situ synthesized PPy/WS;- 5 wt%
nanocomposite by adding several gases including Hz, EtOH, CO, CO, and NHz at 28 °C.
Selectivity provides information on the material specific response toward certain gas as

shown in Figure 4.20 (b). When compared to other gases, ammonia gas had the highest

66



response, which illustrates the highly selective nature of the proposed ammonia gas. As a
result, the ammonia selectivity at 100 ppm is around 3.77, 2.27, 1.101, 3.004 for H>, EtOH,
CO and COz respectively. Figure 4.20 (c) shows long-term stability of PPy/WS; sensor
upon exposure to 100 ppm NHs gas. The response of the sensor was examined for 4 weeks
and it is observed that there is no great variation over a long-term of four weeks. The gas
sensor demonstrates reliable response even at low concentrations such as 50 ppm,
highlighting its effectiveness in detecting trace amounts. This capability makes the gas

sensor ideal for real-time monitoring of ammonia, offering early detection capabilities.
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Figure 4.20 (a) Repeatability measurement of PPy/WS; — 5 wt% nanocomposite for
consecutive 6 cycles of 100 ppm NHz (b) response values for 100 ppm Ha, EtOH, CO, CO>

and NHz (c) long-term stability of sensor till 4 weeks.

Additionally, Figure 4.21 shows response-recovery time of in-situ synthesized PPy/WS2-

5 wt% nanocomposite of 51/79 sec.
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Figure 4.21 Response-recovery time on exposure of 100 ppm NHs for PPy/WS,- 5
wt% nanocomposite.
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4.2.6 Sensing mechanism

From the aforementioned experimental results, it can be observed that the PPy/WS;
nanocomposite sensor has good ammonia-gas sensing properties at 28 "C suggesting
PPy/WS; nanocomposite is an outstanding candidate material for ammonia detection. The
potential ammonia-sensing mechanism is attributed to the synergistic effect of Polypyrrole
and tungsten disulfide and special interactions at p-n heterojunction. Figure 4.22 (a) shows
the role of PPy toward ammonia sensing. PPy is conducting p-type semiconductor that
acquires proton to form N*-H chemical bonds (protonation) due to in-situ oxidative
polymerization. The ammonia molecules were absorbed on the surface of PPy when the
sensor was exposed to ammonia gas and then interacts with PPy N-H group to produce NH4"
(ammonium ion) leading to an increase in the resistance of sensor. This reaction is described

by the expression below:

NHj (gas) + PPy-NH* PPy + NH,*

(4.4)

The ammonium ion can undergo reversible decomposition into ammonia gas and a proton
when the sensor is exposed to air. The synergistic effect of PPy/WS; binary nanomaterial is
depicted in Figure 4.22 (b). The synergistic action may be due to interaction between PPy
and WS, which can weaken the filler-filler or polymer-polymer intramolecular and
intermolecular interactions which leads to increase in the dispersion of WS in PPy. Hence,
the response of PPy to ammonia gas improves due to the presence of Polypyrrole and
Tungsten disulfide. The oxygen containing surface defects of PPy and WS produce
covalent bonds when PPy is coated on their surfaces. Due to huge specific surface area of
PPy and WS, there are now more contact sites with PPy which can result in significant
increase in the number of ammonia gas adsorption sites. The nanocomposites integrated
PPy and WS; serve as a conduction channel for charge transfer. Additionally, the swelling
of PPy caused by NHs molecule adsorption may decrease the connectivity of
nanocomposites and increase sensor resistance. Therefore, the synergistic combination of

PPy/WS; yields much better sensing properties than that of PPy.
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Figure 4.22 (a) The role of PPy for the ammonia-sensing (b) the synergistic effect of
PPy/WS; binary nanomaterial.

The sensing performance of PPy/WS, nanocomposite was compared with other reported

work, as shown in Table 4.5.

Table 4.5 Comparison of gas sensing performance of PPy based composites to NHs.

Sensing Operating | NHsConc. | gensitivity Response Ref.
material temp. (C) (ppm) (S%0) time (s)

PPy/MoS; RT 1000 7% 60-70 s [148]
PPy thin film RT 100 0.4% 20s [41]
PPy/Ag,S-CdS RT 500 0.26% 20's [149]
PPy/Ag:S NCs RT 500 7.7% 20s [90]

Pd/PPy RT 1000 58.9% 14's [50]

4.3 PPy/MoS; Nanocomposites

PPy/MoS, Nanocomposites were prepared with different MoS; content as given in Table

4.6. Before preparing nanocomposites pure PPy were kept fixed. The prepared
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nanocomposites were characterized using XRD, FTIR and TEM techniques. The DC

electrical conductivity was also measured using electrometer.

Table 4.6 Weight percentages of MoS: filler in PPy matrix

Sr No. Weight %

1 1
2 5
3 10
4 20
5 30

4.3.1 Structural Study and Crystallinity Determination

To study the crystalline or amorphous nature of materials, we used the powder method of
XRD patterns for pure MoS», pure PPy, and PPy/MoS: (1 wt%, 5 wt%, 10 wt%, 20 wt%
and 30 wt%) nanocomposites. The XRD spectra of synthesized pure MoS2, pure PPy and
PPy/MoS, nanocomposites (Figure 4.23).

In case of pure MoS,, discernible peaks at 20 = 14.40°, 32.63°, 34.67°, 35.87°, 39.45°,
49.76°, 58.20°, 60.77°, and 72.69° are observed (JCPDS file No. 37-1492),

corresponding to the (00 2), (100),(101),(102),(103),(105),(110),(008)and (1
1 8) crystal planes of structured MoS; [150,151]. Pure PPy exhibits a broad spectrum within
the 20 range of 25-30°, indicative of the characteristic peak associated with amorphous like
PPy [152]. PPy/MoS; (1 wt%, 5 wt%, 10 wt%, 20 wt% and 30 wt%) nanocomposites also
shows the peak of pure PPy at 26 = 25-30°. It seems to be more interesting that intensities
of all peaks in nanocomposites are decreasing with the incorporation of filler in matrix PPy.
The decrease in intensities show the interaction of MoS: filler with PPy matrix which are

also in agreement with the results obtained from TEM study[153].

Applying Scherrer's method to analyze X-ray line broadening, the crystallite sizes of

nanocomposites were determined by formula given in equation 4.5.

— kA
b= Qcos @ (4'5)
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Where the symbol D, K, 8 and S represent crystallite size, shape factor, diffraction angle,

and FWHM (full width at half maximum), respectively.
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Figure 4.23 XRD spectra of pure PPy, pure MoS; and PPy/MoS> nanocomposites ( 1 wt%,

5 Wt%, 10 Wt%, 20 wt% and 30 wt% )

The calculated crystallite size of MoS; and its nanocomposite (002 plane) was found to be
36.39 nm (pure Mo0S>), 28.58 nm (1 wt%), 24.26 nm (5 wt%), 23.92 nm (10 wt%), 22.92
nm (20 wt%), and 21.85 nm (30 wt%) as shown in Table 4.7.

Table 4.7 Calculations of crystallite size (T nm) of Pure MoS; and PPy/MoS;

nanocomposites at different wt%.
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Sample name 20 (0 d- FWHM ] Cos 0 (o) T (nm)
spacing (A°) (Radian)
(A°)
Pure Mo>, 14.34 6.10 0.234 | 0.0086 0.9998 36.39 nm
PPYIMoS2- 1 wito 14.20 6.10 0.280 | 0.0086 0.9998 28.58 nm
PPYIM0S2- 5 Wit 14.29 6.09 0.329 | 0.0088 0.9998 24.26 nm
PPy/Mo05,-10 wth 14.40 6.08 0.334 | 0.0090 0.9998 23.92 nm
PPYIM05,-20 wto 14.42 6.09 0.366 | 0.0058 0.9998 22.92 nm
PPy/M0S,-30 wt% 14.44 6.07 0.335 | 0.0060 0.9998 21.85 nm

4.3.2 Structural Study

Fourier transform infrared spectroscopy (FTIR) is employed to elucidate the functional

groups of pure MoS,, pure PPy and PPy/MoS; nanocomposites (Figure 4.24).
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Figure 4.24 FT-IR spectra of pure PPy, pure MoS;and PPy/MoS; nanocomposites (1 wt%,
5 wt%, 10 wt%, 20 wt% and 30 wt%).
The main transmittance peaks of PPy are evident at 3225 cm™! (O-H stretching) and 1709
cm ! (C- C stretching vibrations) in the PPy ring. Additionally, the band at 1341 ¢cm™! (N-H

bending), 1147 cm ! and 1176 cm™ (=C-H in-plane vibration), 1026 cm™! (in-plane
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deformation of C-H bond) and minor peaks below 1000 cm™ indicate =C-H out-of-plane
vibrations highlight Py polymerization [140,141,147,154].

Comparison of the FT-IR spectra of PPy nanocomposites with varying weight percentages
of MoS: (1 wt%, 5 wt%, 10 wt%, 20 wt% and 30 wt%) reveals that the major characteristic
peaks of PPy persist with slight shifts in some absorption frequencies. The spectra of
nanocomposites corresponding to 1 wt% and 5 wt% of PPy/MoS: exhibits the absorption
bands close to the absorption of neat PPy and with the highest absorption band above 1709
cmt, which is in agreement with the higher conductivity of these samples. This may be due
to interaction of polymer chains of PPy deposited on the surface of MoS: nanoparticles. The
spectra of the samples with PPy/MoS, (10 wt%, 20 wt% and 30 wt%) exhibit the lower
absorption band observed above 1709 cm™. The shifting in peaks is probably due to the
electrostatic forces between MoS; (negatively charged) and PPy (positively charged). In the
spectra of this group of nanocomposites, we detect a small sharp peak of MoS,. Apart from
PPy peaks, bands at 620 cm™" and 481 cm™! are attributed to Mo-S stretching and S- S bond,
indicating the embedding of MoS, in the PPy matrix [155]. These findings suggest
interactions between PPy and MoS: in the nanocomposites.

4.3.3 Morphological analysis of PPy/MoS2 Nanocomposites

To see the dispersion of MoS: in the matrix of PPy, Transmission Electron Microscopy
(TEM) study was carried out. Therefore, the morphology of Pure MoS; and PPy/MoS;- 5

wt% nanocomposite was done as shown in Figure 4.25.
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Figure 4.25 TEM images of (a) Pure MoS; (b) PPy/MoS;— 5 wt% nanocomposite
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Figure 4.25 (a) shows that MoS> has sheet like 2D-structure. PPy has spherical like shape
with multiple nanoparticles clustered together into agglomerates (Figure 4.25 (b)). As for
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PPy/MoS;- 5 wt%, a thin layer of PPy agglomerates was clearly observed which is very
nicely dispersed on the MoS: sheets. This may due to the fact that MoS: as a supporting
material provided abundant sites for heterogenous nucleation and uniform growth of PPy.
Also, we can clearly see the PPy particles embedded with MoS> nanosheets form PPy/MoS>
nanocomposites and some MoS; packed by PPy. The dispersion of filler in the matrix of
PPy highlighted (Figure 4.25 (b)) with a yellow colour and these results are in good
agreement with the XRD results where the intensity of peak is going to decrease with the
increment in wt% of filler.

4.3.4 Electrical Conductivity

The Direct Current (DC) electrical conductivity of PPy and PPy/Mo0S, nanocomposites
were measured at room temperature using two probe method (Figure 4.26). PPy and its
nanocomposites show conductivities of 2.22 x 10 S/cm for pure PPy, 3.22 x 10* S/cm for
PPy/MoS,- 5 wt% and 0.68 x 10* S/cm for PPy/MoS2- 10 wt%, respectively. The data
indicates a noteworthy increase in the electrical conductivity of nanocomposites compared
to PPy. Up to 1V, the current-voltage characteristic plots for each nanocomposite exhibit
ohmic behavior, transitioning to non-ohmic behaviour beyond that point. All plots
demonstrate excellent linearity across a broad range of applied currents.
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Figure 4.26 Current-voltage characteristics plot for pure PPy and PPy/MoS;

nanocomposites (5 wt% and 10 wt%).

Upto 1V, the significant rise in electrical conductivity of PPy/MoS2 -5 wt% can be attributed
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to the initiation of a network between the MoS: filler and PPy matrix, through which
charge carriers get a physical path to move [145]. It is suggested that MoS> acts as an
effective electron acceptor while PPy serves as a competent electron donor. MoS> can serve
as an effective conducting bridge connecting the conducting domains of PPy. Another reason
for the high conductivity of PPy/MoS; -5 wt% may be the dispersion of MoS; in PPy which
mutually improves the continuity of MoS: in the nanocomposites, as also confirmed by TEM
images. [156]. At high voltage (beyond 1V) the breakage of bonds takes place, due to which
charge carriers become free, so there is a sharp increase in electrical conductivity. The graph
indicates that PPy nanocomposites containing 10 wt% of MoS: exhibit lower electrical
conductivity. This can be attributed to both the low electrical conductivity of the filler and
a reduced fraction of the PPy matrix. Another factor may be the heightened disorderliness
within the nanocomposite, leading to a reduction in favorable localized sites. This
disorderliness is likely a result of conformational changes in the PPy matrix [157].

4.3.5 Gas sensing properties

To illustrate the impact of varying loading ratios of MoS2 on the gas sensing properties of
PPy/ MoS, nanocomposites, a series of sensors with different MoS; loading ratios were
examined for comparison. The sensor based on PPy, underwent sensing measurements for
ammonia concentrations ranging from 10 to 100 ppm at room temperature. The results,
presented in Figure 4.27, demonstrate that the PPy-based sensor exhibits a substantial
response to increasing ammonia concentrations and yields an adequate response value even

for a low concentration of NH3 (10 ppm).
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Figure 4.27 Comparison of sensitivities of pure PPy and PPy/MoS; ( 5 wt%, 10 wt%, 20
wt% and 30 wt%) nanocomposites for different concentrations of ammonia at room
temperature.

Given that polypyrrole is a p-type material, its interaction with the reducing gas NHs
induces a phenomenon of hole-electron recombination leading to a decrease in hole
concentration and an increase in the resistance of PPy [158]. A notable increase in response
is likely attributed to the substantial adsorption of target gas molecules at a concentration of
100 ppm. MoS; acknowledged for its exceptional electrical and chemical characteristics is
considered a highly effective sensing material. As a result, the integration of MoS; into the
PPy matrix is anticipated to improve the gas sensing properties. To explore this, gas sensing
measurements were conducted on PPy/MoS: nanocomposites with varying weight
percentages of MoS; ranging from 1 wt%, 5 wt%, 10 wt%, 20 wt%, 30 wt% for different
concentrations of NHz at room temperature. PPy/MoS;- 1 wt% do not show any response
for gas sensing as there may be no interaction between PPy and MoS2 due to low wt% of
filler in the matrix PPy. The response of the in-situ polymerized PPy/MoS2(5 wt%, 10 wt%,
20 wt% and 30 wt%) for corresponding NHz concentrations 10 ppm, 25 ppm, 50 ppm and
100 ppm is mentioned in Table 4.8.
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Table 4.8 Response value for ammonia sensors presented in this work.

Sensing material Sensor response %

100 ppm 50 ppm 25 ppm 10 ppm
PPy 25 1.39 0.89 0.45
PPy/MoS>- 5 wt% 21.65 13.077 9.44 6.45
PPy/MoS2- 10 wt% 10.39 7.35 4.85 3.15
PPy/MoS2- 20 wt% 8.35 451 3.87 2.85
PPy/MoS>- 30 wt% 2.75 2.21 1.76 0.65

Among the five sensors, in-situ polymerized PPy/MoS>- 5 wt% sensor showed the highest
response at 100 ppm concentration. The dynamic resistance curve of the PPy/MoS,- 5 wt%,
illustrated in Figure 4.28 (a), depicts the resistance variation of sensors when exposed to
different concentrations of NHz ranging from 10-100 ppm. The graph illustrates the p-type
semiconducting nature of the sensors. Typically, the resistance of p-type semiconducting
materials increases when exposed to reducing the concentration of NHz and decreases again
in air atmosphere. Additionally in Figure 4.28 (), it is evident that the off-state terminal
resistance (Ra) for the PPy/MoS;- 5 wt% sensor is lower than that for pure PPy indicating
a reduced band gap (Eg) resulting from the doping of MoSz. However, the stability of air
resistance (Ra) for both materials is slightly erratic, possibly attributed to the use of
atmospheric air during the recovery process. The systematic response assessment of
PPy/MoS;- 5 wt% based sensor for various concentrations of ammonia is shown in Figure
4.28 (b), demonstrating increase in sensor response to increasing ammonia concentration.

At higher concentration, the value of response is much higher due to the higher adsorption
of target gas molecules on the surface of gas sensor. The results also demonstrate linear
relation between the response values and ammonia concentration. As observed, the
nanocomposite produced through the in-situ approach demonstrates superior sensing
outcomes. This superiority can be attributed to a significant intertwining between the two
materials and an increased abundance of adsorption sites on the surface of the prepared
nanocomposites for target gas molecules. The PPy/MoSz- 5 wt% sensor demonstrates a
favourable response ranging from 2.75% to 21.65% for ammonia concentrations of 25 to
100 ppm at room temperature. The response of the gas sensor is directly correlated with the
quantity of target gas molecules adsorbed on its surface. Notably, the gas sensor maintains

an adequate response even at a low concentration of 10 ppm, underscoring its
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capability for low-level detection. With its ability to detect low levels, the flexible gas
sensor can be utilized for real-time monitoring of ammonia, serving as an early detection
device. The response and recovery characteristics of PPy/MoSz- 5 wt% nanocomposite-
based sensor are shown in Figure 4.28 (c). The observed response/recovery time of

PPy/MoS>- 5 wt% nanocomposite was 340/680 sec.
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Figure 4.28 (a) Dynamic resistance curve for PPy/MoS,- 5 wt% sensor for various
concentration of NHz (b) Rapid response curve of PPy/MoS;- 5 wt% for NHz concentration

ranging from 25-100 ppm at RT (c) PPy/MoS2- 5 wt% sample response and recovery times
to 100 ppm of NHz at RT.

Moreover, stability and reproducibility were assessed to validate the accuracy of gas sensor
for swiftly monitoring airborne ammonia leaks. The motivation behind fabricating the
PPy/MoS,- 5 wt% sensor is to achieve consistent response values even with repeated gas
exposures. The repeatability is defined as the sensing material's capability of repeating
similar characteristic behaviours when the same environment is repeated a number of times.
Hence, the response of the PPy/MoS2- 5 wt% nanocomposite was scrutinized across

multiple sensing cycles at 100 ppm ammonia, as illustrated in Figure 4.29 (a). When
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alternating between ammonia and air, the flexible sensor demonstrates good repeatability

revealing highly stable fluctuations responses even after 5 consecutive sensing tests.

For the rapid monitoring of harmful gases in real time, reproducibility is the second factor
that plays a critical role. For assessing reproducibility, the proposed sensor underwent
continuous exposure to 100 ppm of NHs over a period of 21 days at regular intervals, as
depicted in Figure 4.29 (b). The outcomes indicate robust long-term durability even after
the extended 21-day period. Furthermore, the baseline resistance exhibits negligible change
even after 21 days indicating the sensor's commendable stability. Consequently, the
fabricated PPy/MoS;- 5 wt% sensor holds significant potential for the detection of ammonia
in real-world applications. The selectivity characteristics of a gas sensor are crucial in
practical applications, as they are directly linked to the sensor's response in diverse mixed
gaseous environments. Therefore, the response of PPy/MoS»- 5 wt% nanocomposite for
different gases, including Hz, CO., C2HsOH, NO2 and NHs, was examined. The reason for
selecting the mentioned gaseous analytes to assess selectivity is their prevalence in the
environment and widespread use in daily life, potentially influencing the performance of the
proposed ammonia sensor. As shown in Figure 4.29 (c) from all the gaseous analytes, the
PPy/MoS;- 5 wt% exhibited superior and highest response for ammonia gas. The maximal
response for 100 ppm ammonia is 21.65, while the sensitivities for Hz, CO2, C2HsOH and
NO. were 1.55, 0.97, 2.67 and 5, respectively which are significantly lower than the
response of NHs. These findings indicate that the PPy/MoSz- 5 wt% nanocomposite serves

as a favourable material for the production of sensors designed to detect ammonia.
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Figure 4.29 (a) Reproducibility assessment of PPy/MoS.- 5 wt% sensor to 100 ppm of NH3
with 5 continuous cycle at RT (b) Long term durability of PPy/MoS,- 5 wt% sensor to 100
ppm of NHz at RT over 21 days (c) Response of the sensor based on PPy/MoSz- 5 wt% to
various gases at RT at 100 ppm.

4.3.6 Gas sensing mechanism

Based on the experimental findings mentioned above, it is evident that the PPy/MoS;
nanocomposite sensor exhibits commendable sensing properties for ammonia gas at 28 °C.
This suggests that the PPy/MoS, nanocomposite stands out as an excellent candidate
material for detecting ammonia. The potential sensing mechanism for ammonia is attributed
to the synergistic effects of polypyrrole and molybdenum disulfide, along with special
interactions at the p-n heterojunction. The sensing analysis indicated that upon exposure to
NHs gas, the resistance of the PPy/MoS,- 5 wt% nanocomposite increased, aligning with
the sensing characteristics of a p-type semiconductor. The hypothesized sensing mechanism
of PPy to NHs involves the deprotonation/protonation process through

adsorption/desorption of NH3 on the composite surface as shown in Figure 4.30 (a).
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PPy + NHs —— PPy®+ NH4* (adsorption) (4.6)
PPY’+NHs* — PPy*+NHs (desorption) 4.7)

When the nanocomposites are placed in NHs, the ammonia molecule is in contact with
PPy/MoS;- 5 wt%, and the nitrogen in ammonia loses an electron to the nitrogen in the main
chain of the polymerization to form ammonium ion, which is similar to the process of de-
doping (deprotonation), resulting in the change of resistance. While when the sensor is
removed from NHz atmosphere and placed in the air again, its resistance will be fully or
partially restored to its original state, thus achieving complete gas sensing response.
Moreover, integrating PPy/MoS: into the PPy matrix has a substantial impact on both the
structural and chemical properties of pure PPy contributing to the improvement of gas
sensing characteristics. In addition, several other factors that may affect the response of
PPy/MoS; nanocomposites to NHz sensing were also considered. Firstly, high electron
mobility of MoS; contributes to the fast carrier transport of nanocomposites leading to better
sensing behaviour. Secondly, the two-dimensional material MoS; has a large surface area,
which is very conductive to the adsorption of ammonia molecules on the surface of the
nanocomposites. Thirdly, the high gas sensing response may be related to synergistic effect
of MoS; and PPy. The synergistic effect can be attributed to the interaction between PPy
and MoS;, potentially weakening filler-filler or polymer-polymer intramolecular and
intermolecular interactions. This in turn enhances the dispersion of MoS: in PPy.
Consequently, the response of PPy to ammonia gas improves due to the combined presence
of polypyrrole and molybdenum disulfide. The oxygen-containing surface defects of PPy
and MoS: result in covalent bonds when PPy is coated on their surfaces. The vast specific
surface areas of PPy and MoS; provide more contact sites, significantly increasing the
number of ammonia gas adsorption sites. The nanocomposites, integrating PPy and MoSy,
function as a conduction channel for charge transfer. Additionally, the adsorption of NH3
molecules causing swelling in PPy may reduce the connectivity of nanocomposites and
increase sensor resistance. Therefore, the synergistic combination of PPy/MoS: exhibits
much improved sensing properties compared to PPy alone as depicted in Figure 4.30 (b).
The work function for PPy is reported to be approximately 4.26 eV [159] while for MoS: it
is ~ 4.3-4.5 eV[160] . This variance in work function causes electrons to migrate from the
conduction band of MoS; towards PPy forming a Schottky barrier at the PPy/MoS>
interface, as illustrated in Figure 4.30 (c). This barrier is a key factor contributing to the

increase in resistance in the presence of oxygen. Upon introducing NH3 gas to the sensor,
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the height of this Schottky barrier is decreased accompanied by a reduction in layer width.
This leads to the release of electrons into the conduction band of MoSz. This reduction
enhances the response of PPy/MoS samples when compared to the response observed in
pure PPy samples. The sensing performance of PPy/MoS, nanocomposites in this research
work have been compared with that of the reported works, and the comparison is presented
in Table 4.9.
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Figure 4.30 The role of PPy for ammonia sensing (a) Synergistic effect of PPy/MoS; binary
nanocomposites(b) band diagram representation for PPy/MoS; in presence of Air and NHa.
(where ¢g and ware barrier height and depletion layer width at the interface between
PPy/MoS:; respectively, A and A’ are the change in barrier height in presence of oxygen and
NHz respectively, and 6 & &’ are the change in depletion layer width in presence of oxygen

and NHz respectively) (c).
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Materials

Table 4.9 Comparison of sensor response of PPy/MoS; with those of reported sensors

Detection

PPy/Mo0O3

range

1M,05M,

Response

Response
and
Recovery

time

Reproducibility

Long-
term

stability

Selectivity

Temp Ref.

0.1 M

793% @1
M

20-20 sec

5 consecutive

cycle

More
selective to
NHsthan
EtOH,
CH30H,
acetone,
acetaldehyde,
formaldehyde,
toluene,
benzene,
chloroform
and n-

hexane

RT | [154]

PPy/AQ:S
NCs

100-500 ppm

7.7 @ 100
ppm

20-600

sec

RT | [149]

PPy/WS;

PPy/rGO

50-200 ppm

30.10% @
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51-79 sec
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NHsthan
Hydrogen,
Ethanol, Carbon
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Carbon
dioxide

RT | [161]

PPy/SnO2

33.2 ppm
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3 consecutive

cycle

RT | [116]

1-200 ppm

15% @1
ppm

More
selective to
NH3 than
EtOH, ether,

acetone,
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RT | [162]




4.4 PPy/SnS; Nanocomposites

PPy/SnS, Nanocomposites were prepared with different SnS; content as given in Table
4.10. Before preparing nanocomposites pure PPy were kept fixed. The prepared
nanocomposites were characterized using XRD, FTIR and TEM techniques.

Table 4.10 Weight percentages of SnS; filler in PPy matrix

Sr No. Weight %

1 1
2 5
3 10
4 20
5 30

4.4.1 Structural Study

The XRD pattern of as synthesized SnS; product and PPy/SnS> (1 wt%, 5 wt%, 10 wt%, 20
wt% and 30 wt%) are shown in Figure 4.31. Pure PPy exhibits a broad spectrum within the
260 range of 25-30°, indicative of the characteristic peak associated with amorphous like PPy
[152]. The elevated background intensities observed in the XRD patterns may indicate the
presence of amorphous substances within SnS». Products synthesized using EG as solvent
exclusively exhibit characteristic XRD peaks corresponding to the hexagonal phase of SnS
(JCPDS card No0.83-1705). Notably, no discernible peaks from impurity phases are detected,
underscoring the high purity of the synthesized products.
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Figure 4.31 (a) XRD spectra of pure SnS; (b) XRD spectra of PPy/SnS> (1 wt%, 5 wt%,
10 wt%, 20 wt% and 30 wt%) nanocomposites.

In case of PPy/SnS; (1 wt%, 5 wt%, 10 wt%, 20 wt% and 30 wt%), comparison with

standard data reveals deviations in diffraction peak intensities; specifically, the (001) and
(100) peaks exhibit greater intensity than the standard pattern, while the intensity of the
(101) peak is reduced and the (110) peak is absent [123]. The change in intensities indicates

the interaction of Sns filler and PPy matrix, aligning with findings from the TEM analysis.

4.4.2 FT-IR analysis

The FT-IR spectra of pure PPy, PPy/SnS; (1 wt%, 5 wt%, 10 wt%, 20 wt% and 30 wt%)
nanocomposites and pure SnS; are shown in Figure 4.32. The prominent peaks observed in
the transmittance spectrum of PPy are notable at 3225 cm™ and 1709 cm™, corresponding to
the N-H stretching and C=C stretching vibrations within the PPy ring, respectively.
Additionally, the peak at 1341 cm™ is attributed to the N-H bending vibration bond. Further,
the peaks at 1147 cm™ and 1176 cm™ likely represent =C-H in-plane vibrations, while the
peak at 1026 cm™ signifies the in-plane deformation of the C-H bond within the pyrrole

ring. Minor peaks below 1000 cm™ are indicative of =C-H out of plane vibrations,
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which further verify the polymerization of PPy [121,139-141]. The band at 551 cm™ and
670 cm™ correspond to Sn-S stretching and S-S bonds respectively [163]. Meanwhile, in
the IR spectra of PPy/SnS> (1 wt%, 5 wt%, 10 wt%, 20 wt% and 30 wt%) nanocomposites
and pure SnS;, the intensities of diffraction peaks at 1000 cm™?, 1176 cm™ and 1709 cm™ are
significantly enhanced with a slight shift in frequency for PPy/SnS, nanocomposites at
different weight percent indicating some interactions between PPy and SnS.
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Figure 4.32 FT-IR spectra of pure PPy, pure SnSz and PPy/SnS; nanocomposites (1 wt%,
5 wt%, 10 wt%, 20 wt% and 30 wt% )

4.4.3 Morphological analysis of PPy/SnS2 Nanocomposites

Transmission Electron Microscopy (TEM) analysis was conducted to observe the dispersion
of SnS, within the PPy matrix. Consequently, the morphology of both Pure SnS> and
PPy/SnS2-5 wt% nanocomposite was examined, as depicted in Figure 4.33. In Figure 4.33
(a), SnS2 exhibit sheet like structure, while in Figure 4.33 (b), dispersion of PPy particles
can be seen in sheets for PPy/SnS; — 5 wt% nanocomposite. This phenomenon is likely
attributed to SnSz acting as a supportive material providing abundant sites for heterogenous

nucleation.
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SnS, sheets

Figure 4.33 TEM images of (a) Pure SnS; (b) PPy/SnS; — 5 wt% nanocomposite

The dispersion of PPy as matrix is highlighted with yellow colour in the filler of SnS;

confirming the presence of nanocomposite.
4.4.4 Gas sensing properties

To study the effect of different loading ratio of SnS; on the gas sensing performance of
PPy/SnS, nanocomposites, we examined a range of sensors with different SnS; loading
ratios for comparative analysis. The prepared PPy/SnS; based sensor was employed to
conduct sensing assessments across ammonia concentrations ranging from 25 to 100 ppm
at room temperature as illustrated in Figure 4.34. The findings reveal that PPy-based sensor
displays a significant response to rising ammonia concentrations yielding an adequate

response even at low NHs concentrations (25 ppm).

As PPy is known to be a p-type material, its interaction with the reducing gas NHs induces
a phenomenon of hole-electron recombination, thereby causing a decrease in hole
concentration and an increase in the resistance of PPy [45]. A notable rise in response is
expected due to the substantial adsorption of target gas molecules at a concentration of 100
ppm. Recognized for its exceptional electrical and chemical characteristics, SnS; is
considered highly effective as a sensing material. Consequently, the incorporation of SnS»
into the PPy matrix is anticipated to enhance the gas sensing properties. To investigate this,
gas sensing measurements were conducted on PPy/SnS» nanocomposites with varying
weight percentages of SnS; (1 wt%, 5 wt%, 10 wt%, 20 wt% and 30 wt%) for different
concentrations of NHz at room temperature. Out of the five sensors tested, the in-situ
polymerized PPy/SnS>-5 wt% sensor demonstrated the most substantial response when
exposed to a concentration of 100 ppm.
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Figure 4.34 Comparison of sensitivities of pure PPy and PPy/SnS; ( 1 wt%, 5 wt%, 10 wt%,
20 wt% and 30 wt%) nanocomposites for different concentrations of ammonia at room

temperature.

The systematic evaluation of the PPy/SnS;-5 wt% based sensor's response to various
concentrations of NHs is illustrated in Figure 4.35, depicting an increase in sensor response
with rising NHz concentration. At higher concentrations, the response value notably
escalates due to enhanced adsorption of target gas molecules on the sensor surface.
Furthermore, the results exhibit a linear relationship between response values and NHs
concentration. It's noteworthy that the nanocomposite fabricated via the in-situ method
exhibits superior sensing performance. This superiority can be attributed to the substantial
intertwining between the two materials and an increased abundance of adsorption sites on

the nanocomposite surface for target gas molecules.
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Figure 4.35 Rapid response curve of PPy/SnS»- 5 wt% for NHs concentration ranging from
25-100 ppm at RT.

The PPy/SnS,-5 wt% sensor showcases a favorable response ranging from 5.88% to 9.69%
for NHs concentrations of 25 to 100 ppm at room temperature. The sensor's response is
directly linked to the quantity of target gas molecules adsorbed on its surface. Notably, the
flexible nature of the gas sensor maintains an adequate response even at low concentrations
such as 10 ppm, highlighting its capability for detecting low levels. Given its ability to detect
low concentrations, the flexible gas sensor holds potential for real-time NHs monitoring,

serving as an early detection device.
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Figure 4.36 Response of the sensor based on PPy/SnSz- 5 wt% to various gases at RT at
100 ppm.

Figure 4.36 demonstrates selectivity, revealing the material's distinct response to specific
gases. Among them, ammonia exhibited the most pronounced response compared to others,
indicating the exceptional selectivity of the sensor toward ammonia gas. Consequently, at
100 ppm, the selectivity of ammonia stands at approximately 6.25, 3.75, 0.95, and 1.75 for
NO;, C2HsOH, CO2, and Hz respectively. With a reliable response at low concentrations
like 10 ppm, this gas sensor excels at detecting trace amounts of ammonia. This makes it

ideal for real-time monitoring, providing early warnings of potential ammonia leaks.
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CHAPTER FIVE

Conclusion and Future perspectives

This chapter wraps up the synthesis and characterization of PPy powder using oxidants
FeClsand APS, as well as PPy with metal sulfides (WS, MoS,, SnS2) nanocomposites. The
chapter delves into the overall results of the materials post-characterization, drawing
upon findings from XRD analysis, FTIR spectroscopy, electrical measurements, and
morphological studies. Additionally, it discusses the conclusions derived from gas sensing

experiments conducted within this chapter.
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CHAPTER FIVE Conclusion and Future perspectives

5.1 Conclusion

The research work on preparation of polypyrrole based metal sulfides nanocomposites for
gas sensing has been successfully carried out. Based on the findings from XRD analysis,
FTIR spectroscopy, electrical measurements, morphological studies and gas sensing

measurements the following conclusions can be made.

> PPy powder have successfully synthesized via chemical oxidative polymerization
method using oxidants FeClz and APS. The prepared PPy were further dried named
as PPy/FeCls and PPy/APS.

» The distribution of particle size of PPy globular morphology with oxidants FeCls
and APS revealed the average particle size to be 448 nm and 240 nm for PPy/FeCl3
and PPy/APS respectively.

» The electrical conductivity of PPy/FeCls is high as compared to PPy/APS due to
enhanced crystallinity of polymer which can be confirmed from XRD analysis.

» Among all synthesized PPy, PPy/FeCls selected as oxidant for further preparing
metal sulfides nanocomposites like WSz, MoS; and SnS; with different filler loading
at different wt% (1 wt%, 5 wt%, 10 wt%, 20 wt% and 30 wt%).

» In-situ polymerization have been preferred over chemical oxidative polymerization
method for the synthesis of polypyrrole-metal sulfides as polymer forms directly at
the interface between the matrix and reinforcing material resulting in better adhesion
and homogeneity leading to improve in properties as well as overall performance of

the composite.

» XRD of PPy/WS; (1 wt%, 5 wt%, 10 wt%, 20 wt% and 30 wt%) confirms the
existence and predominance of crystalline WS; in the composite and broad peak of
PPy, indicating the PPy-deposited WS> and its crystalline nature.
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» TEM study reveals the confirmation of the 2D sheets like structure of WS; in the
matrix of PPy However, the existence of PPy and WS is clearly seen.

> In XRD analysis of PPy/MoS. nanocomposites, intensities of all peaks in
nanocomposites are decreasing with the incorporation of filler in matrix PPy. The
decrease in intensities show the interaction of MoS: filler with PPy matrix which are

also in agreement with the results obtained from TEM study.

» XRD analysis of PPy/SnS; (1 wt%, 5 wt%, 10 wt%, 20 wt% and 30 wt%),
comparison with standard data reveals deviations in diffraction peak intensities;
specifically, the (001) and (100) peaks exhibit greater intensity than the standard
pattern, while the intensity of the (101) peak is reduced and the (110) peak is absent.
The change in intensities indicates the interaction of Sns; filler and PPy matrix,

aligning with findings from the TEM analysis.

> In-situ synthesized PPy/WS»>- 5 wt% nanocomposite exhibit response values of
3.04-30.10% for different concentrations of ammonia ranging over 50-200 ppm
which is higher than PPy/Ag»S-CdS (0.26%) and PPy thin film (0.4%). Lower
response value leads to limited sensitivity, detection range and may not be suitable
for applications requiring precise measurements. The possible mechanism of
superior sensing properties of PPy/WS; was suggested to be due to synergistic effect

of two materials.

> The optimized PPy/MoS>- 5 wt% based gas sensor demonstrates improved sensing
characteristics (21.65% for 100 ppm) with good response and recovery times of 340s
and 680s, respectively. It also shows a high response towards NH3z compared with
pure PPy. In addition, high repeatability and long-term stability of prepared
nanocomposites have also been observed over a concentration range of 10-200 ppm.
Ahmad and their coworkers also reported on PPy/MoS2 nanocomposites for NH3
sensing, which had a good response time of 60-70 seconds. The described work was
limited by a high detection range of 300-1000 ppm. Additionally, the % response,
repeatability and long-term stability of the PPy/MoS, nanocomposite were not
disclosed. Also, the author failed to disclose the tuning of nanocomposites at
different ratios that could be helpful in maximizing the performance of PPy/MoS;

nanocomposites for sensing.
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» The PPy/SnS>-5 wt% sensor showcases a favorable response ranging from 5.88% to
9.69% for NHj3 concentrations of 25 to 100 ppm at room temperature. The sensor's
response is directly linked to the quantity of target gas molecules adsorbed on its
surface.

> Limit of detection for ammonia gas sensors vary depending on the type of sensor.
These polypyrrole based metal sulfides sensors offer detection in the range of ppm.
The gas sensor demonstrates reliable response at low concentrations such as 50 ppm,
25 ppm and 10 ppm for PPy/WS;, PPy/MoS; and PP/SnS; nanocomposites
respectively, highlighting its effectiveness in detecting trace amounts. This
capability makes the gas sensor ideal for real time monitoring of ammonia, offering

early detection capabilities.

» Metal sulfides often possess unique 2D structures with larger surface areas
compared to metal oxides. This larger surface area provides more active sites for gas
molecule adsorption, leading to increased sensitivity. Metal sulfides can form
stronger chemical bonds with certain target gases, resulting in a more significant
change in electrical conductivity and, thus, a higher sensitivity. Some metal sulfides
operate at lower temperatures compared to metal oxides, reducing power

consumption and extending the sensor’s life.
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5.2 Future perspectives

Based on the present study, the following work on PPy and PPy nanocomposites (WSa,

MoS: and SnSy) could be done in future.

R/
L X4

By conducting humidity and other gas sensing studies with TMD-based composites,
researchers can gain insights into the fundamental mechanisms governing sensor
performance and explore novel strategies for improving sensor sensitivity and
selectivity. These efforts can ultimately lead to the development of more efficient
and reliable sensors for a wide range of practical applications.

Such PPy based nanocomposites (WS2, MoS> and SnS) can also be tested for LPG
sensing.

Density Functional Theory (DFT) calculations of PPy based nanocomposites (WSa,
MoS; and SnS>) can be done in future as it helps in predicting how materials interact
with gas molecules, provides information about charge transfer and band alignment
at the surface.
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