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SUMMARY

In this study work, novel hybrid nanocomposites were developed based on a
K30 poly vinylpyrrolidone (PVP) matrix blended with polypyrrole (PPY), a
conductive polymer, and reinforced with graphene oxide (GO) and indium tin oxide
(ITO) nanoparticles. Samples containing polymer ratios were prepared,
representing 90% PVP and 10% PPY. To enhance the properties of the blended
polymer, 1% GO nanoparticles were first introduced, followed by the addition of
hybrid nanomaterials comprising GO and ITO nanosheets at 1% each. These
nanocomposites (NCs) were fabricated using a solution casting technique, with the

dispersion process enhanced by mechanical stirring and ultrasonication.

The samples were studied using several analytical techniques, where it was
revealed Fourier transform infrared (FTIR) analysis results of the sample films
showed strong physical interactions. X-ray diffraction (XRD) demonstrated the
quasicrystalline behavior of PVP, which was strongly influenced by the contribution
of nanoparticles. Field-emission scanning electron microscopy (FESEM) images
demonstrated a homogeneous surface and excellent dispersion of nanoparticles
within the polymer matrix. UV-Vis spectroscopy results showed a significant
improvement in absorbance, increasing from 0.06 to 0.85 after the contribution of
GO-ITO nanoparticles to the blended polymers, demonstrating the effectiveness of
using two nanoparticles instead of one. The optical energy gap decreased
significantly from 3.43 to 1.63 eV for the allowed indirect transitions and from 3.21
to 0.62 eV for the forbidden indirect transitions. The absorption coefficient,
refractive index, extinction coefficient, real and imaginary dielectric constant, and
photoconductivity were improved by adding goat indium tin oxide (GO-ITO)
nanoparticles to the blended polymers. The AC dielectric constant, loss, and

conductivity were measured in different frequency ranges, revealing significant



improvements. The dielectric constant improved significantly from 2.16 to 4.63, and
the AC electrical conductivity improved significantly from 1.31*10! to 4.64*101!

S.cmt.

The potential of the developed nanocells was studied in three main
applications, in a sensing system for ammonia (NH3) reduction and oxidation
nitrogen dioxide (NO2) gases with a sensitivity of up to 25% after the addition of
conductive PPY polymers and nanomaterials, which provide excellent adsorption
sites for gas molecules. Furthermore, the well-dried solid membranes exhibited
superior antibacterial activity, with inhibition zones increasing by 53.8% against
Staphylococcus aureus and 46.1% against Escherichia coli. Electrochemical studies
(cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS)
indicated that the PVP-PPY/GO-ITO NCs biosensor exhibited exceptional
performance in the non-enzymatic detection of urea. A pronounced response was
observed after the addition of 0.1 M urea biosolvent, characterized by a significant
increase in redox currents and a sharp decrease in resistance values, especially at a
nanocomposite concentration of 15 mg/L. These results highlight the novelty and
multifunctionality of the developed NCs, showing strong potential in flexible
optoelectronic devices, antibacterial coatings, tissue engineering, and sensing
applications, addressing current societal needs in the health, environmental, and

medical sectors.
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Chapter One Introduction and Literature Survey

1.1 Introduction

Hybrid materials have recently demonstrated trends to overcome challenges and
weaknesses and enhance their properties for advanced applications compared to their
original materials or individual components[1]. Researchers are increasingly
blending known polymers or hybrid nanomaterials to create new matrix properties.
Different types and more than two polymers have been used to blend polymers to
modify their structures and enhance the properties of the blend or matrix for unique
applications such as biological applications, solar cells, medical devices, optical

filters, sensors, etc. [2].

Conductive polymers are being extensively researched for their exceptional
properties, such as electrical and optical tunability, high mechanical strength, ease
of fabrication, and better environmental stability compared to traditional inorganic
materials [3]. Although there are some limitations in pure conductive polymers,
these can be overcome by blending them with other materials to produce hybrid
composites with distinct, synergistic properties, making them suitable for
applications in electrical, optical, and electronic fields. Conductive polymers
containing conjugated carbon chains with alternating double and single bonds are
responsible for conductivity due to delocalized w electrons and polarization. Among
the most common of these polymers are polyfuran (PF), poly(phenylene vinylene)
(PPV), poly(para-phenylene) (PPP), polypyrrole (PPY), polyaniline (PANI),
polythiophene (PTH), and polyacetylene (PA) [4].

Since the early 1980s [5], conductive polymers such as PPY have been used as
active layers in gas sensors. This is due to their many properties, including high
visible light absorption, good conductivity, low weight, energy storage potential, and
unique electrochemical properties. These polymers are also easy to prepare and
affordable. The chemical structure of pyrrole is CsHsN, a five-membered ring

1



Chapter One Introduction and Literature Survey

containing one nitrogen atom and four carbon atoms, highlighting its essential
chemical properties [6].This polymer has been used to improve the non-conductive
properties of polyvinyl pyrrolidone (PVP), also known as polyvidone or povidone.
Its hydrophilic properties and biocompatibility characterize it. PVP is available in
various molecular weights and viscosities, allowing it to be selected according to the
desired application characteristics. It is used in many biological applications,
including industrial and medical applications, and as a binder in battery
applications[7]. PVP can form hydrogen bonds, which raises melting points and
exhibits better compound stability under physiological conditions and
characteristics. Medium molecular weight polyvinylpyrrolidone (K30) is often used
as a binder in tablets, capsules, and granules, as a stabilizer for oral solutions, as a
film-forming agent, as a solvent, a dispersant for dyes, as an enzyme immobilizer,

and to enhance bioavailability [8].

Nanoparticles are effective materials for reducing the band gap, allowing for
narrower bandwidths. Modern electronics uses crystalline graphene oxide to produce
microelectronic devices and semiconductors. One of the many graphene derivatives,
graphene oxide (GO), has many oxygen-containing functional groups attached to its
carbon lattice, such as hydroxyl (-OH), epoxy (-O-), and carboxyl (-COOH) [9].
Graphene oxide, or GO, is a carbonaceous material with a flat, two-dimensional
shape and a hexagonal crystal structure, similar to chicken wire or honeycomb [10].
Graphene oxide is much more amenable to chemical modifications due to the
presence of these oxygen groups, making it more hydrophilic than graphene and

easier to disperse in solvents [11].

Another interesting nanomaterial is the Indium Tin Oxide (ITO) which is highly
degenerate n-type semiconductor, thin ITO films, deposited under different oxygen

pressures and temperatures, exhibit low electrical resistivity ranging from 2 * 10*

2
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to 4 *10 Q cm, depending on the deposition conditions and film thickness, the low
resistance of films is due to the high carrier concentration, as the Fermi level (EF)
lies above the conduction level (EC). The degeneracy results from oxygen vacancies
and substitutional tin impurities generated during film deposition. The carrier
concentration of highly conductive ITO films ranges from 102° -102t cm3. Therefore,
ITO nanoparticles are used in a variety of applications, thanks to their unique
combination of transparency and conductivity. These applications include
transparent electrodes in flat panel displays and solar cells, surface heaters for
automotive windows, camera lenses and mirrors, and transparent heat-reflecting

materials in building windows, lamps, and solar collectors [12].

A gas sensor is an advanced chemical device used to detect and analyze gases in
the surrounding environment. It has numerous applications, such as air quality
monitoring, industrial safety, household appliances, and even medical diagnostics

such as breathing monitoring [13]. A gas sensor converts the presence or

concentration of a gas into a measurable and processable electrical signal. This type
of sensor typically consists of a receiver that interacts with the target gas molecules
and a transducer that converts this interaction into an analytical signal. The
mechanism of action lies in the adsorption of the gas onto the surface of the active
material, resulting in a change in physical or electrical properties, such as
conductivity or voltage [14]. These changes are then translated into digital data.
They are often manufactured using nanomaterials due to their large surface area,
enhancing their sensitivity and ability to detect very low concentrations of hazardous
gases such as ammonia (NHs) and nitrogen dioxide (NOz), which are harmful gases.
NHs is a common chemical component naturally released by humans, animals, and
plants, making it one of the most widely used compounds. Nitrogen oxides, which

are mainly produced from the combustion of fossil fuels and vehicle emissions, are

3
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a major source of nitrogen dioxide (NO,), making it essential to develop sensitive
and efficient gas sensors [15].Biosensors are an important branch of this field and
are classified according to the type of bioreceptor (such as enzymes, antibodies, or
nucleic acids) or the type of transducer (such as electrochemical, optical, thermal, or
mechanical). The effectiveness of these sensors depends on basic properties such as
sensitivity, selectivity, speed, and stability under different operating conditions.
Biosensors and gas sensors are compatible with several key criteria that must be
considered to improve their performance, such as high sensitivity, selectivity,
response time, recovery time, long-term stability, ease of manufacturing, and low
cost [16] .

Nanoparticle-based biosensors have revolutionized the accurate detection of
chemical compounds. Nanoparticles such as carbon nanotubes and noble metal
nanoparticles have become both receptors and receptors thanks to their unique
properties, such as enzyme-like catalytic activity [17].One of the most prominent
applications of these sensors is measuring blood urea levels, an important indicator
of liver and kidney health. Normal blood urea levels range between 3.3 and 6.7 mM,
and abnormal levels can lead to serious diseases [18]. Urea is also widely used in
agriculture, necessitating the development of accurate monitoring techniques due to
its environmental and health impact. Furthermore, bacterial resistance to antibiotics
has become a serious global challenge, especially with strains such as E. coli and
Staphylococcus aureus becoming resistant to conventional treatments. This
highlights the importance of nanotechnology, which enables the design of smart drug
delivery systems, early diagnosis of infections, and even the production of bacterial-
resistant medical materials. This represents a fundamental step in combating this

threat and protecting the future of modern medicine [19].
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1.2 Literature Survey

1- In 2016, Ashraf Salmanipour et al. [20] demonstrated the development of
urea sensors using polymers. The conductive polymer polypyrrole (PPY) was
employed to immobilize the urease enzyme within the matrix during electrochemical
polymerization, enabling the fabrication of amperometric, potentiometric, and
optical sensors with a detection range of 2—400 uM, high sensitivity, response time
of less than one minute, and applicability to real samples such as blood and urine.
Their efficiency was further improved by incorporating supporting materials such as
Laponite and functional polymers.In contrast, the non-conductive polymer
polyvinylpyrrolidone (PVP) was used as a matrix in the form of nanofibers prepared
via electrospinning, providing a high surface area and microporous structure that
enhanced absorption and response efficiency. These sensors exhibited a linear range
of 0.5-2.5 mM and a fast response time of 10-30 seconds, making them suitable for

rapid and accurate analysis in both biological and environmental applications.

2- In 2018, Harish Modilla et al. [21] fabricated an advanced polypyrrole-
graphene oxide (PPY-GO) nanocomposite electrode for efficient detection of urea
without using enzymes.The researchers relied on cyclic voltammetry (CV) and
square-wave voltammetry (SWV) techniques to determine urea concentration in an
alkaline 0.1 M potassium hydroxide solution over a 0-0.6 V voltage range. The
modified electrode demonstrated high efficiency in catalyzing the urea oxidation
process, resulting in an electrical response consistent with the urea concentration,
particularly in the 0.5-3.0 umol/L range. The lower detection limit (LOD) was very
low, reaching 0.27 p mol/L, demonstrating the device's high sensitivity and
accuracy. The electrode surface was analyzed using scanning electron microscopy

(SEM) and four-transform infrared (FTIR) spectroscopy, and the results revealed
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that the nanomaterial exhibits distinctive properties, such as high conductivity, rapid

electron transfer, and self-catalytic ability.

3- In 2018, Farhan Lafta Rashid et al.[22] developed novel nanofluids by
blending PVP and PEG (1:1) with varying concentrations of MgO nanoparticles (0—
12 wt%) in water. Increasing MgO content enhanced optical absorbance, thermal
conductivity, and antimicrobial activity, with the strongest inhibition zones observed
at 12% MgO. These findings demonstrate the nanofluids’ thermal and biological
efficiency, making them promising for applications in medical, industrial, and

energy systems.

4- In 2019, Amany. M. El Nahrawy et al.[23] showed that polystyrene-
supported ITO nanocomposites doped with CuO exhibited excellent thermal
stability, dielectric behavior, and strong antibacterial activity. Structural analyses
confirmed well-crystalline, uniformly distributed nanoparticles, while electrical tests
revealed a decrease in dielectric constant with higher CuO content. The composites
demonstrated the strongest antimicrobial effect at 7 wt% CuO, making them

promising for transparent electronics and bioprocessor applications.

5- In 2021, Xiaohong Zheng et al. [24] developed a cost-effective NO: sensor
using nanoporous ITO film prepared by electrochemical corrosion of commercial
ITO glass. The sensor showed excellent performance at low temperatures across a
wide range (0.1-500 ppm) with a strong response (12.34 at 1 ppm). Structural
analyses confirmed a unique nanoporous network that enhanced gas diffusion and
surface utilization, while increased hydroxyl groups improved NO: adsorption.
These results highlight electrochemically corroded ITO as a promising, low-cost

sensor for environmental and industrial applications.
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6- In 2022, A. M. Alsaad et al. [25] synthesized graphene oxide sheets using
Hummer's established method, then employed the casting technique to fabricate thin
films by amalgamating PEO with GO. The samples were analyzed, and FTIR
indicated a slight shift in the peaks and a variation in intensity at the C-O-C bond.
XRD showed a peak at 14.68, corresponding to the 001 plane. The phenomena of
absorption and permeability were examined. Differential scanning calorimeter
(DSC) analyses indicated a reduction in the degree of crystallinity of the fabricated
films, ultimately resulting in an increase in electrical conductivity with the addition

of 8% graphene.

7- In 2022, Tao Li et al. [26] upsed nanostructured metal oxides and two-
dimensional (2D) materials in the production of gas sensors, highlighting their
advantages of rapid response, cost-effectiveness, and superior sensitivity. However,
they exhibit drawbacks, including high operating temperatures, high power
consumption, and poor selectivity. Consequently, metal oxides have been combined
with 2D materials to create heterostructures, which enhance sensitivity and
selectivity. This study used indium tin oxide (ITO) to improve 2D graphene. ITO is
a ternary compound composed of 90% indium oxide (In20s) and 10% tin oxide
(Sn0O2). It exhibits excellent transparency and conductivity, and has a cubic bixbite
structure similar to that of ITO. ITO is an n-type dopant that provides free electrons
and is widely used in various electrical and optoelectronic applications. They can be

designed for specific purposes such as gas sensing or biological sensing.

8- In 2022, Zexin Liu et al. [27] fabricated a Cu20/ZnO composite layer on
ITO glass via electrodeposition and atomic layer deposition. The coating achieved
71.5% light transmittance, meeting touchscreen requirements, and generated more
reactive oxygen species (ROS) under solar irradiation due to a p—n junction that

enhanced charge separation. Photocatalytic tests showed 92.5% antibacterial
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efficiency against Staphylococcus aureus after just 3 minutes of sunlight exposure,
highlighting its potential as a transparent antibacterial material for preventing hand-

to-hand infections.

9- In 2023, Simin Khataee et al.[28] developed a highly sensitive non-
enzymatic urea sensor using a La-CoFe LDH/rGO nanocomposite prepared by
hydrothermal synthesis and integrated into a carbon paste electrode. The sensor
exhibited an ultrafast response (5 s), high sensitivity (1.07 pA/umol-cm?), and a very
low detection limit (0.33 umol) in alkaline medium. It showed excellent accuracy in
serum and milk samples (94.8-102% recovery, RSD < 3%), long-term stability (>3
months), and strong resistance to interference. These results demonstrate its potential
for medical and food applications requiring precise, rapid, and enzyme-free urea

detection.

10- In 2024, Miriam Bautista Cases et al. [26] designed a multilayer polymeric
coating composed of g-poly-L-lysine and hyaluronic acid (e-PLL/HA) and applied
it to indium tin oxide (ITO) surfaces, aiming to impart antibacterial properties. The
biological efficacy of the coating against the Gram-positive bacterium
Staphylococcus aureus was tested, with results showing that increasing the number
of layers significantly improved the antibacterial activity, with a killing rate of
93.75% when using 24 layers. The researchers used multiple characterization
techniques to confirm the success of the coating and its properties, including contact
angle measurement to assess wettability, X-ray photoelectron spectroscopy (XPS)
to examine the surface chemical composition, and confocal fluorescence microscopy
(CFM) and scanning electron microscopy (SEM) to study the distribution and
interaction of bacteria on the surface. These results confirm the effectiveness of the
proposed coating in reducing bacterial adhesion and its potential for use in medical

applications to combat infections associated with implanted devices.

8



Chapter One Introduction and Literature Survey

11- In 2024, Rawaa A. Abdul-Nabi and Ehssan Al-Bermany. [29] formed a
NO,gas sensor and its possible uses in industrial fields by mixing 2D graphene oxide
at a rate of 0.8% with Si3N, at varied ratios (0.2%, 2.2%, and 4.2%). The findings
demonstrated that raising the SizN4_ratio lowered the dielectric constant and energy
loss while improving the electrical characteristics of AC. The sensitivity was applied
at several temperatures, room temperature (RT), 100 °C, and 200 °C, exhibiting the
behavior of p-type semiconductors. The sensors were subjected to NO; gas; the
electrical resistance was reduced. The optimal sensitivity at room temperature was
6.89%, accompanied by a reaction time of 16 seconds and a recovery time of 19

seconds while using 3% hybrid nanomaterials.

12- In 2025, Arunima Verma et al.[30] developed a novel gas sensor based on
a polypyrrole (PPY) hybrid nanocomposite supported by silver and copper
nanoparticles (Ag/Cu) for the detection of ammonia (NHs) at room temperature. The
composite was prepared using oxidative chemical polymerization, with the silver
and copper concentrations adjusted to optimize performance. Structural and
microscopic analyses (XRD, FTIR, UV-vis, FE-SEM, EDS, and TGA) revealed that
the homogeneous distribution of metals within the polymer enhanced electrical
conductivity and increased adsorption sites. The PPY@Ag/Cu5 sensor achieved the
highest response of 73% at 300 ppm NHs, with a fast response and recovery rate (11
s). The sensor also demonstrated high selectivity towards NHs compared to other
gases such as CO, CO, H:S, and ethanol, and stable performance under various
humidity conditions. The sensitizing performance is attributed to the charge
interactions between NHs and PPY, and the synergistic effect between the nano-

metals.
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13- In 2025,Rawaa A. Abdul-Nabi and Ehssan Al-Bermany.[31] developed a
hybrid nanocomposite with improved structural, optical, and biological properties.
XRD analysis revealed a stable semicrystalline structure, FTIR revealed strong
bonds, while FESEM and TEM images revealed a homogeneous nanodistribution.
The composite exhibited high absorption in the UV range (200-280 nm) with a
gradual decrease in the energy gap from 3.55 to 3.1 eV. Biologically, it demonstrated
antibacterial activity against E. coli and inhibited the growth of lung cancer cells
(A549) with signs of apoptosis, making it promising for applications in sensors,

biocoatings, and antibacterial and anticancer therapies.

14- In 2025, Seda Gungordu Er et al.[32] developed multifunctional
conductive nanofibers for a self-powered bioelectrical glucose sensor.
Polycaprolactone (PCL) was combined with polypyrrole (PPy) and graphene
derivatives (GO, PG, GF) using fabrication methods such as direct mixing, core-
sheath nanoencapsulation, and dip-coating. Among the composites, PCL/PPy/GO
fibers exhibited the best performance, offering high electrical conductivity,
mechanical strength, and efficient glucose sensing due to improved electron
transport. These fibers also functioned as a triboelectric nanogenerator (TENG),
generating up to 63 V, and enabled accurate detection of glucose levels in sweat.
The work introduces an innovative, flexible, and sustainable platform that integrates

biosensing with energy harvesting for wearable diabetes monitoring.

15- In (2025), Ayisha Jemshiya Kalladi and M. T. Ramesan.[33] researchers
fabricated three-component nanocomposites (NCs) composed of polyvinyl alcohol
(PVA), cashew gum (CG), and polypyrrole (PPy), reinforced with zinc oxide (ZnO)
nanoparticles via in situ green polymerization. Characterization confirmed strong
component interactions and uniform ZnO dispersion. Incorporating ZnO decreased

the optical bandgap, enhanced thermal stability, and significantly improved

10
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mechanical and electrical performance, with 3 wt% ZnO identified as the optimal
loading. These findings demonstrate the potential of the NCs for eco-friendly, high-

performance nanoelectronic applications.

11
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1.3 Aims of the work

1. Study the effect of graphene oxide and indium tin oxide (ITO) nanoparticles on
the structural, morphological, optical, and electrical properties of newly synthesized
PVP-PPY NCs.

2. Evaluate the performance of the NCs as gas sensors for NHs and NO..

3. Investigate the antibacterial activity of the composites against E. coli and S.

aureus.

4. Develop a non-enzymatic electrochemical sensor for urea detection.

12
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2.1 Introduction

This chapter addresses the overarching notions of several theoretical areas of
research, including physical principles, scientific elucidations, interrelations, laws,

raw materials, and optical and electrical characteristics.
2.2 Polymers

Polymers were first discovered in the 1920s; there are numerous synthetic
polymers, including well-known ones like polyesters, as well as lesser-known ones
utilized in medical applications for organs and degradable sutures [34]. The term
"polymer™ refers to units of high molecular mass molecules that are made up of
numerous isolated structural elements and is derived from the Greek terms poly
(many) and mars (parts). In other terms, polymers are enormous, highly molecularly
weighted molecules or macromolecules. A variety of little molecules or monomers
connect that. The process of monomers reacting to create polymers is known as
polymerization. Two or more substances combine with or without the addition of
another substance, such as heat, water, or another solvent, to create a high-

molecular-weight molecule [35].

Enhancing the properties of conventional polymers by incorporating small
amounts of nanofillers is an effective and cost-effective strategy for modifying
polymer structures. These additives contribute to improving the thermal, tensile, and
barrier properties of polymers, and reducing their flammability [36]. With current
developments, polymer NCs are gaining increasing importance in energy
applications due to their high flexibility, ease of fabrication, and compatibility with
many industrial designs.Nanoparticles incorporated within the polymer matrix
directly influence the physical, mechanical, and electrical properties of the host
material, making these hybrid materials promising in multiple fields [37]. These
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hybrid systems exhibit distinct functional behaviors, including optical, electrical,
thermal, and mechanical properties, as well as antibacterial capabilities, qualifying

them for use in biomedical applications, flexible electronics, and sensors [38].
2.2.1 Classification of polymers

Polymers cannot be classified into a single category due to their complex
structures, diverse behaviors, and wide applications. Therefore, polymers are
classified according to their source into natural polymers composed of proteins,
carbohydrates, cellulose, and rubber, derived from plants and animals, and synthetic
polymers produced by chemical processes. The vast majority of basic polymers are
synthetic polymers, such as plastics and synthetic leather. Synthetic polymers also
exhibit enhanced thermal stability , mechanical and physical properties. Their
molecular weight and structure determine the physical properties of polymer

materials [39].

They are classified into linear polymers, which are linearly organized
polymers and only bifunctional monomers can form linear polymers. Branched
polymers which form side branches extending from the main polymer chain affect
elasticity and density. Conjugated polymers whose chains are linked by covalent
bonds through the addition of atoms or molecules are also known as network
polymers. Network polymers consist of trifunctional layers forming three-
dimensional networks. Polymers can be classified based on their homogeneity
(repeating units) into homopolymers, which form a composed of a single type of
monomer. Copolymers composed of different monomers, i.e., two repeating units,
are classified as random polymers. Additionally, polymers are classified based on
intermolecular forces into elastomers, which exhibit high elasticity due to weak

intermolecular forces. Fibers with strong intermolecular forces provide high tensile
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strength and toughness, as well as thermoplastics, which can be reshaped after
melting due to weak intermolecular forces. Thermosetting polymers form rigid
structures upon processing and cannot be recycled due to their strong cross-linking

forces [40]. Figure (2-1) shows polymer chains in a variety of shapes and sizes [41].
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Figure (2-1). Polymer chains come in a variety of shapes and sizes[41].

2.2.2 Crystallinity of polymers

The crystallization of polymers is a phenomenon associated with the partial
alignment of their molecular chains. These chains assemble to form ordered regions
known as lamellae, which then form larger spherical structures. Polymers may
crystallize during cooling after melting, mechanical stretching, or solvent
evaporation. Crystallization affects the optical, mechanical, thermal, and chemical
properties of the polymer [42].

In a molten polymer, the elongated chains of the material are twisted and

intertwined in a network-like formation. The polymer chains exhibit significant
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irregularity (stereoclastic disorder), resulting in a continuous, intertwined, chaotic
structure for selected polymers. Even when a molten polymer transforms from a
liquid to a solid, it is referred to as an amorphous polymer. Moreover, assuming that
there are parts of the chain in which branching has occurred, this will lead to a lack
of stereoregularity, which hinders crystallization. This material is called a semi-
crystalline polymer because part of it is not exposed to crystallization [43], as shown
in fig (2.2).

Crystalline

N
Fr

\‘-—
morphous

Figure (2-2). The crystallinity region in the polymers [44].

2.2.3 Conductive polymers

Conductive polymers are polymers that exhibit electrical conductivity due to the
presence of alternating single (C-C) and double (C=C) bonds along the polymer's

main chain [45], as illustrated in Figure (2-3).
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Figure (2-3). Alternation of double and single bonds in Poly pyrrole [45].

The electrical conductivity of materials is based on the band gap model
(BGM), as shown in Figure (2-4), which illustrates the energy difference between
the valence and conduction bands. The band gap (EQ) is defined as the difference
between the top of the valence band and the bottom of the conduction band.
Materials are classified into three types based on the energy gap: insulators (Eg > 10
eV), where the energy difference between the valence band and conduction band is
very large, and a large gap prevents the transfer of electrons and therefore does not
conduct electricity; semiconductors (Eg = 1.0 eV), where the band gap is
intermediate so that electrons can cross the gap at room temperature; conductors, on
the other hand, have almost no band gap, allowing electrons to move easily. These
materials conduct electricity excellently, as the conduction band overlaps with the
valence band, reaching nearly 0 eV (Eg = 0 eV). The energy gap in conducting
polymers lies within the semiconductor range. This was demonstrated by Bridas and
Streit in 1985, who found that the Eg value in these polymers was close to 1.0 eV.
Conductivity in polypyrrole arises from the formation of mobile charge states, such

as polarons and dipoles, during oxidation or reduction processes that electrons
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undergo within the polymer [46]. When the polymer is oxidized, an electron is
removed from the chain, creating a free radical and a positive charge that is stabilized
via charge resonance. This state is known as a polaron. As the oxidation process
increases, dipoles are formed, which are more stable than having two separate
polarons. These polarons and dipoles move along the polymer chain or between

chains, giving the material its electrical conductivity [47].

To compensate for the charges generated during oxidation or reduction, anionic or
cationic species are added to the polypyrrole polymer matrix in a process known as
doping. This doping improves conductivity by creating more mobile charges along
the chain, similar to a railway track. The following equations represent the ionic

doping process [48].
Anionic doping: P+ nXF — P™nF +nX"..... (2.1)
Cationic doping: P + nNXF — nX*P™+nF ..... (2.2)

P represents the polymer in its neutral state, P "* in the oxidized state, and P ™ in the
reduced state. X" represents the cationsand X the anions. F" is the conjugated anion,
while n is the number of moles of added salt. The doping process generates new
energy levels within the band gap, ultimately reducing Eg and merging it with the

valence and conduction bands, making the material more like a metallic [48].
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Figure (2-4). Diagram illustrating the band gap energy model for insulators,

semiconductors, and conductors [48].
2.2.4 Preparation of polymers

The polymer manufacturing process is divided into two processes. The first is
addition polymerization, where monomer molecules of the same type with double
or triple bonds are repeatedly combined to produce polymers. This process produces
no by-products. The second process is condensation polymerization, which results
from combining different monomers after removing ammonia, alcohol, or water

molecules [49] .
2.2.5 Polymer Blend

It is a traditional method through which two or more polymers In solid, liquid
or molten state are blended to develop new materials with superior properties and
at a lower cost than inventing new polymerization methods [50] . In addition to the
need to improve the mechanical and functional properties of polymeric materials,
the process of blending polymers is important and is used in medical applications,
drug delivery systems, bone repair, wound dressings, and enzyme stabilization . The

process of blending polymers depends on the free energy of blending AGm [51] .
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AGm =T ASm — AHm ........ (2.3)

Where AGm is the free energy of mixing,T is the temperature of mixing ,ASm is the

entropy of mixing , AHm is the enthalpy .

For mixing to occur, AGm<0 must be negative (less than zero). Controlling the
morphological structure and phase behavior of polymer blends is essential for
improving performance, as most polymers have high molecular weights and are
immiscible when mixed, this separation weakens the material's mechanical

properties [52].
2.3 Nanocomposites (NCs) and their Applications

Nanocomposites are mixtures of two or more phases with different
compositions or structures, where at least one of these phases has dimensions less
than 100 nanometers in zero, one, two, or three dimensions, or are thin films and
layers. NCs have a high surface-to-volume ratio, and their dimensions and shape can
influence their physical and chemical properties. These materials exhibit different
behavior from conventional microstructured composites, which are among the most
important materials in modern technology [53]. Composites are generally classified
into three basic categories based on the size of the reinforcements in the structures:
polymer-matrix NCs (PMNC), metal-matrix NCs (MMNC), and ceramic-matrix
NCs (CMNC). The matrix and additives are the two main components of the
chemical material. An integrated system can be created by encapsulating additional
components within the matrix, enhancing its cohesion in scientific fields such as
chemistry, physics, materials science, engineering, and manufacturing [54]. The

following are some of the potential applications of nanotechnology.

1. Antibacterial dressings and coatings.

2. Precise gas and biological sensors for more effective treatment.
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3. Barriers for thermal and optical applications.
2.4 The Raw Materials
2.4.1 Polyvinyl pyrrolidone (PVP)

Poly vinyl pyrrolidone (PVP), often known as polyvidone or povidone, is a
polymer characterized by its ability to interact with many hydrophilic and
hydrophobic substances [55].The pyrrolidone structure gives this polymer functions
similar to those of proteins. PVP k30 is a semi-crystalline synthetic polymer with a
high glass transition temperature (Tg) because it contains the rigid pyrrolidone
group, which is known to form various complexes with inorganic salts [56]. Figure
(2.5) shows the chemical formula of polyvinylpyrrolidone, and Table (2.1) shows

some of its physical and chemical properties.

CH2—' CH
|
™ n
CH2/ \CH2
e rd
CH,—c —0O

Figure (2-5).The chemical structure of polyvinyl pyrrolidone (PVP) [57].
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Table (2-1). Physical and chemical properties of polyvinyl pyrrolidone( PVP) [58].

Property Value and description
Molecular formula (C6HIONO) ,,
M.W ~ 40,000 gmol ™
Appearance white color to light yellow powder
Freely soluble in water, ethanol,
Solubility methanol, and chloroform and very
slightly soluble in acetone.
Density 1.25 g/cm?®
Refractive index 1.53
Melting temperature (Tm) 150-180 C°
Glass transition temperature (Tg) 109 C°
Toxicity Non-toxic

2.4.2 Polypyrrole (PPY)

Polypyrrole, initially known as black pyrrole in the 1960s, is an amorphous,
electrically conductive polymer widely used in various commercial applications due
to its superior thermal stability, excellent electrical conductivity, relative ease of
fabrication, and environmental flexibility [59]. Conductive polymers possess
intrinsic conductivity owing to the existence of a conjugated electron system or
alternating single and double bonds within their chemical structures. This distinctive
chemical feature has garnered the interest of several academics and experts across
diverse academic and industrial fields globally. Polypyrrole has been extensively
used in several prospective applications, including electrical devices, sensors,

batteries, microactuators, antistatic coatings, and biological applications [60].

It has been synthesized and produced using several methods, including
electrochemical oxidation and chemical oxidation of pyrrole monomer in diverse

organic solvents and aqueous environments. The many uses of chemically
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synthesized PPY need enhancements in key features, including processability,
thermal stability, and conductivity, for future advanced applications [61] . Figure (2-
6) shows the chemical structure of poly pyrrole, and Table (2-2) shows the physical

and chemical properties.

/ \

N
- B In

Figure (2-6 ).The chemical structure of Polypyrrole (PPY) [ 61,47].

Table (2-2).Shows physical and chemical properties of Poly pyrrole (PPY) [62].

Property Value
Molecular formula C4HsN
Appearance Black powder
Density 1.60 g/cm?
Conductivity 10-50 S/cm
Melting temperature (Tm) 129.7 C°
Glass transition temperature 201- 300 C°
(Tg)
Toxicity Non-toxic
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2.4.3 Indium tin oxide (ITO)

Indium tin oxide (ITO) nanopowder is a modern, high-performance inorganic
material with diameters ranging from 1 to 100 nm, designed for the 21st century
[63]. It is a mixture of rare metal oxides (indium and tin), which are then blended to
form a ceramic composite with outstanding electrical properties. ITO particles are
Spherical on the outside (due to deposition or reaction conditions), and their atoms
are arranged internally in a cubic bis-site structure, In,05:(Sn0O,) in a ratio of 9:1,
I.e., nine parts indium oxide to 1part tin oxide. The grains of these crystals have a
surface electronic structure that produces surface, volume, and quantum effects,
remarkable tunneling effects, high transparency, and high dispersion—features not

found in macroscopic objects [64].

ITO nanopowder exhibits high light sensitivity, unique properties, and
applications, including conductive coatings, gas sensors, biosensors, photodetectors,
liquid crystal displays, and other uses. Nano powder has a highly reactive surface
and contains many free radicals. This leads to the aggregation of large clusters of
nanoparticles when additives are added, significantly affecting optical, electrical,
magnetic, and other properties. Therefore, it is essential to distribute the powder well
before use to achieve the best properties of the nanoparticles [65] Figure (2-7) and
Table (2-3) shows the chemical composition of indium tin oxide (ITO) and some of

its physical properties.
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Figure (2-7). The ITO model with a 9:1 ratio: Atomic distribution of Indium, Tin,
and Oxygen.

Table (2-3). Physical properties of 1TO [67].

Property Description
Chemical formula In205:(SN0Oy)
Crystal form Spherical

Density 7.12 -7.16 g/cm?®
Appearance yellow powder
purity 99.99 %
Melting point 1800 — 1926 C°
Specific surface area 40-15 g/cm?
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2.4.4 Graphene oxide (GO)

Graphene is a two-dimensional nanomaterial consisting of a single layer of
carbon atoms arranged in a regular hexagonal lattice. It represents the basic structure
of most other carbon materials. This unique structure gives it exceptional properties,
such as high electrical and thermal conductivity and superior mechanical strength,
making it a pivotal material in the fields of electronics, energy, and nanotechnology.
The most prominent derivatives of graphene are graphene oxide (GO) and reduced
graphene oxide (rGO), which are two-dimensional carbon materials derived from

graphene through oxidation and chemical conversion processes [68].

Graphene oxide (GO) is characterized by the presence of a large number of
oxygen functional groups, such as hydroxyl (-OH), carboxyl (-COOH), carbonyl
(C=0), and epoxide (-C-O-C-), which are distributed on the basal surface and edges
of the grain [69]. These groups give GO hydrophilic properties and high chemical
activity, but they reduce electrical conductivity due to the disruption of the sp?
domains in the carbon lattice. Therefore, chemical, thermal, or photoreduction
processes are used to remove some of these groups and restore part of the original
graphene structure, producing reduced graphene oxide (rGO) with superior electrical
properties [70]. These materials are widely used in the fabrication of NCs, sensors,
and energy applications due to their large surface area, structural flexibility, and
functional modifiability. Graphene and its derivatives also have high light
absorption, particularly in the near-infrared (NIR) range, making them suitable for
photothermal conversion applications [7]. Figure (2-8) presents a schematic model
of the molecular structure of G, GO, and rGO [71].
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graphene (G) graphene oxide (GO) reduced araphene oxide (rGO)

Figure (2-8). The chemical structure of graphene, GO, and rGO [71].
2.5 Solvents

Solvents are chemicals used to dissolve other substances without causing a
chemical change. They are important in many industrial, medical, and laboratory
applications. Solvents vary in their polarity, which affects their ability to dissolve
different types of compounds. Types of solvents include polar solvents, nonpolar
solvents, protic solvents, aprotic solvents, organic solvents, and inorganic solvents .
Chloroform, whose chemical name is trichloromethane (CHCIls), was used as the
solvent in this work. It is a nonpolar organic solvent used in laboratories to extract
organic compounds. It was also used in the past as a medical anesthetic, but it is no
longer used for this purpose due to its toxic effects on the liver and nervous system.
Chloroform is a colorless liquid with a distinctive odor. It is volatile and must be

handled carefully, as prolonged exposure can cause health problems [72].
2.6 Characterizations
2.6.1 Fourier transforms infrared (FTIR) spectroscopy

Infrared (IR) spectrometry has undergone significant transformation in the last
40 years. In the 1960s, undergraduate chemistry students were taught that the
principal use of infrared spectroscopy was for the structural elucidation of organic
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molecules. Complex molecules possess more than one bond and various types of
different vibrations, such as vibrations resulting from stretching, where the bond
length changes at regular intervals by increasing or decreasing. Consequently, these
stretches may be symmetrical or asymmetrical as in Figure (2-9) a [74]. The second
type of vibrations is bending vibrations, which are known as deformation vibrations
because the atoms remain in their positions within the group, but the shape of the
molecule changes due to changing angles between the bonds. Bending vibrations are
divided into two types: in-plane bending vibrations, where a change in the bond
angle occurs within the same plane, including shear bending, where the bond angle
decreases, and rocking bending, where the bond angle remains constant, but the

bonds move within the same plane [75].

The other type is out-of-plane bending vibrations, which occur outside the
plane of the molecule, and include oscillation, in which two atoms move to one side
of the plane, and torsion in which one atom is below the plane and the other above
the plane [76] as in Figure (2-9) b. Fourier transform infrared (FTIR) spectroscopy
Is an effective method for detecting the types of chemical bonds within a molecule
by generating an infrared absorption spectrum that serves as a molecular
“fingerprint.” The concept of this approach is based on molecular bonding.
Molecular bonds oscillate at different frequencies, depending on the atoms involved
and the nature of the bonds. FTIR analysis provides a deeper understanding of the
chemical bonds and molecular structure of materials without damaging them. This
enables the identification of unknown substances, the detection of organic additives
and some inorganic substances at low concentrations, and the characterization of

changes in chemical structure and solvent residues [74].
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Figure (2-9). Types of molecular vibrations [77].
2.6.2 X-ray diffraction (XRD)

X-ray diffraction is a powerful and rapid analytical technique widely used to
study crystal structure, determine phase, measure the degree of crystallinity, and
estimate the crystal size of a material. This technique relies on the interaction of a
single-wavelength X-ray beam with the crystalline atomic planes within a sample.
The beams are reflected at specific angles resulting from the periodic arrangement
of atoms, generating a distinctive diffraction pattern. X-ray diffraction peaks are
formed when the beam strikes the crystal planes at a specific angle [78]. The
reflected rays interfere constructively if Bragg's law is met (2.4) .Figure (2-10)

shows Bragg diffraction [80] .
2d sin@=nA ......... (2.4)

Where d is the interplanar spacing, © theta is the diffraction angle, A lambda is the
wavelength of the incident X-ray beam, and n is the order of diffraction (usually
taken as 1).
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The cubic structure, which exemplifies the predominant pattern of the samples,

may be computed using equation (2.5) [78].

a=dvhz+k2+12 ... (2.5)

(a) represent the lattice constants, and (h, k, I) represent the Miller indices. The lattice

constant is given in the following equation [81].

The crystal size (D) is measured in nanometers by the Scherrer equation (2.7) [82].
D =kA/Bcos(O) ........ (2.7)

where k = 0.9, A for the wavelength of the X-ray radiation(Cu K-al) A = 1.54 A,

while B represents the full width at half maximum (FWHM) of the diffraction peak

(in radians), and 6 for the Braggs diffraction peaks diffraction angle .

An X-ray diffraction apparatus consists of three basic components: an X-ray tube, a
sample holder, and an X-ray detector. The cathode ray tube generates X-rays by
heating the filament to generate electrons, which are then driven toward a target
using an electrical voltage, bombarding the target material with electrons. X-ray
spectra are generated when the electrons have sufficient energy to eject inner-shell

electrons from the target material. Figure (2-10) shows Bragg diffraction [80].
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Figure (2-10). Bragg's Diffraction [80].
2.6.3 Field emission scanning electron microscope (FE-SEM)

A field emission scanning electron microscope (FE-SEM) is an electron
microscope that utilizes an electron beam to generate pictures. In an electron
microscope, light is substituted by electrons, which are negatively charged particles.
A discharge A source of electrons is used. Electrons traverse the element in a zigzag
manner [83]. Figure (2-11) the structural diagram of the field emission scanning

electron microscope (FE-SEM) system is shown [84].
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Figure (2-11). Ray Diagram for a system of FE- SEM [84].

2.7 Properties of samples
2.7.1 Optical properties

The optical properties of composite materials are studied to enhance
understanding of the internal structure of polymers and the nature of their bonds, as
well as to expand the scope of polymer applications. Understanding the absorption
and transmittance spectra of a polymer composite facilitates the detection of diverse
optical properties across a wide spectrum of wavelengths. Bond types, orbitals, and
energy emission can be identified by analyzing them within the ultraviolet spectrum.
The infrared spectrum is essential for understanding the overall structure of a
polymer composite and its chemical components [85]. Diagram and image of UV-
visible Spectrophotometer (UV-Vis.), as shown in Figure (2.12).
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Figure (2-12). Diagram and image of double-beam UV-vis. spectrophotometer
[86].
2.7.1.1 Absorbance (A) and transmittance (T)

It is a quantitative assessment of a material's absorption of light, represented by
the ratio of the intensity of the absorbed light to the intensity of the incident light. A
large optical depth at energies above the band gap will give the material good
absorption while minimizing reflectance. Absorption is calculated using Equation
(2.8),(2.9) [87].

Transmittance (T) is defined as the ratio of the intensity of transmitted rays (It) to
the intensity of incident rays (l,) on the material, as expressed by the following

connection [88]:
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Electrons of atoms vibrate on the surface of a material and radiate energy as a
reflected wave when light falls on them. This reflected ray can be calculated from

the law of conservation of energy (2.11) [89].

A+T+R=1........... (2.11).

2.7.1.2 Absorption coefficient ()

The photon energy (hv) determines the absorption coefficient, the forbidden

energy gap, and the properties of the material. The concentration of incident rays in
the direction of wave propagation per unit distance leads to a decrease in energy, and

the equation for photon energy is given by the following relationship (2.12) [90].

(t) represents the thickness of the samples.
2.7.1.3 The fundamental absorption edge

It represents the sudden increase when the amount of absorbed radiant energy
is approximately equal to the energy gap, and the energy difference between the
highest point in the valence band and the lowest point in the conduction band is
known as the fundamental absorption edge. Figure (2.13) shows three types of

absorption regions.

e High absorption region: (o) in part (a) is equal to or greater than 10* cm™. The
forbidden optical energy gap value (E;pt) is given by this region [129].

e Exponential region: (o) in B is 1 cm™ < o < 10* cm™. This region is represented
by the transition of the electron from higher energy levels in V.B. to lower energy
levels in C.B., and vice versa, in addition to its reverse transition from lower
energy levels in V.B. to higher energy levels in C.B. [90].
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e Low absorption region: (a) in C is relatively small, approximately o < 1 cm™.
This transition occurs as a result of structural defects that cause the density of

states to move within the vacuum in this region [90].

10°-

104

10° B

a(cm)™

107

Eg E(ev)

Figure (2-13). Absorption edge variation with absorption regions [91].

2.7.1.4 The electronic transitions
It is divided into two categories.

1. Direct transition: The absorption occurs in this condition when the energy of the
incident photons (hv) is equal to or larger than the energy of the bandgap (Eg). This
transition type necessitates preserving energy and momentum as dictated by the laws
of physics. This transformation happens when the C.B. bottom is directly aligned
with the top of the V.B., suggesting they share the same wave vector K, specifically
AK =0, in the semiconductor's context. It can be classified into two distinct types
[92].

A. Allowed Direct transition: It occurs from the valence band's highest points to

the conduction band's lowest point, as shown in Figure (2.14.A) [93].
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B. Direct forbidden transition: It happens near the top points of (V.B.) and the
bottom points of (C.B.), as exposed in Figure (2.14. B) [93].

Direct band gap Indirect band gap

E = E,+hoy,=Ey+E, E=Etho, + hik=k)o,=
E,=E,tho = Byt /’,“,‘,i E touce
(A) (B)

Figure (2-14). Classifications of electronic transitions [93].
2. The indirect transitions

The valence band (V.B) peak at different k vectors is the conduction band
(C.B) minimum. The C.B band has no lower bound above the V.B peak in an indirect
band gap. Therefore, in this case (AK # 0), this type of transition must involve the
emission or absorption of a phonon according to the laws of conservation of energy

and momentum. It includes two types [94].

Allowed indirect transition: It occurs between the highest point in the valence band
and the lowest point in the conduction band in a distinct area of K-space, as in Figure
(2.14) A.

Forbidden indirect transition: It occurs between the nearest location at the top of

the valence band and the nearest point at the bottom of the C.B. band.
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These transitions are driven by phonon absorption, as shown in Figure (2.14) B. The

absorption coefficient is calculated using Equation (2.13) [95].
ahv=B (hv-E;P" + Epp) ..o (2.13)

Where (Epn) denotes the phonon energy, (B) is a constant depending on the material
type, (-) denotes the phonon absorption, (+) denotes the phonon emission, (r) denotes
the exponential transition m, and (r) = 1/2 and 1/3 represent the allowed indirect

transitions, and (r) = 1/3 denotes the forbidden indirect transitions, respectively.
2.7.1.5 Refractive index (n)

The ratio of the speed of light in a vacuum to its speed within a material is

known as the refractive index (n), according to equation (2.14) [96].

_1+VR
- 1_ vﬁ ooooooooooo

where (R) represents the reflectivity of the material.
2.7.1.6 Extinction coefficient (ko)

The extinction coefficient is the imaginary component of the complex refractive
index (N) [86] .

N=n—iKe .oc...... (2.15)

(n) represents the real part of the refractive index. The extinction coefficient is
calculated using Equation (2.16) [86].

Ko

[l

N
=
=)

(M) represents the wavelength of the incident beam.
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2.7.1.7 Dielectric constant (¢)

The dielectric constant represents the ability of a material to be polarized. It
may be difficult to respond to many frequencies, and electronic polarity dominates
over other polarizations. The real (¢.) and imaginary (;) dielectric constants are

calculated using the following equations [97].

g =(n?-K?*) ... (2.17)

2.7.1.8 Optical conductivity (a,,)

Optical conductivity depends directly on the refractive index, absorption
coefficient, and the speed of light in vacuum (c) as in Equation (2.19) [97].
Oop = 1€/ A e (2.19)

2.7.2 Electrical properties

Materials are classified according to their electrical conductivity into insulators,
semiconductors, and conductors. Electrical properties depend largely on the
preparation process and deposition conditions. Furthermore, the electrical properties
of a material depend on its chemical composition, the arrangement of atoms within
the solid, and the energy gap defects. Electrical properties aim to describe the amount
of electric charge, its behavior, and its sources. Defects can be reduced using several
techniques, including annealing [98], including the material's microstructure,

physical form, and chemical content [99].
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2.7.2.1 Alternating current electrical conductivity (A.C)

AC conductivity differs from DC conductivity in that the electric field frequency
during DC conductivity is constant, while during AC conductivity, the electric field
frequency varies. The electric field frequency is determined by the polarization
frequency, so complex dielectric constants can be used. The dielectric constant is
defined as the ratio of the capacitance of a capacitor containing dielectric material
between two conducting plates to the capacitance of a capacitor containing a vacuum
between the plates, such that both capacitors are of equal volume. When an insulator
Is exposed to a low-frequency electric field, newly formed or permanent dipoles can
easily form, easily adapting to the changing electric field without leaving any
residue. Thus, the dielectric constant reaches equilibrium, where the ohmic

conductivity is zero [99].

Alternating potential (voltage) V = Vet is given to a capacitor filled with an

insulator. Where the current flowing by the capacitor leads to the potential by a phase

of m/2  [100].
[=iwCpV ....... (2.20)
(w) is the angular frequency of the applied field (w = 21tf), (i) is an imaginary integer

(i=v—1), (Cp) isthe amplitude, (V) is the voltage and V,, is the maximum voltage
[101].

The electrical current is equal to the amount of current (I,) in the similar stage with

(V) and (15) with the difference in the phase (1t /2), (Ip) represents the short capacity
stream to charge the current capacity or the best-charging current for the condenser
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and ( I) where the connection stream in the conductors due to flow the electron

under the applied electrical capabilities. The equation (2.22) determines an intense

capacity consisting of two parallel panels [141].

Where ¢, the void is the void, (4,) the region, and (d) represents the distance

between the expanded panels.

Electrical energy is dispelled as thermal energy in electrical applications.
Understanding the energy factor is extremely necessary for high-frequency

insulation, the excessive energy factor generates, and works on energy outage [102].

In low frequencies, the cap (C) has a perfect condensation that is closely related to

parallel to resistance [102].

The insulating loss () is calculated with the frequency of samples according to the

equation (2. 24) [103].

Alternative conductivity (o, .y is a measure of lost capacity.
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2.8 Applications
2.8.1 Gas sensor

The problem of pollution resulting from harmful gases emitted from industrial
facilities and their negative impact on human health makes it important to detect
these toxic gases, such as ammonia, nitrogen dioxide, hydrogen sulfide, and nitrogen
monoxide. Sensor cells monitor the leakage of these gases in laboratories and
environments requiring high safety and quality standards. Detection in sensors
involves a chemical reaction between the sensor and the gas, converting the chemical
signal into an electrical signal. Chemicals improve the sensitivity of sensors and are
low-cost [104].

The sensor relies on the adsorption of gases on the surface of semiconductor
oxides. Metal oxides are widely used in the manufacture of gas sensors, as oxygen
atoms adsorb on the surface of the crystals when heated, creating a negative charge
that affects the flow of electrons across grain boundaries. In the presence of a
reducing gas, the potential barrier decreases due to the reduced density of the
negative oxygen charge, leading to increased conductivity [105]. In the presence of
an oxidizing gas, the number of free electrons decreases, reducing conductivity. The
sensitivity of the sensor is primarily dependent on temperature, which controls the
rate of the chemical reaction between the adsorbed oxygen and the gas molecules.
At low temperatures, the reaction rate determines the sensor's response, while at high
temperatures, the rate of gas diffusion across the surface influences it. While at
medium temperature, a balance occurs between the two processes, which achieves

the maximum response of the sensor [106].

In addition, the type of semiconductor affects its response mechanis . In n-

type semiconductors, the reducing gas increases the conductivity, while the
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oxidizing gas reduces it. In p-type semiconductors, the number of holes increases in
the case of oxidizing gases, which leads to an increase in conductivity thus, the
reducing gas reduces their number, so the resistance increases [107,108]. Figure

(2.15) shows an example of how gas affects the gas-sensing mechanism of n-type
and p-type metal oxide semiconductors.

Table (2-4). The resistance of a semiconductor when exposed to oxidation or
reduction gases [108].

kind oxidation Gases reduction Gases
n-type resistance rise resistance drop
p-type resistance drop resistance rise

Adsorbed targetgas Adsorbed target gas
oxygenion @ oxygenion &
@ - @
()

e
v

Conductionband

E, |

h* h*
Valence band : O : ®

Gas in Oxvgen
ambient

Resistance
Resistance

Oxygen
ambient

Gasin

p-tvpe MOS sensor

n-type MOS sensor

Figure (2-15). A diagram showing the gas sensing mechanism of an n-type and
p-type metal oxide semiconductor in the presence of a reducing gas [109].
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2.8.1.1 The adsorption mechanism

Adsorption is a physical or chemical process in which molecules or atoms from
a gaseous or liquid phase are adsorbed onto a solid or liquid surface, forming a thin
layer of adsorbent. Adsorption is a surface phenomenon where the reaction occurs
at the surface without molecules penetrating the adsorbent[110] . This distinguishes
it from adsorption, which involves the penetration of molecules into the adsorbent.
Physical adsorption occurs through weak van der Waals forces, is often reversible,
occurs at low temperatures, and does not involve the formation of new chemical
bonds between the molecules and the surface. Chemical adsorption occurs through
strong chemical bonds (covalent or ionic) between the molecules and the surface. It
occurs at higher temperatures, results in a change in the electronic structure of the
adsorbed molecules, and is usually irreversible. Several factors influence the
adsorption process, including temperature, pH, ionic strength of the solution, surface
area of the adsorbent, nature of the adsorbent, equilibrium time, and adsorbent

concentration. [111]. Adsorption is shown in Figure (2.16).

Depletion region
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Figure (2-16). A diagram illustrating the metal oxide thin film gas sensor

mechanism.
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2.8.1.2 Ammonia gas NHs

Ammonia is an essential chemical molecule in everyday life, especially after
the development of nitrogen fixation technology developed by Fritz Haber and Carl
Bosch, which facilitated the manufacture of artificial fertilizers that alleviated
hunger for millions of people. Approximately 80% of global ammonia production is
allocated to agriculture, while the remainder is used in military and commercial
sectors, including explosives, refrigerants, pharmaceuticals, plastics, synthetic
fibers, and cleaning agents [112]. Moreover, ammonia's high hydrogen density
makes it an effective hydrogen carrier in fuel cells, including alkaline cells,
phosphoric acid cells, and polymer electrolyte membrane cells [113]. Its carbon-free
nature also makes it an efficient energy source for solid-state fuel cells. Due to
growing global demand, annual ammonia production has exceeded 150 million

metric tons and is expected to increase by 4% over the next four years [112].

Ammonia emissions are a serious environmental pollutant, negatively
impacting health and the ecosystem. This colorless gas, with a pungent odor and
high vapor pressure, causes eye, skin, and respiratory irritation even at low
doses.The Occupational Safety and Health Administration (OSHA) has lowered the
maximum permissible exposure level to ammonia from 50 parts per million (ppm)
to 35 ppm for short-term exposure [114]. Ammonia reacts in the atmosphere with
nitrogen and sulfur oxides to produce fine particulate matter (PM2.5), which causes
premature death. It also acidifies coastal waters and disrupts marine ecosystems.
Ammonia concentrations in industrial and laboratory settings must be strictly
regulated [115].
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2.8.1.3 Nitrogen dioxide gas NO>

NO: gas is formed when nitrogen (N2) and oxygen (O:) molecules decompose
into their atoms at high temperatures, causing them to react to form this gas. It is a
toxic gas that is harmful to human and plant health. It is widely distributed in the
environment because it is primarily used in fertilizer production at high temperatures
[116] . Nitrogen dioxide has a reddish-brown color and a pungent odor, making it a
major air pollutant. It is largely produced through combustion processes such as
coal-fired power plants, metallurgical plants, and automobiles. The natural
decomposition of nitrates in the soil by microbes releases NO: into the atmosphere.
Exposure to large amounts of the gas causes breathing problems for people with
chronic respiratory diseases. Furthermore, it reacts with other air pollutants to form

ground-level ozone, which is harmful to human and plant health [117].
2.8.1.4 Sensitivity

It is the rate of change in the resistivity of a thin film in the presence and absence
of a gas. Sensitivity is affected by several factors, such as the sensor temperature,
the response time of the sensor, the exposure time of the membrane to the gas, and

the film thickness. The following equation gives the gas sensitivity [118].

S = RaR‘Rg X 100% ....... (2-26)

0

Where R, represents the resistance in dry air, Ry represents the resistance at the inlet
of the analyte gas, R, represents R,, and Ry represents the oxidizing and reducing

gases.
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2.8.1.5 Response and recovery times

Response time is the period during which the resistance of the sensor material
exceeds a constant value from the previous value (often 90%) when the sensor is
exposed to the highest possible gas concentration. In applications where low-quality
response times are very good, such as when detecting flammable materials, [109]
when the gas used is turned off, the recovery time begins, which represents the
period during which the sensor resistance drops to 10% of the saturation rate.
Figure(2.17) illustrates how this is calculated using sensor data by showing the
resistance as a function of time and the sensor being in artificial air. For subsequent

measurements, the sensor's recovery time must be short [162].

N Gas off

\ I ,
90% of maximum 1 Maximum
Resistance Resistance

Resistance

Recovered to within 10% off
original baseline

YV

Figure (2-17). The chemoreceptive response curve [119].
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2.8.2 Antibacterial effect systems

Antimicrobial drug resistance has increased in recent years due to the overuse of
antibiotics. Researchers are working to construct and develop NCs with effective
antibacterial methods, reducing the likelihood of antibiotic resistance spreading to
nanomaterials. Researchers have shown interest in metal oxide-based materials to
develop new hybrid systems with enhanced antibacterial properties. Thermally or
chemically modified metal oxides can act as functional electrolytes, enabling the use
of their physical and chemical properties or the synthesis of different molecules.
Furthermore, research into hybrid antibacterial agents continues, including metals,

metal oxides, and matrix components such as polymers [120].

The use of graphene nanosheets (such as graphite, graphene oxide (GO), and
reduced graphene (rGO) in the field of antibacterial activity is based on a
sophisticated mechanism through the deposition of nanosheets on the surface of
bacteria. The sharp edges of graphene oxide (GO) cause it to adhere to the bacterial
cell wall, resulting in cell membrane rupture, allowing the cell contents of DNA,
proteins, and cellular metabolism to leak out, causing cell death. The process of
destroying the bacterial cell membrane involves reactive oxygen species (ROS)
formed by graphene oxide, which oxidizes lipids and proteins within the bacterial
cell, disrupting its essential functions through reactive oxidation, as shown in Figure
(2.18). The absorption of nutrients and moisture occurs through the large surface
area of graphene oxide, preventing bacteria from absorbing essential nutrients.
Water and moisture surrounding the cell are absorbed, leading to cell dehydration
and death [121]. This mechanism represents a physical interaction. In addition,
bacteria are Gram-positive bacteria are less resistant to this damage than Gram-
negative bacteria because of their different membrane structures [122].
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ITO nanoparticles produce reactive oxygen species (ROS) (such as
superoxide anions and hydroxyl radicals), especially when exposed to light. These
species damage bacterial cell walls, proteins, and DNA, leading to bacterial death.
Indium tin oxide (ITO) particles interact with bacterial membranes, disrupting the
cell membrane and precipitating essential components of the cell. These molecules
may release In* or Sn*' ions, which are toxic to bacteria by interfering with
enzymatic functions. ITO nanoparticles may carry a surface charge that interacts
electrostatically with negatively charged bacterial membranes, causing
destabilization. Furthermore, ITO has a wide band gap, and when doped or exposed

to UV or light, it enhances its antibacterial photocatalytic effects [123] .
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Figure (2-18). Schematic representation of the three different GO
antibacterial mechanisms of action [124].
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2.8.2.1 Escherichia coli (E. coli)

Escherichia coli is a naturally occurring microorganism found in the human gut
and is a ubiquitous Gram-negative bacterium. It is a facultative anaerobe that can
survive in either aerobic or anaerobic conditions. It is also the characteristic
bacterium responsible for lactose fermentation, is rod-shaped, motile, and does not
produce spores. E. coli Bacteria grow best in culture at 37°C and in a pH range of
6.0 to 7.0. For optimal bacterial growth, the optimal pH ranges from 4.4 to 9.0 [125].
However, some strains can become serious pathogens, causing food poisoning,
urinary tract infections, and sometimes serious complications such as kidney failure,
especially in children and the elderly. Their danger lies in their ability to develop

antibiotic resistance, making treatment difficult and rapid [24].
2.8.2.2 Staphylococcus aureus (S. Aureus)

Staphylococcus aureus is a type of bacteria that lives harmlessly on the skin or
in the nasal passages. These live bacteria can grow with or without oxygen, a trait
known as facultative anaerobes. They can reduce nitrate and are known to be
catalase-positive as part of the body's normal microflora [126]. These Gram-positive
bacteria are characterized by their round shape, ranging from 0.5 to 1.0 um in
diameter, which is typical of non-motile, non-nuclear Gram-positive cocci.
However, when they enter the body through a wound or surgery, they can cause
severe infections such as dermatitis, sepsis, or even pneumonia. They can be seen
alone or in pairs or clusters. The risk is even greater when it comes to methicillin-
resistant strains (MRSA), which are among the most dangerous and difficult to treat
[23].
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2.8.3 Biosensors and their applications.

Biosensors are advanced technologies used to detect physical, chemical, and
biological changes and convert them into measurable signals. The introduction of
nanomaterials and nanostructures improves the performance of these sensors by
enhancing sensitivity, reducing detection limits, and accelerating response times.

This is achieved through the use of small sensor sizes, low cost, and ease of use.

An electrochemical biosensor consists of two components: a biological receptor
(such as an antibody, enzyme, or other element) that targets the analyte and a
transducer, which converts the biological signal generated by the reaction into a
signal that is displayed on a special screen after amplification. These signals include
light intensity, mass, voltage, current, capacitance, and resistance. They are used in
various fields, such as medical diagnostics, food safety, and environmental

applications [127].

The most important characteristics of biosensors are high sensitivity,
selectivity, chemical stability, biocompatibility, and rapid performance. Therefore,
highly efficient electrical, optical, and mechanical nanosensors have been
developed. Electrochemical transducers play an important role in this type of sensor,
as they can operate using amperometric or potentiometric pathways. With the
development of direct electron transfer (DET) technologies, it has become possible
to fabricate more precise and selective biosensors without the need for chemical
mediators [128].
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Nanomaterials such as graphene oxide (GO) and indium tin oxide (ITO) are
among the most promising in this field due to their unique properties, such as high
surface area, high adsorption capacity, rapid electron transfer, and biocompatibility.
These properties make them ideal for developing precise and direct biosensors,
which are difficult to achieve with conventional large-scale systems [129]. Figure
(2.19) represents the schematic of the electrochemical biosensor's working

mechanism.
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Figure (2-19). Schematic of the electrochemical biosensing system [130].
2.8.3.1 Urea

Urea, or carbamide, is a simple nitrogenous compound that plays an
important role in the body's nitrogen balance. Produced from the breakdown of
proteins, urea dissolves in the blood and is excreted by the kidneys as urine. A small
amount of urea is also excreted from the body in sweat, along with water and salts.
Figure (2.20) illustrates the structure of urea. It is a colourless, odourless, primarily
neutral solid that is highly soluble in water [131]. It is also widely used in agriculture
as a rich source of nitrogen in the fertilizer industry, making monitoring its

environmental levels crucial. Conventional methods exist for estimating urea
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concentration, but they are often complex and require prior sample preparation.
Therefore, biosensors have emerged as a more effective alternative, especially in
clinical applications. These sensors typically rely on the enzyme urease, which
catalyzes the decomposition of urea into ammonia, which can be detected

electrically or optically [132].

These biosensors have been integrated into various supporting materials, such
as polymers and nanomaterials, to provide stability and measurement efficiency.
However, the use of enzymes in the matrix makes the process more complex, time-
consuming, and expensive. Furthermore, environmental chemical changes, thermal
factors, toxicity, and humidity contribute to the decreased sensitivity and activity of
enzymatic biosensors. In contrast, the use of non-enzymatic biosensors has been

successful in detecting many biological substances, including urea [133].

O

H,N” ~NH,

Figure (2-20). The chemical structure of Urea [134].
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3.1 Introduction:

This chapter describes the materials used, the preparation process, the

instrumentation, and the measuring techniques as shown in Figure (3-1).

Experimental part

Sample preparation
Materials: Solvent:
PVP k30, PPY,GO,ITO chloroform

Casting method

/,/ -~ // 1 \\\
o 2 N\
PVP ’// e Y
v
PVP+PPY/GO-ITO
PVP+PPY PVP+PPY/GO
Testin
\
Optical properties < | ! L > stractural properties
Electrical properties
UV-vis FTIR XRD FE-SEM
A.C
Applications
~ 5 N -
Cas sensor Bio sensor Antibacterial

Figure (3-1). Scheme of experimental part.
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3.2 The Utilized Materials
3.2.1 Polypyrrole (PPY)

Polypyrrole (PPY) with the chemical formula (C4H5N)n, with a molecular
weight of 68.098 g.mol—1 supplied by Sigma Aldrich ,USA.

3.2.2 Polyvinyl Pyrrolidone (PVP)

Polyvinyl pyrrolidone (PVP) is a white, hygroscopic powder with a molecular
weight of 40,000 g/mol and a molecular formula of (C6HONO)n, produced by
Glentham Life Sciences, England, UK.

3.2.3 Indium tin oxide nanoparticles (ITO)

ITO nanopowders (yellow) are 50 nm in size and have a purity of 99.99%. They

are made in the Hongwu International Group, China.
3.2.4 Graphene oxide (GO)

Synthesized GO used a modified Hummer process following our group's modified

procedure, with full characterizations from a previous publication [9].
3.3 preparation of the nanocomposites (NCs)

Sample composition and mixing were fabricated using the solution casting

method according to the following steps:

1. Both polymers were dissolved independently using chloroform. At room
temperature, 9 g was dissolved in 150 mL of PVVP K30 using a magnetic stirrer
for 24 hours to ensure complete dissolution. 1 g of the PPY polymer was
dissolved in 150 ml of chloroform using the same method.

2. Both nanomaterials were dispersed in chloroform independently using a

magnetic stirrer and a gentle ultrasonication bath to improve dispersion before
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loading and mixing. 50 mg of GO was dispersed for 72 h with a stirrer
interspersed with ultrasonication for 10 min in an ultrasonic bath for every
hour of stirrer time for the first three hours of collection, which was 30
minutes of ultrasonication in total. ITO was distributed in the same way as
GO.

3. Fabricating the blended polymer by mixing PVP and PPY conductive
polymers in proportions of 90% PVP and 10% PPY in proportions of (9:1).

4. To fabricate PVP-PPY/GO, GO nanosheets were added to the blended PVP-
PPY and mixed for 36 hours. During the mixing, ultrasound assistance using
an ultrasound bath was applied for 20 minutes each hour in the first 24 hours
to achieve fine dissipation of nanomaterials in the homogenous matrix of
blended polymers.

5. To fabricate PVP-PPY/GO-ITO, the GO and ITO nanomaterials were mixed
with a loading ratio of 1:1 and sonicated for 24 hours to get hybrid (GO@ITO)
nanomaterials before adding to the blended PVP-PPY; then the same
procedure in step 4 was applied.

6. Finally, the samples were poured into silicone, cellophane and glass Petri dish
molds with a thickness of 0.05 cm and some drops were poured onto glass

slides with a thickness of 0.06 cm.

Figure (3-2) shows the detailed stages of sample preparation, while Table (3-1)
shows the concentration ratio of the fabricated polymer, their blended polymers and
NCs.
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Table (3-1). shows the sample preparation ratio.

Sample Code Concentration, %
PVP PPY GO TO
PVP k30 S1 100 0 0 0
PVP-PPY S2 90 10 0 0
PVP-PPY/GO S3 90 9 1 0
PVP-PPY/GO@ITO S4 90 8 1 1
1- Dissolution of polymers 2- Dispersion

o — — —

| | \ (- |

F Py | PYY — 4> | — |

Dissolution at room temperature 50 ml 5; il
for24 h Chloroform  cChloroform

+

3- Mixing of polymers
90.10 of PVP and PPy

€« Lo if moi
U Sonication
30 h using a magnetic mixer Using sonication while immersed in

water for good dispersion.

4- Fabrication of new
nanocomposite

(PVP-PPy/GO)
5- Fabrication of (PVP-PPY/GO-ITO)

1:1
N\ /7 Sonication CY%
e Hybrid for 24 hours Ea =

Adding (1 wt. %) of GO (Gm"ﬁhti_’ '
with sonication D ls

and magnetic mixing

6- Samples were casted into glass Petri
dishes and glass slides for 48 hours to
ensure solvent renewal and complete

drying.

Figure (3-2). Samples preparation steps in this study.
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3.4 Characterizations
3.4.1 Fourier-transform infrared spectroscopy (FTIR)

Spectrum IR-10.6.2 FTIR worked between 400 — 4000 cm™ and was made by
PerkinEImer Company, USA. FTIR was located at Phi Nanoscience Center
(PNSC) in Baghdad, Iraqg.

3.4.2 UV-visible spectrophotometer (UV-Vis.)

The optical properties of pure PVP polymers, (PVP-PPY), (PVP-PPY/GO), and
(PVP-PPY/GO-ITO) NCs were measured using a Shimadzu UV-18000A dual-beam
spectrometer at wavelengths ranging from 300 to 1100 nm. The instrument is located
in the University of Babylon/College of Education for Pure Sciences/Department of

Physics.
3.4.3 X-ray diffraction (XRD)

An AERIS XRD device characterizes the crystallinity of materials with a 40 kV,
7.5 MW copper target tube, produced by Malvern Pan Analytical Company in the
Netherlands. The device is situated in the Al-Khora Nano Research Laboratory in

Baghdad, Iraq.
3.4.4 Field emission scanning electron microscope (FE-SEM)

An Inspect F50 FE-SEM, manufactured by FEI, Netherlands, was used to
capture surface images of the materials. The device is situated in the Al-Khora Nano

Research Laboratory in Baghdad, Iraq.
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3.4.5 Measurements of A.C. electrical properties

The AC electrical current measurement method was used in the research. The
capacitance (CP) and dissipation coefficient (D) were recorded for all sample films
with a thickness of 0.05 cm at a frequency of 100 Hz to 5 MHz at room temperature.
The device located in the Physics Department, University of Babylon, College of
Education for Pure Sciences, LCR Hi TESTER, a HIOKI 3532-50, made in Japan,

was used to evaluate the AC electrical conductivity.
3.5 Applications
3.5.1 Gas sensing applications

The gas sensors were prepared by depositing the film on a substrate using the
drop-casting technique and depositing aluminum electrodes with a mesh structure
with a thickness (about 300 nm) on the sample's surface using thermal evaporation
under vacuum conditions. The thermal evaporation process was carried out using an
(Edward 306-Thermal Evaporation Coating Unit) system. The basin type was (Spiral
Tungsten (w)). If the sedimentation was carried out under a vacuum or high
sedimentation pressure of 10 mbar, The attainment of a high vacuum level was
accomplished by utilizing rotary and diffusion pumps. The monitoring was
conducted using Berani and Penning gauges. The two electrodes were linked with

slender wires, and a silver conductive paste was applied.

The gas sensing system shown in Figure (3-3) consists of a cylindrical stainless-
steel chamber with a diameter of 20 cm and a height of 10 cm. The sensing system
contains a gas inlet pipe and an air inlet pipe. The integrity of the pipes is checked
before each test. Pins are placed on the base to help position the electrical wires for
the heater, the sensing electrodes, and the thermometer at a temperature of K. The
test chamber is then closed, and the sensing system contains a computer that
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monitors the time and resistance of the sensor when exposed to the gas. Using the
control panel, the temperature required to evacuate the test chamber is set by
operating the rotary pump to about 1 x 10 " bar. Then, the two-way valve (which
connects the gas mixing chamber and the test chamber is opened to allow the gas of
known concentration to enter the test chamber. The change in the sensor resistance
for the test gas-to-air ratio is measured using the flow meter. After the measurement,
the test gas valve is closed, and the sensor returns to the original current value, R®.
This process is repeated for the required temperatures (25, 150, and 250 C°). The
equation below measures the response ratio of a gas sensor (S), where R, is the
sensor's resistance in dry air and Ry is the sensor's resistance in the optional gas. The

equation( 2.26)below measures the response ratio of a gas sensor (S) [135].

Connecting wire

Glass substrate

() (b)

Figure (3-3).The diagram of the structures of gas sensors(a), and (b) gas sensor
system [136].

The test was performed at the Phi Nanoscience Center (PNSC) laboratories in

Baghdad, Iraq.
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3.5.2 Antibacterial activity

Bacterial inhibition is the process of stopping bacterial growth using several
methods. One such method is cellophane film diffusion, which tests the ability of a
film of manufactured solid samples to exhibit antibacterial activity[137]. This is

illustrated in detail in Figure (3-4)
Culture Medium Preparation

1. Mueller-Hinton (M-H) agar was prepared by adding 38 grams of powder to one

liter of distilled water, then heating it on a stovetop with good stirring.

2. Mueller-Hinton (M-H) agar was sterilized in a steamer for 15 minutes at 121°C
to sterilize it [138].

3. The medium was then allowed to cool to 50°C before being poured into a Petri
dish. It was left to solidify for approximately 15 minutes, then inverted in the dish

and stored in a refrigerator at 4°C.

4. The antibacterial activity of the prepared samples (S1, S2, S3, and S4) against
strains of Staphylococcus aureus and Escherichia coli was studied in a separate dish
using an agar well diffusion assay. Bacterial species were collected from their
original cultures using a sterile wire loop. A sample of each bacterium was taken and

seeded onto the agar surface in a uniform manner to form a bacterial layer.

5. Nanofilm Preparation: The nanomaterial (e.g., PVP-PPY/GO) was deposited onto
the cellophane surface using the drop-casting method. The film was then allowed to

dry completely (it can be dried in an oven at 60°C).

6. Cut the cellophane into 13 mm long pieces. Using sterile forceps, gently grasp the
end of the cellophane film and place it over the bacterial culture area so that the

deposited surface touches the bacterial culture medium.
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7. Place the Petri dish in an incubator for 24 hours at 37°C.

8- The results are evaluated to record the inhibition zone by recording the average

diameter of the inhibition zones using the (image j) program [139].

The test was performed at the Phi Nanoscience Center (PNSC) laboratories in

Baghdad, Iraq.
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— Q\ —— = | )7
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fnton (- 2 M-H must be ( me -
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of 88 g of powder to coe Fer for1Sminutes — 0 50°C before pouring into . —
of istiled water then heated at21°c apetri dish and leaving Appeeximately 20 ml of Bacterial species were collected
002 stove with shaking 10 be sterilized for about 15 minutes for Mueler g from thei org
solidification X ire hoop
The sampel ($1,52,53,54) is deposited
onto the surface of cellophane using
The_ rgfulvs are evaluat.ed to record the the drop casting method.
inhibition zone recording the average 4
diameter of the zones of inhibition by \/
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X se ) Q
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the bacterial culture medium. y {
| !
IQ .o % '
) — T D ——
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/ s completely at 60°C in an oven

Figure (3-4). Evaluation of the inhibition activity of the Nanoantigen using the

agar disk diffusion method.

3.5.3 Urea biosensor

The urea biosensor test was performed using an electrochemical cell based on

a three-electrode system. The system consists

Ag/AgCI reference electrode, and a carbon

electrolyte and sample solutions were prepared by dissolving three different amounts
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of the studied substance (5 mg, 10 mg, and 15 mg) in 0.5 ml of 0.1 M hydrochloric
acid, then subjecting them to ultrasonication for 15 minutes to ensure complete
homogeneity. A 0.1 M urea standard solution was also prepared to serve as the
analyte in the test. The printed electrodes were then connected to a potentiostat, and
good electrical contact was ensured between the electrodes and the electronic
system. The appropriate electrochemical technique was chosen according to the type

of information required[140].

Cyclic voltammetry (CV) was used to analyze the redox properties,
electrochemical impedance spectroscopy (EIS) was used to calculate the interface
resistance between the electrode and the solution, and chronoamperometry (CA) was
used to analyze the current over time. Test conditions, such as voltage range, scan
speed, and signal frequency, were entered, and the test was initiated and data
recorded. After measurements were performed on the sample without urea, the same
tests were repeated after adding 10 microliters of a 0.1 M urea solution to the
electrode surface. Following the experiment, the results were analyzed using plots
such as the CV voltammogram or the Nyquist plot for EIS and compared with
measurements from the blank (control) sample. In the case of EIS, the data were
fitted using an equivalent circuit model, while in the case of CV, peak currents were
calculated to assess the response efficiency. Finally, the electrodes were thoroughly
cleaned with distilled water and ethanol and stored appropriately for future use

[141]. Figure (3-5) illustrates the steps involved in conducting the test.

The test was performed at the Phi Nanoscience Center (PNSC) laboratories in

Baghdad, Irag. The Vertex-One device from Ivium Technologies was used.
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Counter Working Refrence
Electrode Electrode Electrode

A B

Figure (3-5). Diagram for connecting electrochemical screen-printed electrode(A),

and steps of setting up and connecting electrochemical cell(B).
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Chapter Four Results and Discussions

4.1 Introduction

This chapter presents the results and discussions on the effect of indium tin
oxide nanoparticles on some morphological, optical, and electrical properties,
antibacterial, protective, and gas sensing properties of new blended polymers (PVP-
PPY/GO-ITO).

4.2 Structure properties
4.2.1 Morphological properties

The surface morphology of the pure polymer and the new nanocomposite
films was examined using FE-SEM, an effective tool for analyzing nanoscale
surfaces, at different magnifications (microscopic and nanoscale) for each sample,
as shown in Figure (4-1). The examination was performed under an accelerating
voltage of 30.00 kV, using a secondary electron detector (ETD), low pressure, and
a 6.4 mm diameter working lens. S1 shows a homogeneous surface of pure PVP-k30
polymer that is rough with some agglomeration and some small cracks. This is a
natural feature due to its semi-crystalline nature that results in random rearrangement
in the microstructure of the polymer chains [142]. Sample S2 shows a smooth
surface of the polymer blend due to the homogeneous mixing of PVP-PPY polymers

without aggregations or cracks [143].

Adding graphene oxide to the polymer mixture in the PVP-PPY/GO
nanocomposite enhances the smooth surface shape with good homogeneity between
the mixed polymers and some GO flakes or their edge presented on the surface of
sample S3. Upon the addition of ITO nanomaterial, the GO-1TO effect appeared in
sample S4, where it was observed that some particle sizes could be related to ITO
due to some irregular particles scattered on the film surface attributed to the
conductive phase of PPY polymer, which depends on the diffusion of pyrrole
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monomer in the PVP matrix. The surface morphology shows smooth regions
attributed to the presence of PVP polymer and rough (bumpy) regions, reflecting the
formation of complexes and deposition on ITO. This structure is responsible for the

high ionic conductivity, a distinctive feature in sensors [144].

s
12/30/2024 | HV mag c det| pressure WD —— 500 nm ——

12/30/2024 HV  mag = det pressure WD 1pm |
11:48:07 AM 30.00 kV 60 000 x ETD 8.42e-4 Pa 6.0 mm inspect f 50-FEI Company 11:46:51 AM|30.00 kV 120 000 x ETD|8.42e-4 Pa 6.0 mm| inspect f 50-FEI Company

12/30/2024 HV mag det pressure WD 500 nm

HY  mag - |det pressure | WD 1pm o N . i
30.00 kV 60 000 x|ETD 9.85e-4 Pa/6.4 mm inspect f 50-FEl Company 11:37:00 AM|30.00 KV 120 000 x ETD 9.85e-4 Pa 6.4 mm inspect f 50-FEI Company
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S4 S4

Figure (4-1). FE-SEM images of samples with two different magnifications (left-

microsize) and (right-nanosize) .
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4.2.2 FTIR measurement

The Fourier transform infrared spectrum is revealed in Figure (4-2) for samples
(S1, S2, S3, and S4) representing pure polymer PVP, polymer blend PVP-PPY,
PVP-PPY/GO, and PVP-PPY/GO@ITO NCs. S1 revealed a peak at 3019 cm?,
related to C-H stretching. Peaks 1672 cm™ associated with C=0 stretching, 1423 cm’
! related to the pyrrolidinyl group, and 1214 cm™ linked with C-N vibrations
[142,143]. Peaks under 800 cm™, such as 743 and 667 cm-1, originate from the C—
H and N—H out-of-plane degrees of freedom. The addition of PPY results in a broad
peak around 3385 cm?, indicating the presence of hydroxyl (O—H) and amine (N—
H) bonds in the sample [147]. The hydroxyl groups could arise from moisture
absorption, residual water, solvents, or from the chemical structure of the PVP
polymer, which has the ability to absorb water. On the other hand, the amino bonds
are attributed to the PPY polymer, which contains nitrogen-rich pyrrole rings [148].
The overlap in absorption between these bonds results in this broad peak, which is
attributed to hydrogen bonding between these groups within the mixed polymer
structure. This broad absorption indicates strong interactions between the
components, which enhances the physical properties of the material . Furthermore,
a shift was observed in most of the PVP peaks for the same reason, which is

consistent with the results of previous studies [149].

The appearance of similar peaks 1214, 743, and 667 cm™ in the polymer and
nanocomposite mixture has identical peaks with those associated with the FTIR
spectrum of pure PVVP-k30 polymer due to its containing strong functional groups
that absorb in specific infrared ranges when mixed with PPY polymer, their peaks
overlap, or the PVP peaks remain dominant, which makes the overall spectrum
similar [150], in addition to the functional groups (hydroxyl and carboxyl) present
in graphene oxide, which overlap with the polymer peaks. These are difficult to
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distinguish in the spectrum [151]. At the same time, indium and tin oxides are
inorganic nanomaterials that do not contain functional groups that absorb in the

FTIR range, which explains the absence of new peaks in sample S4 [152].
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Figure (4-2). Samples FTIR spectra at the wave number.

4.2.3 X-Ray diffraction measurement

Figure (4-3) shows four samples' X-ray diffraction (XRD) patterns to study the
effect of incorporating different materials on the structural composition. Sample S1
showed broad peaks at 11.4° and 21.6°, indicating the semicrystalline nature of the
PVP polymer [153]. Upon the addition of PPY to sample S2, the spectrum revealed
slight shifts in the peak positions (10.9° and 21.9°), indicating an interaction between
PVP and PPY without effect on the semicrystalline behavior of PVP polymers [154].
In sample S3, which contains PVP and PPY with graphene oxide (GO), additional
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peaks appeared at 22.3°, 29.6°, and 31.2°, indicating new layered interaction
and stacking resulting from the presence of GO [155]. Moreover, the introduction of
GO in S3 results in the appearance of a sharp peak at ~10°—12° (20), corresponding

to the (002) plane of GO, superimposed on the semicrystalline polymer background,

remove the space confirming the successful formation of the PVP-PPY/GO
nanocomposite. Sample S4, which represents the (PVP-PPY/GO-ITO)
nanocomposite, showed a distinct peak at 22.64° with a decrease in the other peaks,
reflecting a change in the structural composition due to the introduction of crystalline
ITO phase, which indicates the effective ITO to confirm the successful formation of
the PVP-PPY/GO-ITO nanocomposite [156]. These findings demonstrate the
progressive structural evolution of semi-crystalline polymers without impact on the
main behavior, in contrast, the shifting confirmed the strong impacting on the
interfacial interaction of components in the NCs, corroborating the successful

synthesis of the hybrid materials. The FTIR results strongly support this finding.
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Figure (4-3). XRD patterns for the samples.

There is a significant link between the FE-SEM and XRD, where X-ray
diffraction (XRD) reveals changes in the material's atomic arrangement and crystal
structure. At the same time, FE-SEM images confirm these changes through direct
imaging of the sample surface and high-resolution particle distribution. Sample S1
demonstrates the semicrystalline nature of the PVP k30 polymer through peaks

atl1.4° and 21.6°. FE-SEM images confirm this result through a smooth and
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homogeneous surface with some cracks resulting from sample drying. In sample S2,
peaks 10.9° and 21.9° shift slightly due to the good interaction between the PVP-
PPY polymers. FE-SEM images reveal a high homogeneity on the surface without
agglomerations or cracks, indicating good overlap of the two polymers. In sample
S3, XRD reveals new peaks at 22.3°, 29.6°, and 31.2°, resulting from adding

graphene oxide nanoparticles, creating a good stacking pattern across the layers.

FE-SEM confirms the effect of graphene oxide nanosheets on the sample
through the appearance of flakes and clusters on the surface, representing the sheets
or edges of this nanomaterial, making the surface appear more complex and
intertwined. X-ray diffraction (XRD) of sample S4 reveals a clear and strong peak
at 22.64°, while the remaining peaks are subdued. This explains the effect of adding
indium tin oxide nanoparticles, which significantly changed the structural
composition and created a fine final structure. This result was confirmed by scanning
electron microscopy (FE-SEM) images, which revealed larger and irregular particles
on the surface. This result confirms the effect of indium tin oxide nanoparticles on a

less homogeneous surface with significantly improved functional properties.

4.3 Optical Properties
4.3.1 Absorbance

Figure (4-4) illustrates the absorbance of four samples (S1 to S4) over various
wavelengths (290-890 nm). Spectrophotometers with double beams were used to
measure the films at room temperature for all measurements. A material exhibits

greater absorption efficiency at shorter wavelengths (ultraviolet region), whereas an
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increase in wavelength reduces absorbance across all samples. This indicates high
transparency due to the absence of significant light-absorbing materials in the
transparent PVP polymer, such as conjugated double bonds [157]. The maximum
absorption peak equal to 1 (Anax=290 nm) lies in the range 200-300 nm, i.e., in the
ultraviolet (UV) region, which typically corresponds to the following electronic
transition T — 7*. It occurs in molecules with conjugated double bonds (C=C) and
aromatic systems in (PPY) and conjugated zm-system in PPY and GO [158,159].
This may result from the interactions between ultraviolet light and functional groups,

such as the lactam group [160].

The blend of the PVP-PPY film absorbs about 0.34 of the photons at 390 nm.
Sample S2 exhibits more absorbance than S1 across all wavelengths, with a notable
enhancement up to 0.70 at lower wavelengths (310 nm) attributed to the conductive
PPY polymer, which considerably absorbs light at shorter wavelengths owing to its
conjugated double bonds. The donor electrons were excited to the conduction band
at these energies; when an electron absorbed a photon with a known energy, it
excited the electrons to a higher energy level. In addition, the findings showed that
the samples absorbed a significant amount of UV light. Because of this, it is now
known that these photons have the energy to interact with atoms. An electron's
potential transitions may be studied by looking at the changes in transmitted and
absorbed energy, shown by the fundamental absorption in absorbance spectra [161].
The contribution of GO nanosheets also improves the absorption of the photons. In
contribution to the GO nanosheets, the absorption has reached a higher value than
the PVP and PVP-PPY samples. Here, the interaction between materials and
incoming photons will be seen, boosting the absorption of incident light by free

electrons. Also, an absorbance of 2.3% per nanoflack is possible in graphene
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nanosheets. In sample S4, the nanocomposite PVP- PPY/GO@ITO exhibits the
highest absorbance at low wavelengths and adsorbs up to 0.85 at 390 nm compared
with all other samples. This is attributable to the addition of ITO conductive
nanomaterial. Moreover, another clear sign of the contribution of loading ITO,

revealed small peaks or features at 410 and 450 nm, agrees with the literature [162].

The charge carrier's density increased due to its fine-grained dispersion in the
matrix, which enhances light absorption across a broad spectrum of wavelengths.
Additionally, the synergistic effect between graphene oxide (GO) and ITO
significantly amplifies absorption, as all nanomaterials effectively absorb light
across varying ranges. In contrast, the absorbance of all NCs was improved in the
visible spectrum. Even though the samples showed significant improvement at
higher wavenumbers, the absorption values from the photons of all samples started
to be steady after 390 nm, where S1 revealed a low absorption of about 0.06, which
significantly improved to 0.34 after blending PPY with PVP. This absorption value
increased with the contribution of GO to 0.61, and then it was notably enhanced to
0.85 with the loading of ITO.

However, the nanocomposite revealed a gradual reduction in these values with
increasing wave number, whereas the polymer sample was studied in detail. The
incoming photons lack the energy necessary to interact with atoms at high enough
wavelengths, which may explain this phenomenon [163]. In addition, the findings
showed that the samples absorbed a significant amount of UV light [31]. Because of
this, it is now known that these photons have the energy to interact with atoms. An
electron's potential transitions may be studied by looking at the changes in

transmitted and absorbed energy, shown by the fundamental absorption in
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absorbance spectra [161]. Interestingly, this improvement of absorption behavior
was presented in both areas with low and higher wavenumbers, which presented
interesting materials in a broad range of wavenumbers for promising applications

such as optoelectronic, optical filters, sensors, etc.
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Figure (4-4). The Absorbance Spectra with the Wavelength of S1 to S4

Nanocomposite.

4. 3.2 Transmittance

Figure (4-5) shows how the transmittance (T) spectra vary with sample
wavelength. We observe that the transmittance of all samples increases sharply after
290 nm and stays relatively constant beyond 390 nm as the wavelength increases.
Results show that GO significantly decreased light transmittance in the PVP-
PPY/GO@ITO nanocomposite. This behavior was increased by adding the ITO to

the matrix, where an increase in nanomaterials may cause a decrease in
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transmittance and an increase in light absorption [164]. Using Equation (2.10), the

permeability T is calculated [165].
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Figure( 4-5). The transmittance spectra of the samples.
4.3.3 Absorption coefficient

Figure (4-6) illustrates the absorption coefficient (o) of the four sample films
as a function of photon energy. As the photon energy increased, the absorption
coefficient steadily enhanced in value up to 3 eV. This may pertain to the lower
electron transition, whereby the energy of the incoming photon in this range was
insufficient to elevate the electron from the valence band to the conduction band. S3
demonstrates enhanced absorption relative to S1 and S2, particularly in the

intermediate energy range (~2.8 - 3.8 eV), with a fast rise seen across all sample
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results attributable to significant electron transitions in the conduction band. In
sample 4, the homogenous distribution of GO on the ITO surface results in an

enhanced density of active sites for absorption.

PPY is near the leading absorption edge, and films and NCs are known to be very

absorbent when exposed to the absorption coefficient (o), which is calculated by

Equation (2-12) [166].
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Figure (4-6). The relation between photon energy and the absorption coefficient
of samples.
4.3.4 Optical energy gap

Equation (2.13) determines the permitted and prohibited indirect transition
band energy gaps. The optical investigation findings of PPY-doped PVP blend
polymers indicated the potential for band gap modulation by appropriate doping with
the conducting polymer, PPY. The expansive PVP polymer blend film is seen to be
transformed into a tiny bandgap polymer blend film via doping with PPY and
nanomaterials, which is also an environmentally friendly and biocompatible polymer
[167].
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Figure (4-7) demonstrates the absorption edge (ahv)Y2 for samples. Plotting NCs
against photon energy and drawing a straight line from the peak to the x-axis at the
point where (ahv)¥2 =0 is used to determine the energy gap for the permitted indirect
transition. Using GO and ITO nanoparticles could reveal a reduction in the energy
gap values. The formation of site levels in the forbidden energy gap happens in two
steps during the transition, during which electrons go from the valence band to the

local levels and finally to the conduction band [168].

NCs are heterogeneous (i.e., electronic conduction depends on added
concentration). This behavior is explained by adding ITO nanoparticles, which
create electronic pathways in the polymer, allowing electrons to cross from the
valance band to the conduction band. The results revealed that the forbidden
transition of the indirect energy gap for the prohibited transition is identical to the
indirect energy gap for the samples, as shown in Figure (4-8). Consequently, the
energy gap decreases after the effective contribution of GO and ITO nanomaterials,
as presented in table (4-1). Consistent with the same behavior in previous studies,

these findings [169]. These results are promising for optoelectronic applications.
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Figure (4-8). The energy band gap (ahv)Y® of the forbidden indirect transition for
samples versus Epp.
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Table (4-1). Energy gap of the indirect allowed and forbidden transitions for the

samples.

Samples Allowed Forbidden

S1 3.43 3.21
S2 3.04 2.62
S3 241 1.68
S4 1.63 0.62

The optical properties of materials, such as light absorption and bandgap,
significantly and directly impact enhancing the antibacterial efficacy of photoactive

materials, particularly optically active materials (photoactive materials).

These materials contribute to the generation of reactive species capable of
inhibiting bacteria. There is a positive correlation between a material's photo activity
and its antibacterial efficacy [170].When optically active materials, such as GO-ITO
nanomaterials, absorb light, electrons move between the valence and conduction
bands, generating electron-hole pairs (e¢/h* pairs). These pairs react with the
surrounding water and oxygen to produce active oxygen species such as hydroxyl
radicals (*OH), superoxide anions (O:*"), and hydrogen peroxide (H20:). The
smaller the energy gap, the greater the material's ability to absorb light and produce
active species with high efficiency. When hybrid materials such as (GO-ITO) are
added, it increases electron transfer and reduces the energy gap, improving light

absorption. Consequently, ROS increases, and thus, the active species damage the
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bacterial cell wall, destroying proteins and DNA inside the cell, which leads to
bacterial inhibition rend [171,172].

According to the findings of absorbance and transmittance, the prospective
applications are as follows: Applications necessitating the absorption of ultraviolet
(UV) photons exhibit significant absorption at short wavelengths. It is used in
thermal insulation applications because of its high absorption and reduced
transmittance at long wavelengths (infrared). In addition to optical protection
applications, its medium transmittance in the visible light spectrum makes it
appropriate for use as a protective coating or optical insulator for visible light
spectrum and photocurrent generation. This combination makes it a versatile
material suitable for various optoelectronic sensors, optical filters, etc., and

photothermal applications that can kill bacteria.
4.3.5 Refraction index

Figure (4-9) shows the change in refractive index versus wavelength for
samples S1, S2, S3, and S4. It is worth noting that the refractive index increased to
2.39 at 310 nm in the UV region for sample S3. The GO-ITO contribution
significantly improved the refractive index results in the short wavelength region,
reaching 2.67. The remarkable increase in the refractive index is attributed to
addition two nanomaterials to the PVP-PPY/GO-ITO nanocomposite of sample S4.
The addition of ITO to the NCs is responsible for the remarkable increase in the
refractive index, as it improves the crystalline structure of the samples prepared after
doping with the nanomaterial and becomes stable at higher wavelengths. The graph
shows that as the wavelength of light increases, the refractive index of the NCs
decreases [131].
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This phenomenon can be explained by the fact that the speed of light decreases
with increasing wavelength. As the speed of light decreases, the refractive index
decreases. This relationship between wavelength and refractive index in optics is
called refractive index dispersion [132]. As the wavelength of light increases, the
refractive index of NCs decreases [131]. The refractive index is calculated from
Equation (2.14).

2.9 + s1 S2 s3 S4

2.7 ~

2.5 ~

2.3 ~

7

2.1 -

1.9 -

1.7 ~

1.5 1 1 1 1 1 1

290 390 490 590 690 790 890
Wavelength(nm)

Figure (4-9). The refractive index (n) of S1-S4.
4.3.6 The extinction coefficient

Figure (4-10) reveals the wavelength-dependent behavior of the samples’
extinction coefficient (K). As the wavelength of incident light increases in the UV
region, the extinction coefficient of the S3 and S4 NCs increases due to the high
absorption in this region [129]. Then, the extinction coefficient value of each
nanocomposite begins to gradually increase in the visible light region to the near-
infrared, i.e., from 400 to 890 nm, which records the highest value, especially for
samples S3 and S4. The extinction coefficient
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changes with wavelength according to Equation (2.15). These results show th4.3
Structure properties adding I1TO nanoparticles to the PVP-PPY/GO-ITO

nanocomposite significantly improved the behavior of the NCs.
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Figure (4-10). Extinction coefficient versus wavelength for samples S1-54.
4.3.7 The real and imaginary dielectric constant

Figures (4-11) and (4.12) show the variation of the real and imaginary parts of
the dielectric constant (¢1) and (e2), respectively, with wavelength for all samples:
S1, S2, S3, and S4. The real part of the dielectric constant resembles the behavior of
the refractive index (n), indicating that the values of both curves increase with the
increase of nanoparticles [173]. The nature of the curve remained unchanged in

almost all samples. However, a shift in the peak position occurred at a wavelength
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of 290 nm, accompanied by a stabilization of the values outside this wavelength. An
increase was also observed with the incorporation of multiple GO-ITO
nanoparticles. This results from the high density of dipoles resulting from the

incorporation of nanomaterials, which enhances the optical polarization and

Refractive index. As a result, the real part of the dielectric constant increases,
which is agreed upon by researchers [174]. The imaginary component of the
dielectric constant of NCs is mainly proportional to the extinction coefficient (k),
which is related to the absorption coefficient of the NCs [175]. Figure (2-12) shows
the effect of nanoparticles (ITO, GO) on the imaginary component of the dielectric
constant (€2), indicating that the imaginary part of the dielectric constant of NCs
increases with the incorporation of different nanoparticles. This increase is attributed
to the higher absorption coefficient of the NCs, which consequently enhances the
imaginary component of the dielectric constant. Graphene oxide enhances the
Imaginary dielectric constant values across all wavelengths and causes the curves'

fundamental absorption edge (peak) to shift toward 330 nm for the S4 sample.

The incorporation of nanomaterial atoms into the crystal lattice of the blended
polymer may lead to the introduction of new energy levels within the forbidden gap,
which leads to the enhancement of the polarization of the diode and the increase of
the energy absorption ratio of the incident radiation, and thus the increase of the
dielectric constant of the imaginary part (¢2) from which the real and imaginary part

of the dielectric constant are calculated [176].
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Figure (4-11). Real dielectric constant with wavelength for samples.
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Figure (4-12). Imaginary dielectric constant with wavelength for samples.

84



Chapter Four Results and Discussions

4.3.8 Optical conductivity (oop)

Researchers often consider the optical conductivity of a material when
studying its optical response through the Equation (2.19). The optical conductivity
of all samples, S1, S2, S3, S4 was studied as a function of wavelength, as shown in
Figure (4-13), The photoconductivity values at these wavelengths are recorded in
Table (4-2).The results reveal that the optical conductivity of samples S3 and S4
increases when different ITO and GO nanoparticles are added This result is
attributed to the formation of localized levels in the energy range, which increases

the absorption coefficient and, thus, the optical conductivity of the NCs [177].

Table (4-2). Optical conductivity values at short, medium, and high wavelengths.

Sample Optical Conductivity (s™)
D 200nm  600nm 800 nm
S1 2.1E*12 1.1EH 1.0
S2 2.19E*2 9.1 8.3
S3 2.93E*2 1.6E*2 1.5E*12
S4 3.6 E*2 2.6E*12 2.3E*12
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Figure (4-13). Optical conductivity with the incident photon wavelength for

samples.
4.4 The A.C electrical properties
4.4.1 Dielectric constant

The A.C. electrical properties of the four samples S1,52,S3,54 were studied at
frequencies [1x10%-5x10°]Hz. The dielectric constant is the divided ratio between
the dielectric capacitor (Cp) and the vacuum capacitor (C,), as revealed in Equation
(2-22) [178].In materials, the dielectric constant depends on the chemical
composition and the response to an electric field. The prepared films exhibit high
dielectric constant values at low frequencies due to surface polarization. Figure (4-
14a) shows that sample S1 has the lowest dielectric constant value of 2.16 because

the pure PVP polymer is an insulator.
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The addition of a conductive polymer such as PPY to the dielectric polymer
in sample S2 increases the polarization, thereby enhancing electron conduction and
thus improving the electrical properties, with a dielectric constant value of 2.94
[179]. Sample S3 showed an increase in the dielectric constant of 4.07 due to the
addition of graphene oxide, which contains polar functional groups that interact with
the polymer blend chains and the electric field. The addition of indium tin oxide to
sample S4 creates a superior dielectric system compared to all other samples due to
the transparency of this nanomaterial, making it a good conductor that interacts

strongly with the electric field, thus increasing the dielectric constant of 4.63 [23].

In general, the dielectric constant value decreased with increasing electric
field frequency for all four samples due to the short period, which was less than the
period required for the molecules to rearrange toward the external electric field. lonic
and electronic polarization strongly affect the dielectric constant because they follow
the rotation of the external electric field, which reduces the polarization, thus
decreasing the dielectric constant. Meanwhile, the phase difference between the base
material and the added nanomaterials led to interface polarization, which improved
the dielectric constant, as shown in Figure (4-14b). The polarization resulting from
the electrodes depends on the charge composition between the electrodes and the

composition and spacing of the samples [180].
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Figure (4-14). The dielectric constant versus (a) frequency and (b) impact of PPY,

GO, and GO@ITO nanomaterials in nanocomposites.

4.4.2 The dielectric loss

Figure (4-15a), (4-15b) displays the dielectric loss (&”) values versus the electric
field frequency for the four prepared samples that were calculated from Equation
(2.23) [181]. At high frequencies, the dielectric loss decreased in all samples due to
the polarization effect, which reduced with increasing electric field frequency. The
contribution of PPY and nanomaterials to the PVP-PPY/GO @ITO polymer mixture
revealed notable improvement in the dielectric loss through the rise in charge
carriers, which form a connected complex network in the NCs [182]. The results
showed a gradual improvement in the dielectric constant and AC conductivity from
sample S1 to S4, resulting from the synergistic integration of conductive polymers
and nanomaterials within the PVP matrix. PPY contributed to enhanced polarization
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and charge transport, while GO added surface effects and enhanced electric field
response due to the zero band gap of graphene [173]. The introduction of ITO into
sample S4 resulted in the highest electrical performance due to its high conductivity.
This improvement is attributed to increased polarization and the formation of an
interconnected charge network, making these materials promising for flexible

electronics and sensor applications [183].
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Figure (4-15). Dielectric loss versus (a) frequency and (b) impact of PPY, GO, and

GO@ITO nanomaterials in nanocomposites.
4.4.3 Electrical conductivity

The electrical conductivity (o,.(w)) of the prepared nanocomposite films at
room temperature is calculated according to Equation (2.24) [184].I1t shows a

significant direct enhancement in electrical conductivity for all samples with the
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electric field frequency, as shown in Figure (4-16 a). The addition of nanomaterials
enhances the increase in electrical conductivity values with high frequency when
incorporating PPY, a conductive polymer with a conjugated m-electron system that
facilitates electron transport. Whereas the contribution of GO and ITO revealed the
most notable improvement due to the synergistic amplification of the polarization of
charges and the excitation of a more significant number of charge carriers by creating
additional channels to transfer charges from the valence band to the high band in
conduction band [185], as displayed in Figure (4-16 b).
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Figure (4-16). Electrical conductivity versus (a) frequency and (b) impact of PPY,

GO, and GO@ITO nanomaterials in nanocomposites.

Improving the dielectric properties of the nanocomposite plays a pivotal role in
enhancing the efficiency of the sensing system. A high dielectric constant indicates

the material's ability to store electrical charge and its rapid response to changes in
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the electric field resulting from the adsorption of gases on the sensor surface [186].
This enhances the system's sensitivity to target gases by amplifying signals
generated by surface interactions, enabling a clearer and faster response [187]. In
addition, a high dielectric constant contributes to reducing the interfacial resistance
between the conductive nanoparticles, which improves electrical current
transmission within the composite structure and increases the stability of the
electrical signal [188]. Thus, improved dielectric properties are an important
indicator of the effectiveness of the sensor system and its ability to operate
efficiently, even in low-concentration operating conditions or complex

environments [189].

4.5 Applications
4.5.1 Oxidizing NO: gas and reducing NHz gas sensing

Figure (4-17) shows the electrical resistance as a function of time recorded for
the prepared nanofilm sensor sample S4 (PVP-PPY/GO@ITO) in less than 10
seconds for open and closed ammonia gas vapor at a constant concentration of 150
ppm utilized in ambient air presented into the test chamber using a needle valve and
at different temperatures (25, 150, and 250 °C). A digital multimeter model Vector
70C was responsible for the interface to perform the measurements. Before turning
on the gas, the electrical resistance was repeatedly checked and stabilized over time,
as the resistance is directly proportional to the operating time of ammonia gas and

decreases when the gas is turned off.
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Figure (4-17). Resistance changes versus time of PVP-PPY/GO@ITO sensor upon

exposure to NH3 gas at various operating temperatures RT, 150 and 250 °C.

The nanocomposite revealed a behavior as a P-type semiconductor, where the
conductive polypyrrole polymer in this nanocomposite also behaves as a P-type
semiconductor due to the conjugated structure of the polymer, where the movement

of positive charge carriers (holes) results in the formation of its conductivity. When
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PPY is exposed to reduced ammonia gas, the doping process occurs, which results
in a reduction in the hole concentration and improved electrical resistance [24]. GO
contains abundant functional groups, gives a large surface area and thus provides
many active sites for gas adsorption. In addition, the electrical noise is lower. Charge
fluctuations are easily prevented due to the high-quality graphene network and its
properties [189], as well as the conductive and transparent indium tin oxide. That is
used to increase the efficiency of the sensing layer through the adsorption or

desorption processes of O, molecules on the nanocomposite surface film [30].

At RT, the sensor shows the highest resistance value because the reducing gas
NH; acts to reduce electrons to the conducting polymer PPY by the development
effect. This reduces the presence of holes because the sensor behaves as a P-type
semiconductor. When the operating temperature rises to 250 °C, NH3; molecules are
released very quickly from the surface of the nanocomposite, where the desorbing
effect of the PPY polymer decreases, which restores a large part of the original

conductivity of the polymer and significantly reduces the electrical resistance [192].

Figure (4-18) illustrates the outcome of the electrical resistance behavior of
the oxidized NO; gas sensor at a constant concentration of about 150 ppm and
different temperatures (25, 150, 250 °C) for the PVP-PPY/GO@I1TO nanocomposite
membrane exhibiting P-type semiconductor behavior. The results showed negative
electrical resistance that related to the gas operation time. The resistance increases
steadily when the gas is turned off because the oxidized NO, gas, when exposed to
the P-type semiconductor sensor, works to withdraw the electrons on the sensor
surface. Increasing the concentration of holes (positive charge carriers) increased the
electrical conductivity. When the gas was turned on, the electrical resistance
decreased, and the maximum electrical resistance appeared at 25 °C. When the

temperature increased, the electrical resistance decreased due to the increasing
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movement of charge carriers. These results are consistent with studies that reveal
that exposure of the thin polypyrrole membrane to NO, gas causes a decrease in
resistance [193]. In contrast, graphene sensors exposed to the same oxidizing gas
exhibit low resistance at high temperatures, supporting p-type semiconductor
behavior. In short, interaction with NO, gas increases the number of holes, resulting

in a decrease in electrical resistance [194].
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Figure (4-18). Resistance changes versus time of PVP-PPY/GO@ITO sensor upon

exposure to NO; gas at various operating temperatures RT, 150 and 250 °C.

Figure (4-19) represents the sensitivity of the PVP-PPY/GO@ITO
nanocomposite film towards the reduced NH3 gas and the oxidized NO, gas at a 150
ppm concentration and various temperatures. Table (4-3) shows the details of the
sensitivity and different operating temperatures as well as the response time that
represents the time taken by the sensor cell to reach a certain percentage of change
in the signal at the target gas. In addition to the recovery time, it represents the time
the sensor cell takes to return to its original state after removing the gas.The presence
of two nanomaterials in the nanocomposite film increased the sensitivity due to the
decrease in the size of the particles, thus increasing the carrier that increases the
absorption of O, and NO, gas [195]. 25% was the best sensitivity obtained at a
temperature of 250 °C due to increased absorption of the gas molecules onto the
nanocomposite surface (chemical adsorption) and electronic exchange. Thus, the

response time decreases to 13.05 sec and the recovery time to 21.69 sec.

Followed by sensitivity at 150 °C, which reached 3.67%, and a response time
of 23.4 sec. The increase in response time is attributed to chemical reactions that
require energy to reach equilibrium, with a recovery time of 20.7 seconds.The lowest
sensitivity was recorded at 25 sec, and the response time was 11.07 sec. The recovery
time was relatively long, 23.31 sec, due to the adsorbed molecules' slowness in
leaving the sensing cell's surface. The low sensitivity values at 150 °C and 25 °C are
due to weak adsorption that does not significantly affect electrical conductivity. The

maximum sensitivity to NH; gas at 150 °C reached 5.81% due to the excellent
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interaction between the surface of the nanocomposite film and the gas surface, as
ammonia gas works to reduce electrons through strong interaction with PPY, and
GO the response time is 15.93 sec. The recovery time is equal to 27.72 sec. When
the temperature rises to 250 °C, the sensitivity decreases to 1.73%, which is the least
sensitive among the temperatures due to the rapid evaporation of the reducing gas,
as the adsorption does not occur effectively because it needs a longer time to react
on the nano-surface. The response time of 20.07 sec is higher for the same reason.
The recovery time of 19.71 sec is less due to the thermal reaction that quickly

removes NH; gas molecules from the surface [192].

The increase in the long recovery time is attributed to the ability of NO; gas
to adhere to the surface of the nanomaterials used in the sensors because the chemical
reactions (electron reduction or oxidation) are strong, as the sensor takes a longer
time to release the adsorbed molecules and return the film surface to its original state.
In addition to the high porosity of PPY, GO may retain gas molecules for a
longerperiod. Thermal stimulation at high temperatures reduces the recovery time
by removing the adsorbed molecules and returning the surface to its original state
[196].

The contact mechanism between the polymer film and NH; gas increases
anddecreases as the pure PPY polymer sample's response time increases. At the same
time, the response time decreases and then increases for the impregnated PPY
polymer samples (hanocomposite). The opposite is true for the recovery time, as it
decreases and then increases for the PPY polymer sample, while for the
nanocomposite film sample, the recovery time increases and then decreases in
agreement with the literature [197]. Other factors contribute, such as the ability of
the reducing gas to adsorb on the sensor surface and the high polarity of NH; gas,
which makes it interact strongly with the active material of the PVP-PPY/GO@ITO
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film (such as hydrogen bonds or chemical interactions) that make it retain ammonia
gas molecules for a longer period compared to NO; gas. Moreover, the nanoporous
ITO presented the good ability for sensor and other factors that make the recovery

time longer [198].
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Figure (4-19). The sensitivity versus the various operating temperatures 25, 150
°C, and 250 °C.
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Table (4-3). Sensitivity, response time and recovery of the S4 nanocomposite

sensor cell at three temperatures based on exposure to NO, and NH3 gases.

T NO: NH;s
°C Sensitivity Response Recovery Time S Response Recovery
% Time(sec) (sec) % Time(sec)  Time(sec)
25 3.65 11.07 23.31 1.88 15.75 21.72
150 3.67 23.4 20.7 5.81 15.93 21.72
250 25 13.05 21.69 1.73 20.07 19.71

Hybrid nanostructures composed of polypyrrole (PPY), graphene oxide (GO),
and indium tin oxide (ITO) play a complementary role in enhancing the gas
adsorption efficiency of nano sensors. Polypyrrole (PPY) is a conductive p-type
polymer with a m-conjugated electronic network that enables efficient charge
transport. When exposed to gases such as ammonia (NHs), it interacts with them,
reducing the number of holes in its structure. This is reflected in a change in
electrical resistance, enabling accurate gas detection [199]. On the other hand,
graphene oxide (GO) offers a high surface area due to its papery nature and
microporous structure [200]. It also contains active functional groups such as -OH
and —COOH, which act as effective sites for gas adsorption through hydrogen
bonding and electrostatic interactions, increasing the amount of adsorbed molecules
and improving sensor performance [201]. Indium tin oxide (ITO) is a transparent, n-
type conductive material that enhances the chemical absorption of gases through

redox reactions. Its porous nanostructure provides channels that allow gas molecules
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to easily pass into the material, enhancing reaction efficiency and response speed

[202]. When these materials are combined, a synergistic effect occurs: GO captures

gas molecules, PPY converts this reaction into an electrical charge, and ITO

accelerates and catalyzes the overall reaction, resulting in a significant improvement

in the sensor's sensitivity and response to gases. Table 5 reveled a comparison of the

results of this study and literatures.

Table (4-4) presented a comparison of the results between literatures used the

similar nanomaterials and nanocomposites used the same materials in this study.

Sensor Operating Conc. Sensor Response | Recovery | Ref.
material temperature | Target | (opm) | Sensitivity | time (sec) | time (sec)
(C) gas/ (%)
vapor
PVP/CuO RT NHs 10 23.8% 17 15 [203]
PEO- 100 NO2 500 6.86 16 19 [29]
CMC- 200
PANI/GO@
Si3N4
PPY RT NHs 50 77.75% 12 52 [204]
ITO 350 NHs 1000 2.39 28 140 [205]
NO2 100 2.14 42 200
PPY/MoS. 150 NO: 100 49.8% 120 57 [206]
PVP+PPY/ 150 NO2 150 3.67 23.4 20.7 The
GO-ITO 25 13.05 21.69 presen
250 t study
PVP+PPY/ 150 NHs 150 5.81 15.93 27.72 The
GO-ITO 1.73 20.07 19.71 presen
250 t study
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4.5.2 Antibacterial activity

The agar diffusion test results of samples S1, S2, S3, and S4 in Figure (4-20)
proved their success in killing bacteria (Gram-negative Escherichia coli) and (Gram-
positive Staphylococcus aureus). In control samples (S1, pure PVP k30), both
bacteria exhibit normal morphology, S1 showed the different inhibition zone of
bacteria with a diameter of 6 and 13 mm, respectively, confirming PVP’s inherent
biocompatibility. The increased after contribution of PPY polymer to 15 and 14 mm,
respectively, suggesting PPY-induced stress. S3 (PVP-PPY/GO): GO’s sharp edges
cause severe mechanical damage that improved up to 17 and 16 mm of inhibition
cells, respectively. Interestingly, S4 (PVP-PPY/GO@ITO) boosted the inhibition
zone up to 19 and 20 mm, respectively. GO’s nanosheet edges puncture membranes

(more effective against E. coli due to thinner LPS layer) [27].

ITO’s photocatalytic activity generates ROS, overwhelming bacterial
antioxidant defenses (particularly lethal to S. aureus lacking catalase). PPY’s
positive charge (protonated N*) disrupts negatively charged bacterial walls. These
significant improvements are related to the contribution of GO-1TO, which is
abundant with functional groups assisting in the generation of ROS (e.g., *OH, H20-)
under ambient light [177].
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(©)

Figure (4-20). Images of the inhibition zones of (A) E. coli and (B) S. aureus, and
(C) comparison diagram of results for samples.
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The absorption spectrum revealed the complex ability to strongly absorb light
in the visible range (400-460 nm) in sample S4. This absorption enhances the
generation of electron-hole (e /h*) pairs, which react with oxygen and water to
produce reactive oxygen species (ROS), such as hydroxyl radicals, superoxide
anions, and hydrogen peroxide. These oxides destroy the bacterial cell wall through
protein oxidation and DNA damage, leading to bacterial death. Thus, it was shown
that the main mechanism used to inhibit bacteria by PVP-PPY/GO-ITO
nanocomposite is photocatalysis, i.e., through light absorption and generation of
reactive oxygen species (ROS). These results are consistent with the results of

researchers [208].

FTIR results support the synergistic effect between light absorption, which
generates bacteriostatic reactive oxygen species and surface chemical reactivity of
functional groups (N-H, O-H, C=C, C=0), which correspond to the peaks 3385
cm™!, and 1672 cm™! that destroy the bacterial cell wall and thus disrupt its vital
functions, leading to bacterial killing or inhibition [31]. The mechanism of bacterial
inhibition by PVP-PPY/GO-ITO nanocomposite via light-induced ROS generation
is shown in Figure (4-21).
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Figure (4-21). Mechanism of bacterial inhibition by PVP-PPY/GO-ITO
nanocomposite via light-induced ROS generation (According to UV-Vis and FTIR
peaks).

4.5.3 Urea biosensor
4.5.3.1 Cyclic voltammetry properties (CV)

Cyclic voltammetry (CV) is one of the most widely used electrochemical
analysis techniques for studying electrochemical reactions and evaluating the
performance of electrodes and active materials. This technique relies on applying a
linearly varying voltage over a specific range to the working electrode and then
reversing it while recording the current generated by redox reactions. This allows

for analyzing electron transport mechanisms, diffusion behavior, and surface
interactions [21].
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This technique was used to study the electrochemical behavior of a
PVP+PPY/GO-ITO its efficiency in the non-enzymatic detection of urea. The
Investigation was conducted in a three-electrode electrochemical system comprising
a carbon working electrode, an Ag/AgCl reference electrode, and a carbon auxiliary
electrode. A cyclic sweep voltage was applied over a range of -1.0 to +1.0 V while

the current generated by the redox reactions was recorded.

Figure (4-22) shows the curves recorded before adding the biocomposite, with
relatively low currents. This indicates only the basic behavior of the nanomaterials,
without any apparent electrochemical reaction. To accurately analyze the
electrochemical performance, the peak current and voltage values were determined
before adding urea. The oxidation peak current (Ipa), oxidation peak potential (Epa),
reduction peak current (Ipc), and reduction peak potential (Epc) values were
recorded [210] are recorded in Table (4-5). These values demonstrated weak redox
peaks attributed to the nanocomposite responses, reflecting the intrinsic
electrochemical performance of the modified surface in the absence of the
biocomposite. The results showed that increasing the nanocomposite concentration
from 5 mg/L to 15 mg/L showed a significant increase in peak currents (Ipa and Ipc),
indicating increased surface electrochemical efficiency and a better response to
electron flow. The 15 mg/L concentration, in particular, showed the highest
oxidation current (+0.037 mA) and reduction current (-0.060 mA), indicating that it

Is the optimal choice for further urea response analysis [211] .
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Figure (4-22). Cyclic voltammetry analysis of electrode modified with different
ratios of PVP-PPY/GO-ITO nanocomposite before adding urea.

Table (4-5): Peak values of current and voltage for the electrode modified with

PVP-PPY/GO-ITO nanocomposite concentrations before adding urea.

Samples Ipa(mA) Epa(mV) Ipc(mA) Epc(mV)
5 mg/L +0.0017 +990 -0.01 -1000
10 mg/L +0.016 +990 -0.029 -990
15 mg/L +0.034 +990 -0.06 -990
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Figure (4-23) illustrates the addition of a 0.1 M urea solution to the samples.
A significant increase in the oxidation currents (Ipa) and areduction in the currents
(Ipc) were observed, with sharper peaks appearing, indicating a direct interaction
between the urea molecules and the modified electrode surface, as shown in Table
(4-5). This improved response is attributed to the role of the conductive polymer,
with PPY enhancing electron transfer, while PVP contributes to improved
distribution and stability of the nanostructure. GO is the most effective conductor
due to its large surface area and active functional groups (carboxyl and hydroxyl),
which facilitate the urea reaction and accelerate charge transfer. Indium tin oxide
nanoparticles are a key component in the sensor's performance, acting as a
conductive working electrode that provides a solid base for the deposition of the
PVP-PPY/GO composite .The high conductivity, chemical stability, and smooth
surface properties of ITO contribute to ensuring the stability of the sensing layer and
enhancing electron transfer efficiency during electrochemical tests. The interaction
of ITO with other active nanocomposite materials also contributes to the non-
enzymatic sensing mechanism, which is reflected in the high currents and

pronounced peaks observed after the addition of urea [212].
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Figure (4-23). Cyclic voltammetry analysis of an electrode modified with
different concentrations of PVP-PPY/GO-ITO nanocomposites after adding a 0.1

M concentration of urea.

Table (4-6): Peak current and voltage values for an electrode modified with
different concentrations of PVP-PPY/GO-ITO nanocomposites after adding a 0.1

M concentration of urea.

Samples Ipa(mA) Epa(mV) Ipc(mA) Epc(mV)
5 mg/L +0.012 +1000 —0.02 —990
10 mg/L +0.037 +970 —0.052 —1000
15 mg/L +0.039 +1000 -0.047 —1000
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4.5.3.2 Electrochemical impedance spectroscopy (EIS)

The total impedance of a system is determined by several factors within the
electrochemical cell, including the solution resistance, diffusion phenomena,
passivation layers, and electron transfer kinetics. The contributions of these factors
vary with frequency; at low frequencies, diffusion processes dominate, while at high
frequencies, electron transfer kinetics becomes dominant. EIS results are typically
presented in two forms: either using a Nyquist plot, where the real part of the
impedance (Z:) is represented on the horizontal axis and the imaginary part (—Z2) on
the vertical axis, or using Bode plots to display the total impedance and phase angle
versus frequency [48]. Using the Nyquist plot, the total impedance of the system can
be derived by analyzing the apparent arc radius, which reflects the charge transfer
resistance. In this study, the total impedance was calculated based on the distance
between the starting point (at high frequency) and the arc intersection point with the
horizontal axis (at low frequency), which represents the sum of the solution
resistance and the polymer layer resistance. This analysis helps evaluate the effect
of adding materials such as urea on the conductivity and charge transfer efficiency
in the system. Therefore, EIS is a sensitive and useful tool for understanding the

electrochemical performance of the material [48].

An electrical impedance spectroscopy (EIS) test Figure (4-24) was performed
to analyze the performance of PVP+PPY/GO-ITO composite-modified electrodes at
different concentrations (5, 10, and 15 mg/L) before and after the addition of a 0.1
M urea solution. The Nyquist plots showed a clear variation in charge transport
behavior depending on the nanomaterial concentration [213]. In the 5 mg/L sample,
the resistance increased after the addition of urea (Z: from 37,630 to 35,810 Q and
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Z> from 49,050 to 68,050 Q), indicating a weak response and limited reactivity,
resulting from the lack of active reaction sites. In contrast, the 10 mg sample showed
an excellent response; Z: decreased from 37,630 to 8,036 Q2 and Z> from 49,050 to
16,550 Q after the reaction, indicating a significant improvement in conductivity and
electron transfer due to the effective interaction with urea . The sample with the
highest concentration (15 mg/L) showed the best electrochemical performance, with
Z: decreasing from 12,550 to 4,066 Q and Z> from 23,100 to 9,123 Q after the
addition of urea. This jump represents a very effective sensor response and confirms
that this concentration provided a good balance between electrical conductivity and
the number of active sites, facilitating the urea reaction at the electrode surface and
significantly reducing electrochemical resistance. This improved electrode
conductivity and electron transfer. This is a direct result of the presence of sufficient

nanomaterial to cover the surface and provide numerous active sites [214].
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Figure (4-24): Nyquist plots of electrochemical isotherm (EIS) analysis of PVP-
PPY/GO composite on ITO substrate with different masses A. 5 mg/L, B. 10 mg/L,

C. 15 mg/L showing the change in the isotherm response before and after adding

urea at a concentration of 0.1 M.
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Based on the CV and EIS results, this sensor can be considered efficient,
stable, and fast-responding, and is a promising candidate for real-world applications
In the medical or environmental field to accurately monitor urea concentrations

without the need to use complex or expensive enzymes.
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5.1 Conclusion

1. This study successfully combined hybrid materials to manufacture new NCs
with two nanomaterials, exhibiting significant and distinct properties compared to

the original PVVP polymer using the solution casting method.

2. FTIR analysis revealed favorable physical interactions between the blended

polymer components and the nanomaterials.

3. XRD analysis results for (S1-S4) showed an increase in the order of the
crystalline structure. The introduction of GO, PPY, and ITO materials caused a

change in the interlayer spacing and an increase in structural organization.

4. FE-SEM images showed a homogeneous surface and excellent dispersion of the

nanomaterials within the polymer matrix.

5. Improved optical properties, with the optical absorbance increasing from 0.06 to
0.85 after the addition of the nanoparticles at 290nm. The optical band gap
decreased from 3.43 to 1.63 eV for the allowed indirect transitions, and from 3.21

to 0.62 eV for the unallowed transitions.

6. The alternating current electrical properties of PVP were significantly enhanced
after the addition of PPY, GO, and ITO, with the dielectric constant improving
from 154 to 300, and the AC conductivity increasing from 1.31*10! to 4.64*10*

S.cmt.

7. The sensitivity of samples to reducing ammonia (NHs) and oxidizing nitrogen
dioxide (NO-) was tested at different temperatures. The maximum sensitivity to
NO: gas was 25% at 250°C, while NHs recorded a sensitivity of 5.81% at 150°C.

9. Antibacterial test results showed significant improvement after incorporating
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two nanomaterials into the S4 sample, from 13 mm to 19 mm for Escherichia coli

and from 6 to 20 mm for Staphylococcus aureus.

8. Electrochemical test results, including cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS), indicate that the PVP + PPY / GO-
ITO composite-modified sensor at a concentration of 15 mg/L exhibits exceptional

performance in the non-enzymatic detection of urea.

9. The CV results for the Ipa current improved from +0.034 mA to +0.039 mA
after adding 0.1 M urea. The Ipc current also improved from —0.047 mA to —0.06

mA for the same reason.

10. EIS (electrical impedance) results showed a significant decrease from 12,550
Q to 4,066 Q for the real Z: part and from 23,100 Q to 9,123 Q for the imaginary
Z> part after adding 0.1 M urea. This demonstrates a significant improvement in

electron transfer.

11. These NCs offer promising biological, electrical, and sensing activity,
demonstrating that nanotechnology holds great promise for medical and sensing

applications.
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5.2 Future Works

1. Study other properties, including the mechanical, rheological, and thermal

aspects of these nanocells.

2. Study the effect of different nanomaterials, such as hybrid mixtures containing
GOr or SiO2 instead of GO or ITO, to develop new nanocells for studying optical

properties.
3. Study the effect of an additional biodegradable polymer on hybrid nanocells.

4. Study how various environmental factors, including humidity, temperature, and
gas time, affect the fabrication of thermal sensors in fields such as biology,

chemistry, and gas detection.

5. Study the sensitivity of hybrid nanocells to changes in biological substance

concentrations by adding coenzymes.

6. Explore the potential of PVP + PPY /GO@ITO nanocomposite for glucose and

cholesterol sensing.
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