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Abstract

This work aims to improve the conditions for the development of a modified
electrode based on indium tin oxide (ITO) glass / semiconductors / ferrocene
derivatives. It falls within the field of material chemistry, a domain that focuses on the
development of materials and their applications, particularly in photovoltaic cells, due
to their connections with several sectors such as organometallics, semiconductors,

superconductors, ceramics, glass, and optical fibers.

A modified electrode of indium tin oxide, semiconductors, and ferrocene
derivatives was designed and applied to evaluate its potential in energy and
environmental applications. For this purpose, silver nanoparticles were deposited on
ITO glass using the cyclic voltammetry technique at different scan speeds to achieve
optimal optical and electrical properties. The formation of a uniform silver crystalline
layer with high light transmission properties in the visible range was confirmed by
various characterization techniques such as SEM (scanning electron microscopy),
XRD (X-ray diffraction), FTIR (Fourier-transform infrared spectroscopy), and UV-
Vis (UV-visible spectroscopy). Electrochemical results showed that deposition rates

were higher at lower scan rates.

A thin layer of N-(ferrocenylmethyl) aniline (NFMA) was also fabricated on
fluorine-doped tin oxide (FTO) glass using two methods (immersion and
electrochemical deposition). The results showed an amorphous structure with a
uniform distribution of particles, which conferred favorable optical properties and
significant hydrophobicity. The fabricated electrode also demonstrated efficiency in
the decomposition of hydrogen peroxide into H20 and O, as well as in the degradation

of methylene blue under solar irradiation.

Finally, a thin layer of NFMA was electrochemically developed on a thin
CuxO/ITO layer. The results showed an amorphous structure with a uniform particle
distribution and promising optical properties. The electrode also demonstrated high

efficiency in the degradation of Rose Bengal under solar irradiation.

Keywords

Ferrocene derivatives, thin film, modified electrode, ITO, photovoltaic.




Résumeé

Ce travail vise a améliorer les conditions d'élaboration d'une électrode modifiée a
base de verre d'oxyde d'indium-étain (ITO) / semi-conducteurs / dérives ferrocenique.
Il s'inscrit dans le cadre de la chimie des matériaux, un domaine qui se concentre sur
le développement des matériaux et leurs applications, notamment dans les cellules
photovoltaiques, en raison de leurs liens avec plusieurs secteurs, tels que les
organométalliques, les semi-conducteurs, les supraconducteurs, les céramiques, les
verres et les fibres optiques.

Une électrode modifié d'oxyde d'indium-étain, semi-conducteurs et les dérivés
ferrocénique a été congue et appliquée pour évaluer son potentiel dans des applications
lices a I'énergie et a I'environnement. Pour cela, des nanoparticules d'argent ont été
déposées sur du verre ITO en utilisant la technique de voltampérométrie cyclique a
différents vitesse de balayage afin d'obtenir des propriétés optiques et électriques
optimales. La formation d'une couche cristalline uniforme en argent avec des
propriétés de transmission lumineuse élevées dans le domaine du visible a été
confirmée par diverses techniques de caractérisation, telles que la MEB (microscopie
électronique a balayage), la DRX (diffraction des rayons X), la FTIR (spectroscopie
infrarouge a transformée de Fourier) et I'UV-Vis (spectroscopie UV-visible). Les
résultats électrochimiques ont montré que les taux de dépot étaient plus élevés a des
vitesses de balayage plus faibles.

Une couche mince de N-(ferrocenylméthyl) aniline (NFMA) a également été
fabriquée sur du verre d'oxyde d'indium dopé au fluor (FTO) en utilisant deux
méthodes (immersion et dép6t électrochimique). Les résultats ont montré une structure
amorphe avec une distribution uniforme des particules, ce qui a conféré des propriétés
optiques favorables et une forte hydrophobicité. L'électrode élaborée a également
montré une efficacité dans la décomposition du peroxyde d'hydrogéne en H20 et Oy,
ainsi que dans la dégradation du bleu de méthylene sous irradiation solaire.

Enfin, une couche mince de NFMA a été développée par méthode
électrochimique sur une couche mince de Cu,O/ITO. Les résultats ont montré une
structure amorphe avec une distribution uniforme des particules et des propriétés
optiques prometteuses. L'électrode a également démontré une grande efficacité dans
la degradation du rose bengale sous irradiation solaire.

Mots clé

Dérivés ferrocénigues, couche mince, électrode modifié, ITO, photovoltaique.
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Introduction General

Nanoparticles are nanoscale solid particles composed of pure metals or their
compounds, typically synthesized through chemical or mechanical techniques [1].
Among various nanomaterials, metal nanoparticles have garnered attention for their
potential applications in flexible devices, where their electrical and optical properties
could contribute to the development of transparent conductors. Flexible devices offer
enhanced adaptability for everyday use due to their lightweight, affordability, and ease
of storage and transport. However, developing transparent conductors that combine
optical transparency with electrical conductivity remains challenging. Key materials
under investigation include ITO, FTO, Aluminium Zinc Oxide (AZO), carbon
nanotubes, silver nanowires, graphene, metal networks, and graphene oxide[2-4].

Among the discussed electrodes, ITO thin films are the most effective
transparent conducting materials, widely used in commercial devices due to their low
sheet resistance of 10 ohms/sq., over 90% optical transmittance, and uniformity across
large areas. However, ITO films face limitations in high-performance flexible
electronic devices, as they can increase electrical resistance and reduce overall
performance. [5, 6]. The conductivity of semiconductors allows movement in response
to an electric field. ITO thin films are recognized as highly degenerate n-type
semiconductors[7].

Deposition methods include spraying, evaporation, dip coating, chemical vapor
deposition, and spin coating[8-12], with electrodeposition being the most cost-
effective, productive, and versatile[12]. The material offers a wide electrochemical
potential range, high-temperature stability, and low toxicity. Using aqueous solutions
simplifies electrochemical testing, allowing plating baths to operate at various
concentrations and temperatures without toxic fumes. Silver is widely used in sensors,

microelectronics, jewellery, and antimicrobial applications[13, 14].

Despite a decade of research on nanoscale materials using conventional
inorganic semiconductors like metal oxides[15], chalcogenides [16], and silicon [17],
performance goals remain unmet. The challenge lies in finding semiconductors with
high efficiency, cost-effectiveness, stability, scalability, optoelectronics, and
tunability[18, 19]. Organic semiconductors (OSs) with n-conjugation offer a solution




due to their ability to be organized at the molecular level[20, 21], enabling precise
control of processability and optoelectronic properties, allowing cost-effective
production of high-performance devices[22]. The interaction between OSs and liquid
electrolytes is important in applications like photocatalytic reactors, electrochemical

instruments, and photoelectrochemical cells[23-25].

Ferrocene derivatives are standard systems due to ferrocene's structural stability,
ease of modification via reversible single electron transfer (Fc*/Fc), low
oxidation/reduction potential, and the simple organization of self-assembled
monolayers (SAMs) [26, 27]. Ferrocene easily oxidizes to ferrocenium (Fc*), and the
FcH*° redox pair is commonly used as a reference in non-aqueous electrochemical
operations [28-30]. Most research has focused on alkane thiols conjugated to gold and

terminated with ferrocene.

A recent study by Wong et al.[31] found that self-assembled ferrocene-
alkanethiol monolayers exhibit strong ion coupling under oxidized conditions,
extending chain lengths beyond 1 nm, confirmed by electrochemical and XPS
measurements. The formation of ferrocene derivatives depends on the functional group
used[32].

Gélinas et al, [33] proposed incorporating a combination of redox ionic liquids,
specifically ferrocene and ethyl viologen, into the electrolyte of electrochromic
devices. The electrolyte is applied as a thin layer between two FTO glass electrodes to

enhance electrochemical and transport properties.

Ferrocene derivatives with a transition metal show excellent properties for
degrading organic pigments in wastewater, Their electron donor-acceptor conjugated
structure makes them non-toxic, stable, and water-insoluble, ideal for use as
heterogeneous Fenton catalysts[34, 35]. Additionally, ferrocene derivatives are stable
in solution and are commonly used in modified electrodes for H20O2 detection due to

their fast and efficient response to various electroactive chemicals[36-38].

This study aims to deposit N-(Ferrocenylmethyl)aniline (NFMA)/semiconductor films
onto ITO glass electrodes via electrochemical deposition (ECD) and immersion
methods to develop multifunctional transparent electrochemical electrodes for

physical, chemical and medical application. The resulting NFMA/FTO Ag/ITO and




Introduction General

NFMA/Cu.O/ITO films were characterized using various techniques, and
electrochemical measurements were also performed. These films were then applied in

wastewater treatment and H20: detection.
This dissertation is organized into three chapters:

Chapter 1: Reviews the literature on organometallic and inorganic thin-film
materials, including their classification, properties, fabrication methods, and

applications.

Chapter 2: Describes the materials and methods for the electrodeposition of AgNPs
on ITO, NFMA on FTO, and NFMA/Cu2O/FTO. It also covers their characterization,

hydrogen peroxide splitting, methylene blue, and Rose Bengal removal.

Chapter 3: Discusses the results and applications of AgNPs/ITO, NFMA/FTO, and
NFMA/Cu.O/FTO.

Conclusion: Summarizes the findings and suggests future research directions.
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Chapter 1: Overview and Literature

Chapter 1: Overview and Literature

1.1 THIN FILMS IN NANO-SCALE DEVICES

Thin films technology is the basis for considerable challenging technological
developments. Since then, thin film technology has been widely operated in numerous
fields, such as communication, energy, medicine and food[39]. Thin films defined as
materials with thicknesses ranging from nanometers to a few micrometers (Figure
1.1). Like many nanoscale materials, thin films have unique optical, electrical,

magnetic, dielectric, and optoelectronic capabilities compared to bulk materials[40].

Thin films are used to developing the surface structure to improve performance
of mechanical, physical and chemical properties by modifying the near-surface
region[41]. Material mainly consists of a bulk and at least one surface. Its bulk
properties may be superior, but the fundamental properties may be inferior because the
surface interacts with the surrounding environment. One solution is to add another
material with higher surface qualities to its surface, combining superior surface and
bulk properties[42].

1/10°mm 1/10%mm 1 mm
| | | | | | |
| | | | | | |
0001 um 001 um 0.1 um Tum 10um 100 um 1,000 um
10A 100A 1,000A 10000 A
o (]
o 5 =)
A Acrylic board
Thick film Brass board
Atoms, molecules
Gold/aluminum foil

Figure 1.1. lllustrate the size of materials and thin film scale thin film[43] .
1.2 THIN FILMS DEPOSITION TECHNIQUES

Throughout the years, an extensive array of materials has been synthesized in
the form of thin films, owing to their profound technological relevance and the
substantial scientific focus on exploring and optimizing their properties. This has led

to the versatile application of thin films across a wide range of fields, spanning from
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nanostructured components and devices to large-scale coatings, such as those utilized
on multi-square-meter surfaces like window glass. The deposition techniques used for
fabricating these films are typically classified into three major categories, depending
on whether the process is primarily chemical, physical, or a combination of both,[44],
as depicted in Figure 1.2.

>Thermal Evaporation
Physical Vapour .

N Deposition (PVD) >Pulsed Laser Deposition
>Molecular Beam Epitaxy
>Sputtering (DC and RF)

Chemical =Metal Organic CVD
Vapour
> Deposition | =Low Pressure CVD
Thin film (CVD) - =Atmospheric pressure CVD
. N
Deposition =>Plasma Enhanced CVD
Technique
>Chemical Bath Deposition (CBD)
>Sol-Gel
Solution =>Spin coating
Based >Dip coating
“»  Chemistry >
(SBC) >Screen printing
>Spray pyrolysis

Figure 1.2. Diagram of Various Thin films deposition techniques[45].

1.2.1 Physical vapour deposition (PVD)

The fundamental characteristic of Physical Vapor Deposition (PVD) lies in the
vaporization and subsequent condensation of the desired target material. This process
can be accomplished through two distinct approaches: thermal and athermal methods
(Table 1.1). In the thermal process, external thermal energy is employed to evaporate
or sublimate the target material. Conversely, the athermal process involves the use of
ionized gas molecules to induce evaporation of the target material within a vacuum
environment. Based on these processes, PVD techniques can be categorized, as
illustrated in the Figure 1.3.
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Table 1.1 Type of physical vapour deposition techniques [46].

Physical vapour deposition (PVD)

Thermal process Athermal process
e Thermal deposition e Direct current diode sputtering
e Electron beam deposition e Radio frequency sputtering

e Molecular beam  epitaxy

Magnetron sputtering
deposition
e Pulsed laser deposition e Unbalanced magnetron

sputtering

The procedure encompasses four distinct stages[47]:

e The material to be deposited is evaporated using a high-energy source like

an electron beam or ions, causing atoms to be released from the surface;
e The resulting vapor is then conveyed to the target substrate for coating;

o During the transport phase, a reaction occurs between the metal atoms and

a suitable reactive gas (e.g., oxygen, nitrogen, or methane);

« Finally, the coating is deposited onto the surface of the substrate.

Substrate holder

Sputtering gas / Substrate
T~ o Growing film
RN
-

ortioas
Inert(gas atoms

| —HAp Target

Vacuum chamber/

—=—— Vacuum system

Power supply

Figure 1.3. The process steps involved in a Physical vapour deposition[48].
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1.2.2 Chemical vapour deposition (CVD)

Chemical Vapor Deposition (CVD) is a manufacturing process where a solid
material is applied onto a substrate from a gaseous phase, typically mixed with carrier
gases. This technique differentiates itself from Physical Vapor Deposition (PVD) by
utilizing solid precursors and vaporizing the material to be deposited from a solid
target onto the substrate. There are several different procedures for chemical vapor
deposition (CVD), including as atmospheric pressure CVD, low pressure CVD, metal-
organic CVD, plasma-assisted CVD, laser CVD (LCVD), photochemical vapor
deposition, chemical vapor infiltration, and chemical beam epitaxy. The main
techniques for chemical vapor deposition (CVD) include thermal CVD, plasma-
enhanced CVD (PECVD), and laser CVD (LCVD). Each of these approaches
necessitates the use of volatile precursors, which experience chemical composition

alterations during the deposition process [49].

The Chemical Vapor Deposition (CVD) method generally encompasses four

primary stages that facilitate the creation of thin films[50]:

At the beginning, the reactant gasses (depicted as blue circles) are introduced
into the reactor (shown as step a). Afterwards, there are two possible routes for the
reactant gases: direct diffusion through the boundary layer (step b) and adsorption onto
the substrate (step c). In another scenario, the reactant gases can engage in gas-phase
reactions (step d), resulting in the creation of intermediate reactants (green circles) and
by-products (red circles). These substances are subsequently deposited onto the
substrate through diffusion (step b) and adsorption (step c). Surface diffusion and
heterogeneous reactions, specifically step e, take place on the surface of the substrate
prior to the formation of thin films or coatings, as shown in Figure 1.4. Ultimately,
the residual substances and unreacted components are released from the surface and
discharged from the reactor as emissions (step f). The entire procedure is referred to

as chemical vapor deposition (CVD).
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Reactant gas © ©—Byproducts Boundarly
Gas-phase reaction © layer
(@) Mass transport OQ — ] — © © ©—Intermediate - ©
Eiita Desorption and ©
&) Gasdiffusion b mass transport ff{
Adsorption \9\5 © N ) 0©
090—0—¢0 % —@— 0B

Heterogeneous reaction

Figure 1.4. lllustration representing fundamental elementary stages of a standard CVD process[50].
1.3 Thin Film Growth

Thin-film growth is an extensively researched discipline, with several growth
processes accessible, starting from ultra-high vacuum systems (UHV) to chemical
deposition techniques. A film or coating, in general, is a surface region with a different
composition and properties than the underlayer. Typically, the film is generated by
depositing one material on top of another, and the body coated by the film is referred
to as the substrate. In addition, thin-film growth usually happens under
thermodynamically stable conditions, which atomic species dynamics may even
constrain. It allows the growth of novel atomic configurations with unique features
that do not exist in bulk. Furthermore, the reduced dimensionality enables the use of

quantum mechanical effects that would otherwise be impossible to achieve.

Therefore, the term "thin-film" should only be used for films that have such a
small thickness that it affects the physical properties of the layer in some manner. The
range of objectives pursued by thin film applications is quite wide. They play a crucial
role in a diverse range of technological disciplines. They are widely utilized in
spintronics devices, optical applications, coatings, semiconductors, and corrosion

prevention. Many of these applications require intricate development procedures.

Thin films are also essential in physical science since they enable the
investigation of the distinctions between (quasi-)two-dimensional states of matter and
three-dimensional. Changes in layer thickness may influence chemical reactivity or
metal conductivity[51].
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1.4 Nucleation and film growth

Nucleation on the surface of a sample occurs when vapor or liquid phase atoms
are deposited at coverages (0), leading to sufficiently high 2D dispersion pressures.
This causes local density variations in the 2D gas, resulting in the formation of stable
clusters or nuclei. In this context, "stable™ refers to clusters that are more likely to grow
and coalesce rather than separate or disperse on the substrate. These stable nuclei serve
as the foundational structures for further growth and play a crucial role in determining
the material's eventual surface properties and overall morphology [52, 53]. There are

three forms of film growth, as appear in Figure 1.5.

Desorption

Subcritical Stable
cluster cluster

Surface
Thermal diffusion
accomodation

(a) Nucleation

Stranski-Krastanov

(b) Growth

Figure 1.5. Schematic representation of (a). Nucleation of thin films and (b).Modes of thin films
growth[54].

The balance between the surface energies of the substrate (ys), film (y%), and
film-substrate interface(yi) governs microstructural change during growth at the
conditions near-thermodynamic equilibrium[52]. Figure 1.5 Illustrate the Specific
epitaxial growth is that ys > y% + 4, which indicates that the film thoroughly wets the
sample in order to underestimate the surface energies and consequently grows in a
layer-by-layer technique[55]. In the case of islands where if y5 < yf + yi the surface
energy is somewhat underestimated by clustering up and growing islands or mounds
of the deposit. In the third method of growth, the film initiates to grow in
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A layer-by-layer technique initially forms thin films, but after reaching a critical
thickness, strain relaxation allows three-dimensional islands to grow on top of the
initial layers. Strain relaxation can occur coherently or incoherently, leading to the
formation of misfit dislocations beneath the islands to relieve strain energy. This
growth mode is known as Stranski-Krastanov. It involves the transition from a two-
dimensional layer-by-layer growth to three-dimensional island formation, driven by
the balance between strain energy and surface energy, commonly observed in epitaxial
film deposition systems[56].

1.5 Transparent Conducting Oxides (TCOS)

Transparent conducting oxide (TCO) thin films find extensive application in
display devices, energy harvesting photovoltaic devices, and various emerging flexible
optoelectronic devices. These TCOs exhibit a distinctive coexistence of seemingly
contradictory optical and electrical characteristics, which confer significant
advantages for a broad spectrum of optoelectronic device applications[57]. It is
believed that the presence of diverse defects in TCO systems is responsible for the
desirable and adjustable structural, surface, optical, and electrical properties[58].
These defects play a crucial role in modulating the interconnected optical and electrical

features of metal oxide systems[59].

In order for a material to demonstrate this characteristic, it must not absorb light
in the wavelength range of 380 nm (3.26 eV) to 780 nm (1.59 eV), meaning it must
possess an optical bandgap greater than 3.2 eV. Materials with both high electrical
conductivity and optical transparency are the foundation of various essential
technologies, such as flat panel displays, solar energy harvesting, and other opto-
electronic devices[60]. Several Transparent Conductive Oxide (TCO) materials,
including In203, SnO,, CdO, CdIn204, and ZnO, are known for their n-type
conductivity, although p-type TCO materials exist, their properties are inferior to those
of n-type TCOs[61-63].

The n-type conductivity in ITO and FTO arises from the presence of shallow
donor states near the conduction band due to chemical doping. The excess or donor
electrons thermally ionize into the host conduction band at room temperature. With
further doping, a degenerate gas of current-carrying electrons is created, resulting in

high electrical conductivity and far infra-red absorption (Drude-like behavior), while

Chapter 1: Overview and Literature 11



Chapter 1: Overview and Literature

still maintaining optical transparency in the visible region as the conduction band

remains intact[64, 65].

1.5.1 Band Gap Structure of Solids

Band theory is based on the behavior of valence electrons, while the influence
of core electrons, which are contained, can mostly be ignored. The symmetry of the
interaction between adjacent orbitals is characterized by the wave vector k, satisfying
the Bloch relationship, which allows electronic wave functions within the solid to
adopt periodic arrangements of atomic orbitals throughout the entire structure.
Consequently, these wavefunctions become stationary solutions to the Schrddinger
equation, subject to periodic boundary conditions for an electron, resulting in
undisturbed electron movement (no scattering) in the crystal when the Bloch
relationship is met. The scattering phenomena arise from defects, phonons, electron-

electron interactions within the crystal, and boundaries.

While free atoms possess discrete energy levels in the form of atomic orbitals,
the energy states available to electrons in solids form bands. In conductive metals, the
Fermi level intersects a partially filled band, permitting some electrons to occupy

unoccupied states (Figure 1.6a).

Electricity conduction takes place in the material when the momentum of the
electron’s changes, and a net drift velocity can only occur if there are vacant states
inside the band. Consequently, materials with completely filled bands do not exhibit
electrical conductivity under weak external forces. However, at elevated temperatures,
same materials can become conductive as electrons are able to transition into
conducting states located above the energy gap. Conversely, solid insulators have
electrons confined to the valence band, which is separated by a substantial energy gap

from the conduction band, also referred to as the band gap (Figure 1.6b)[60].

Chapter 1: Overview and Literature 12



Chapter 1: Overview and Literature

Conduction Band

Fermi Level...

_ ...................................... Fermi Level

Energy of electrons

Valence Band

(a) Metal (b) Semiconductor/Insulator

Figure 1.6. Energy bands for solids (a) Metal (b)Semiconductor/Insulator[60]

1.5.2 Chemical solution deposition (CSD)

Chemical Solution Deposition (CSD) is a versatile coating technique
characterized by the interaction between the substrate surface and the components
dissolved in a solution. The method takes its name from chemical vapor deposition,
highlighting the fundamental principle of material deposition through chemical

reactions.

CSD is classified as a soft solution-processing technique, offering several
advantages, including simplicity of setup and operational convenience. It can be
performed under atmospheric pressure and at relatively low temperatures, typically
below 373 K. This allows for the deposition of a wide range of materials without the
need for specialized equipment or conditions, making it accessible for various

applications in materials science and engineering [66].

Although the CSD reaction can be expedited by hydrothermal and
electrochemical reactions, the simple CSD process has the advantage of not
necessitating excessive heating or electrochemical power, rendering it more
advantageous for industrial applications[67]. Simple CSD can be employed with low
heat-resistant materials, substrates of complex shapes, and porous materials. As a
result, CSD is gaining attention as a cost-effective and environmentally friendly
coating process[67]. However, the utilization of CSD in industries is limited because
it is often challenging to achieve a uniform coating[68].
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In many cases, instead of a continuous coating, dots or islands tend to form on
the substrate due to the preferential growth of existing nuclei over the formation of
new nuclei. To achieve a homogeneous coating, precise control of the deposition
conditions is essential[69].

Figure 1.7 provides a comprehensive description of the standard chemical
solution deposition (CSD) technique and its regularly employed modifications. The
procedure commences with the preparation of appropriate precursors, typically salts
such as carboxylates or other metallo-organic compounds such alkoxides (Section 2).
The precursors are dissolved in suitable solvents and combined in a stoichiometric
ratio to attain the required composition of the ultimate film. Modifications to the
composition may be required in situations where there are losses of components due
to volatility (such as PbO), diffusion into the substrate (such as Bi loss from SBT), or
purposeful divergence from stoichiometry to create secondary phases or native point
defects. Chemical stabilizers and additional processing processes, such as refluxing,

can be used to alter the characteristics of the coating solution (Section 3).

The next step involves depositing the coating solution onto the substrate using
techniques like spin coating with a rotating substrate, spray coating with a misted
solution, or dip coating in a solution bath (Section 4). Subsequently, the wet film is
dried (Section 5), followed by pyrolysis (Section 6) and crystallization. Optional post-
annealing can be performed to further enhance densification or manipulate the

microstructure (Section 7).

Pyrolysis refers to the conversion of solid organic materials into gases and
liquids through indirect heat, excluding air or oxygen. The temperature range for
pyrolysis typically falls between 400-800 °C. The term "thermolysis™ is sometimes
used interchangeably with pyrolysis. While both processes involve the volatilization
and decomposition of solid organic materials through heat, "pyro" derives from the
Greek word for fire, while "thermo™ accurately denotes heat. Therefore, the term
"thermolysis™ is predominantly used in the context of CSD technology to describe the
decomposition of the organic matrix in the presence of air or oxygen. In Figure 1.7,
some processing steps such as gel formation and organic removal are not explicitly

separated.

The wet film undergoes a controlled heating procedure to convert it into the

desired crystalline film. This process can be done using a hot plate and traditional
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furnace or a rapid thermal annealing (RTA) oven. The thermal processing settings
differ according on the selected CSD route and film deposition technique. If the
desired film thickness is not attained during the initial coating cycle, the deposition
and heating process sequence is repeated in order to generate films that are thicker.
After achieving the appropriate thickness, a further thermal treatment at a higher
temperature can be used to trigger crystallization, enhance the microstructure, or raise
the density of the film[66].

Precursors Precursors
A B (Section 2)

Solution processes
(Section 3)

Coat?ng <«— Ti-precursor
solution <«—— M-carboxylate
(F:ﬁ
ccfaptiizg czzrt?:g cogit?ng Coating tsohnicries
\/ (Section 4)

<«— M-carboxylate
wet

film :
o <— Ti-precursor
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(Section 5)

2O

A
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0 1O

gel
film

Multiple Coating

Removal of organic species
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oxide film TiO,
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Figure 1.7. A flowchart illustrating common solution processing routes for thin film fabrication. The
simplest route is represented by a solid line (—), while alternative pathways are indicated by dashed
lines (....)[66].

1.5.3 Electrochemical deposition (ECD)

The electrochemical deposition technique is an extremely valuable strategy for
producing nanostructured electrocatalysts for oxygen reduction reaction (ORR). By
manipulating the electrochemical deposition conditions, the surface characteristics,
configurations, and dimensions of the electrocatalysts can be precisely regulated on
conducting materials. Additionally, a notable advantage of the electrochemical
deposition method is the absence of any capping reagent, surfactant, or dispersing

agent, which significantly simplifies the synthesis procedures[70].
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The reduction reaction produces a solid thin film on the surface of an electrically
conducting electrode. In Figure 1.8, the electrochemical cell consists of three
electrodes: the counter electrode, the working electrode, and the reference electrode.
The counter electrode, which is connected to the electrochemical analyzer and the
working electrode, regulates the electric current in the ECD system. Typically, the
counter electrode has a larger surface area than the working electrode to ensure stable

current flow and diffusion to the working electrode.

The working electrode transfers electrons to the electrolyte solution, enabling
the thin layer to be deposited by the reduction reaction. The electrode is linked to both
the electrochemical analyzer and the reference cell, which regulate and modify the
desired potential and cycle time during the reduction reaction. The electrolyte
facilitates electron transport and oxidation reactions at this location, allowing for

precise control over the thickness and structure of the film being deposited.

The reference electrode is used to ascertain and quantify the potential of the
working electrode cell. It establishes communication with the electrochemical
analyzer in order to modify the potential of the working electrode accordingly[71, 72].

Reference
Electrode(SCE)

Working

Counter electrode(ITO)

Electrode(Pt)

Beaker
(electrolyte)

: ents
e

Computer
(CHI Software)

Figure 1.8. Schematic of the electrochemical deposition[73].
1.6 INORGANIC THIN FILMS

Historically, metal oxide nanoparticles have found extensive use across various
applications, encompassing energy storage devices, catalysis, sensors, environmental

remediation, and numerous others. Nonetheless, these nanoparticles exhibit
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remarkable surface properties and microstructural attributes that render them
significant for pollutant adsorption purposes. Due to the presence of active sites and a
substantial surface area, they demonstrate enhanced efficacy in adsorption
processes[74].

Experimental findings have demonstrated that metal oxide thin films exhibit
exceptional properties in terms of optics, morphology, composition, electrical
characteristics, and acoustical behaviors, making them highly suitable for deployment
in these aforementioned areas. The deposition of these films on various substrates has
been accomplished using a range of methods such as DC magnetron sputtering[75] ,
chemical bath deposition[76] , electro-deposition [77] , sol-gel spin coating[78] ,
pulsed laser deposition[79] , spray pyrolysis [80] , thermal evaporation deposition[81]
, molecular beam epitaxy[82] , and chemical vapor deposition[83] .

1.6.1 Silver thin film.

The microelectronics industry is highly interested in depositing thin and uniform
conductive films that conform well to complex three-dimensional structures with a
high aspect ratio, which is a result of semiconductor device miniaturization[84, 85].
Consequently, a significant challenge lies in achieving a uniform filling of metallic
films into these structures. Silver is particularly attractive for microelectronic
applications due to its low electrical resistivity[86-88]. Additionally, its exceptional
optical properties make it suitable for various applications such as optical coatings,
mirrors, and sensors, while its chemical reactivity is utilized in antibacterial surfaces.
An increasing number of these applications require the growth of ultra-thin silver
layers that conform precisely, posing a challenge for most deposition methods[89].
Currently, line-of-sight methods, particularly physical vapor deposition (PVD) are
utilized to produce silver films with superior electrical conductivity and minimal
critical thickness [90-92].

Among these methods, sputtering with Al and Cu doping enables the production
of ultra-thin silver films with excellent morphological and electrical properties without
the need for a seed layer[93-95]. However, line-of-sight techniques face limitations
when it comes to complex three-dimensional shapes like trenches and encounter
challenges in achieving uniformity on non-flat substrates. Non-line-of-sight
approaches such as chemical vapor deposition (CVD) and atomic layer deposition
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(ALD) often result in non-conductive coatings for thicknesses below 20-50 nm[85, 96-
100].

AgNPs possess unique characteristics, including significant surface energies,
quantum confinement effects, high electron accumulation, and strong responses to
visible light[101]. These properties make them highly desirable for various
applications, such as electrochemical nitrate sensors, high-performance energy
devices, transparent conductors, and solar cells. Recent research has focused on the
importance of silver NPs from both theoretical and practical perspectives[102]. The
development of flexible devices has gained attention due to their lightweight, low cost,
and ease of storage and transportation[103]. However, creating transparent conducting
materials with conflicting qualities like optical transparency and electrical
conductivity is a challenging task. Prominent materials in this field of research include
indium tin oxide (ITO), fluorine-doped tin oxide (FTO), aluminum zinc oxide (AZO),
silver nanowires, carbon nanotubes, graphene, graphene oxide, and metal
networks[104].

1.6.2 Copper oxide thin film

CuxO semiconductors have garnered significant attention in academic research
and practical applications of nano or optoelectronic devices. This is primarily due to
their remarkable characteristics such as chemical stability, non-toxicity, abundance,
potential for particle size manipulation, outstanding catalytic properties, and ability to
meet the cost-effective manufacturing requirements under normal conditions.
Consequently, these semiconductors hold great promise for utilization in energy
storage, conversion, and the development of advanced rechargeable lithium-ion
batteries in the future [105-110].

In recent years, significant efforts have been directed towards the advancement
of affordable energy conversion devices. Among the noteworthy outcomes of
photovoltaic research is the application of copper oxide semiconductors in solar cells.
Copper oxides, specifically CuO and CuO, possess advantageous attributes such as
low cost and widespread availability (Figure 1.9). The potential utilization of Cu20 in
semiconducting devices has been acknowledged as early as 1920, with renewed

interest emerging in the mid-1970s within the photovoltaic community[111].
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The distinctive properties of copper oxides render them suitable for
incorporation into thin film solar cells. For instance, Cu2O exhibits non-toxic
characteristics, theoretical solar efficiency ranging from 9% to 11%, and a
straightforward and cost-effective process for semiconductor layer formation.
Consequently, it stands as one of the most inexpensive and accessible semiconductor
materials for solar cells. Additionally, cuprous oxide possesses a band gap of 2.0 eV,
falling within the acceptable range for solar energy conversion, as semiconductor
materials with band gaps between 1 eV and 2 eV are considered favorable for

photovoltaic cells[112].
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Figure 1.9. (a) The UV-Vis absorbance spectra of a Cu,O thin film electrodeposited on an FTO
substrate. (b) A plot was generated to display (ahv)?2 as a function of photon energy (hv) for the
corresponding Cu,O thin film. By examining the linear portion of the graph, the x-intercept at (ahv)? =
0 was identified, and the optical band gap (Eg) was obtained[113].

Various techniques exist for fabricating Cu20 films on conducting substrates
such as copper, including thermal, anodic, chemical oxidation, and reactive sputtering
methods. Of particular interest is the electrodeposition method, which is attractive due
to its cost-effectiveness and simplicity for deposition on either metal substrates or
transparent conducting glass slides coated with highly conductive semiconductors like
ITO, SnO», and In20s. This approach opens up possibilities for the production of back
wall or front wall cells. It is worth noting that the electrochemical preparation of Cu20O

thin films has garnered significant attention in recent years[114].
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1.7 Organometallic Thin Films

Organometallic compounds, characterized by at least one bond between a metal
and a carbon atom, represent a vital intersection of inorganic and organic chemistry.
This interdisciplinary field has significantly advanced the understanding of chemical
bonding mechanisms, particularly due to the distinctive bonding properties and
intricate  molecular structures of these compounds. Beyond their theoretical
significance, organometallic compounds are invaluable in practical applications,

especially in catalysis and organic synthesis[115].

organometallic compounds bring numerous advantages, such as enhanced
reactivity, improved reagent efficiency, increased product yields, and reduced energy
requirements and environmental impact. Their adaptability is particularly prominent
in advanced technological domains, including nanotechnology and microelectronics.
Here, they serve as essential precursors in synthesizing thin films for integrated circuits
and other high-performance materials. This role highlights their pivotal contribution

to advancing material science and electronic device innovation[116].

1.8 Metallocene

Metal-organic frameworks (MOFs) are exceptionally promising materials that
hold great potential in diverse sectors such as electrocatalysis, electronics, and
batteries[117, 118]. These structures are composed of arrays of inorganic nodes
coupled by organic ligands in many dimensions. They provide a solution to the
increasing demand for cleaner and sustainable energy storage[119, 120]. The
fabrication of thin films of MOFs on conductive substrates has recently enabled their
electrochemical characterization and expanded their applications in diverse areas
(Figure 1.10)[119].

While initially most MOFs were regarded as electrical insulators, there have
been reports of certain MOFs demonstrating efficient charge transport [121-123]. By
carefully selecting ligands and nodes with appropriate electronic properties during
MOF synthesis[122], it becomes possible to create extended structures with pathways
for charge transport[123]. Additionally, postsynthetic modifications (PSMs) of
existing MOFs have proven to be an effective strategy for incorporating electroactive

components. In particular, the use of coordinatively unsaturated metal clusters has
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been extensively employed to introduce redox-active species within the
frameworks[124-126].

Figure 1.10. Metallocene Chemical structure[127] .

1.8.1 Ferrocene as electroactive material

Organometallic compounds have garnered significant attention in the realm of
electro-active materials due to their distinct chemical and electrochemical attributes
[128-133]. Among these compounds, ferrocene stands out as particularly noteworthy,
owing to its exceptional properties. These properties include remarkable tolerance to
oxygen and moisture as well as notable thermal stability[134-137]. Ferrocene
derivatives are organic compounds widely regarded as standard systems due to several
key factors. First, their structural stability, stemming from the unique ferrocene
framework, provides a solid foundation for their use. Secondly, the straightforward
modification process facilitates a reversible single electron transfer (Fc*/Fc), making

them versatile in various applications.

Additionally, these derivatives exhibit lower oxidation/reduction potentials,
making them attractive for electrochemical procedures, especially in non-aqueous
solutions, where the fully reversible FcH*® redox pair serves as a typical reference, A
significant advantage of ferrocene-derivatives lies in their simplicity for organizing
self-assembled monolayers (SAMs)[26-30]. Ferrocene (Fc) and its polymers are
frequently employed in the creation of biosensors due to their robustness in redox
reactions and the ease with which derivatives can be synthesized. Fc is a resilient metal

complex that features an iron (1) atom nestled between two cyclopentadienyl ligands.
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A prime illustration of a biosensor that utilizes Fc is the amperometric glucose sensor.
These sensors are assembled by affixing glucose oxidase (GOx) onto the surface of
metal or carbon electrodes. The redox reaction of Fc is then linked with the glucose
oxidation catalyzed by GOx, facilitating the electron transfer from the active center of
GOx to the electrode[138, 139].

Fc-modified materials are commonly utilized to create thin films on electrode
surfaces, which are integral in the construction of mediator-type biosensors. There are
various methods typically used in the formation of Fc thin films, including in situ
polymerization, layer-by-layer (LbL) deposition, and selective adsorption

electrodeposition.

In 2014, Constantinescu et al,[140] ferrocene carboxaldehyde, or
cyclopentadienyl(formylcyclopentadienyl)iron, were developed on silicon and glass
substrates. This was achieved using a technique called matrix-assisted pulsed laser

evaporation, with a Nd:YAG device operating at 266 nm (4).

The films demonstrated second harmonic generation capabilities when tested
with a femtosecond Ti:sapphire laser. Similarly In the same year, Matei et al,[141]
have explored the creation of high-quality, nanometric ferrocene thin films using a
non-traditional method known as matrix-assisted pulsed laser evaporation (MAPLE).
This process was conducted on silicon and ITO coated glass substrates using a
Nd:YAG pulsed laser device. In 2015, Hod et al,[141] discuss the incorporation of
ferrocene molecules into the wide-channel metal-organic framework (MOF)
compound, NU-1000.

By applying this alteration as thin-film coatings on electrodes, the MOF becomes
electroactive in close proximity to the ferrocenium/ferrocene (Fc+/Fc) redox potential.
This phenomenon occurs as a result of the transfer of electrons (redox) between fixed
Fc*’° entities. The observed transfer of electrons across different sites indicates the
potential usefulness of the installed species as a mediator of electron transfer in

photoelectrochemical or electrocatalytic systems.

In 2016, Rong et al,[142] conducted a study on anion absorption and charge
transport in a polymer called PIM-EA-TB using electrochemical deposition. The
researchers analyzed three situations: (i) the process of oxidizing ferrocene within a

thin layer of PIM-EA-TB on a glassy carbon electrode, (ii) the process of reducing
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protons absorbed within a thin layer of PIM-EA-TB on a platinum electrode, and (iii)
the process of transporting anions and protons in a separate PIM-EA-TB membrane
that is asymmetrically deposited, which acts as a current rectifier or "ionic diode"
under the influence of an applied potential. The diameter and hydrophobicity (size and
hydration energy) of the anion exhibited significant conflicting impacts in all

instances.

In 2017, Cuartero et al,[143] did a study where they used cyclic voltammetry
(CV) to analyze thin membranes doped with ferrocene molecules. These membranes
were around 200 nm thick and were placed on glassy carbon (GC) substrate electrodes.
This is illustrated in Figure 1.11. The membranes consisted of either plasticized
poly(vinyl chloride) (PVC) or unplasticized poly(methyl methacrylate)/poly(decyl
methacrylate) (PMMA-PDMA). It was discovered that the electrochemical oxidation
behavior was irreversible, most likely because the degradation of ferrocene occurred

at the interface between the GC and the membrane.

Additional investigations on the CV of ferrocene molecules were conducted on
GC electrodes in organic solvents. These experiments utilized both chloride-based and
chloride-free organic electrolytes. The results revealed that the presence of the chloride
anion played a vital role in the irreversible electrochemical oxidation of ferrocene. The
researchers examined the electrochemical oxidation process of redox compounds
based on ferrocene in thin film electrodes made of both plasticized and unplasticized

polymeric membranes.
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Figure 1.11. Displays the chemical structures of Fc-based compounds. (a) Ethynylferrocene, also
known as ethynyl Fc, and (b) 1-dodecyl-1H-1,2,3-triazol-4-yl) ferrocene, also referred to as Lip Fc.
(c) Cyclic voltammetry (CV) is performed using a three-electrode system on a glassy carbon (GC) rod
or coupon shape. The solvent used is acetonitrile (ACN), and the solution contains either ethynyl Fc
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or Lip Fc along with various lipophilic electrolytes that have different anions (BusN+ X"). (d)
Another CV experiment is conducted using a GC rod or coupon coated with a thin membrane layer.
The membrane contains either ethynyl Fc or Lip Fc and a lipophilic electrolyte (R+ R, ETH500).
This coated electrode is then placed in contact with an aqueous solution containing a background
electrolyte (Na* X). (e) The thin layer membrane-coated GC coupon is characterized using
synchrotron radiation-X-ray photoelectron spectroscopy (SR-XPS) and near edge X-ray absorption
fine structure (NEXAFS) techniques. These measurements are performed under ultra-high vacuum
conditions, and depth profiles are obtained by alternating argon ion sputtering with SR-XPS/NEXAFS
measurements[143].

In 2019, Liu et al,[144] developed a unique ferrocene-functionalized silver
cluster (FCAgCs) using ultrasound treatment. The ultrasound synthesis method played
a crucial role in facilitating and speeding up the synthesis of this remarkable structure.
Single-crystal X-ray analysis revealed that the cluster is a cationic species consisting
of four rhombic silver atoms and two isolated BF4- counter anions. The cluster
demonstrated thermal stability greater than 200°C and was found to be sufficiently
stable for the fabrication of FCAgCs/ITO thin films and exploration as electrochemical
response materials. These properties led to its use in the preparation of thin films on
ITO substrates using the spin coating method (Figure 1.12). Furthermore, the
FCAgCs/ITO thin film electrode was used as a thin film electrochemical detector,
showing a sensitive and rapid response in the detection of H2Oo.

Deposition of ferrocene derivatives on FTO or ITO glasses showed high
efficiency in various fields, improved the quality of the film, and prevented the
migration of ions in the film. Ferrocene derivatives can also be coated on various
surfaces and used to manufacture delicate devices such as low-cost multi-level organic
memorizes [145-147].
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Figure 1.12. Displays the characterization and application of FCAgCs/ITO thin films. (a) The graph
displays the TGA and DTA curves. (b) It presents the X-ray diffraction (XRD) pattern of cluster 1
after being heated at various temperatures. (c) The measured absorption is compared with the
predicted spectra. The UV-vis diffuse reflectance spectra of the material indicates that the optical
energy gap is 2.30 eV. (d) Cyclic voltammograms for compound 1 dissolved in dichloromethane
solution with a concentration of 0.1 M nBusNPFg as the supporting electrolyte were obtained at
different scanning rates. The voltammograms showed one pair of redox peaks with average potentials
of Epa=1.258 V and Epc = 0.893 V, followed by one quasi-reversible redox peak within the voltage
range of 0.6 V to 1.6 V. The cyclic voltammograms (CVs) of the FCAgCs/ITO thin-film electrode
were measured in a 0.1 M NazSO; solution, both without and with the addition of 15% H,0 (20 pL).
The scan rate is 100 mV/s. (e) The suggested process of electron transfer between the electrode and
hydrogen peroxide in the presence of the Fc/Fc* couple. The anodic and cathodic peaks exhibit a shift
to 0.63 and 0.44 V respectively, suggesting that the presence of H,O enhances both the anodic and
cathodic processes[144].

Prior study has created mesoporous silica layers on ITO substrates for

electrochemical cysteine detection. These layers were both unmodified and
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functionalized with ferrocene, and featured vertical nanochannels. The electrodes,
using ferrocenedimethanol (Fc(MeOH)2) as a mediator, exhibited electron transfer
rates that were three times higher for cysteine compared to glutathione, enabling the
specific detection of cysteine. The sensitivity of cysteine concentrations ranging from
3-20 uM was demonstrated to be 1.28 mA M using cyclic voltammetry and
amperometry in flow injection study. The reproducibility of the measurements was
found to be between 3-12%. The minimum detectable quantity of cysteine was 3
HM[148].

In 2022, Chou et al[149] demonstrated the successful immobilization of
mononuclear Co" chlorin complexes on conductive metal-oxide electrodes using
electron-conducting molecular wires. These wires, featuring phenylene—ethynylene-
based m-conjugation and linked permethylated o-cyclodextrin, enhanced
electrocatalysis for the selective two-electron reduction of molecular oxygen to
hydrogen peroxide (Figure 1.13). The study compared electrochemical behaviors of
ferrocene (Fc) molecules on ITO substrates with and without rotaxane encapsulation.
Results showed that Co'" chlorin immobilized using rotaxane-encapsulated molecular
wires exhibited significantly higher electrocatalytic activity and selectivity, with a
turnover frequency for H2O. production of 331 £ 75, compared to 82 + 8 without

rotaxane encapsulation.

Chapter 1: Overview and Literature 26



Chapter 1: Overview and Literature

(b) 400
350 _CO“(Ch)—5/FTO ®
2 300 |---- Co'(Ch)-5FTO
CS: 290 szssaccr Co'(Ch)/FTO
E :
o 200
o
© 150
()
& 100 3
O | e -
80 |------gzzam ‘&
5 et
0 0.5 1 1.5 2 2.5
Time (h)

Figure 1.13. AFM images of the ITO substrate modified with (left) 4 and (right) 4’ (b). H20:
production of Co'"(Ch)-5/FTO (solid line), Co'"(Ch)-5>/FTO (dashed line), and Co'(Ch)/FTO (dotted
line) fabricated by the LB method[149].
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2.1 ELECTRODEPOSITION

Electrochemical deposition represents a highly adaptable and environmentally
friendly approach employed in the fabrication of various nanomaterials. The
electrochemical analysis pertains to the chemical reactions of samples or solutions
when subjected to an applied electrical potential. The potentiostat, linked to electrodes
immersed in an electrolyte, effectively monitors and regulates the rate of redox

reactions.

The process occurs within a standard electrochemical cell, The potential is
effectively controlled and measured between a reference electrode (R.E.) and the
working electrode W.E (cathode), which is the sample. Simultaneously, an auxiliary
electrode (C.E.) is positioned at the anode, and the current is quantified between this
electrode and the cathode. During the plating process, voltage disparities induce redox
reactions within the system, leading to the deposition of metal ions (M#*) onto the
sample. Generally, the redox equation for a metal solution within a basic
electrochemical cell is expressed by equation 2.1. At the anode, the metal ions undergo
oxidation, transforming into M#*. These ions subsequently interact with other ion
components present in the electrolyte and are drawn towards the negatively charged

surface of the sample.

M + Zew <M 2.1)

Given that the electrolyte comprises metal ions in an aqueous solution (ag),
multiple reactions are possible[150], and one of the reactions that merits consideration

is the reaction involving water:
2H,0(l) + 2 — H,(g) + 20H (aq) (2.2)

This process can be further broken down into two half-reactions, with each half-
reaction occurring at one of the electrodes, namely the anode and the cathode[151]:

2H,0(l) —» O, +4H"(aq) + 4e” (2.3)
2H"(aq) + 2 —>H,(9) (2.4)
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At the anode, hydrogen and oxygen act as the oxidants, accepting electrons,
while water serves as the reductant, donating electrons. Conversely, at the cathode,
hydrogen ions act as the oxidant, and gaseous hydrogen acts as the reductant. Over
time, a dynamic equilibrium is achieved as the system reaches a balance between the

ongoing reactions[151].

2.1.1 Cyclic voltammetry (CV)

Cyclic voltammetry is a technique that involves applying a potential to a working
electrode, following a triangular waveform, and then observing the resulting flow of
current. This method offers valuable and direct insights into the energetics of redox
reactions, the dynamics and reversibility of electron transfer, and the rates of
interconnected chemical reactions. It is widely utilized by both electrochemical experts

and those without specialized knowledge in the field.

In the experimental setup depicted in Figure 2.1, the working electrode’s
potential is cyclically varied between two limits. This facilitates the successive
oxidation and reduction of an electroactive species. This species can either be present
in solution or adsorbed at the electrode’s surface. By observing the current as a
function of potential, researchers can generate unique current-potential

voltammograms specific to the studied system.

Cyclic voltammetry finds diverse applications, spanning from unraveling
complex reaction mechanisms to quantifying crucial analytes in environmental,
industrial, and medical solutions. Recent technological advancements, including the
use of microelectrodes, allow routine measurement of rapid electron transfer rates and

even the identification of short-lived species lasting mere nanoseconds[152].
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Figure 2.1.The conventional cell utilized for electrodeposition involves positioning the sample at the
cathode, and the voltage measurement is referenced against a reference electrode[153].

Cyclic voltammetry (CV) offers a powerful approach for both qualitative and
quantitative analysis by enabling the identification of multiple species in a single
measurement and estimating their concentrations in solution. The current response
observed during the application of potential arises from two primary processes:
Faradaic current, which results from redox reactions occurring in the solution, and
capacitive current, which is due to the charging of the electrochemical double layer at

the electrode-solution interface.

In contrast to potential step techniques, CV plots the current response as a
function of applied voltage, rather than time, providing a more comprehensive view of
the electrochemical behaviour of the system. This technique is particularly
advantageous for studying reversible reactions, where the species involved undergo
continuous cycles of oxidation and reduction. The voltage is varied in a controlled
manner using a triangular waveform, as illustrated in Figure 2.2. This waveform
allows for the sequential and cyclic application of increasing and decreasing potentials,
which facilitates the observation of both oxidative and reductive processes within the

same experiment.
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Figure 2.2. The applied potential to the cell as a function of time[154].

The diffusion layer formed at the surface of the macroelectrode displays a linear
profile. The cyclic voltammogram obtained for a reversible electrochemical reaction

using macroelectrodes (Figure 2.3) can be characterized as follows:

1. The peak current ratio at the anode (Ipa) and the cathode (Ipc) is unity (equal

to one).

[1p. | /]1p, =1 (2.5)
2. The peak currents exhibit a proportional relationship with the square root of

the scan rate, v, as described by the Randles-Sevcik equation:

Ip, = 0.44632FCA(ﬂ)1’2 (2.6)
RT
Which is simplified in:
Ip, = 2.69%10°2¥*CAD"*"? (2.7)

Where z represents the quantity of electrons engaged in the reaction, F denotes
Faraday's constant (96485 C/mol), C represents the bulk concentration (mol/dmq), A
signifies the electrode surface area in square decimeters (dm”2), v indicates the scan
rate (V/s), D represents the diffusion coefficient in square (dm?/s), R symbolizes the
universal gas constant (8.314 J/mol.K), T stands for the temperature in Kelvin (K), and

Ipa refers to the anodic peak current in amperes (A).

3. The relationship between the peak potential and the redox couple potential,

Ep can be described as follows:

E, = (Ep, +Ep,)/2 (2.8)
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4. When the reaction involves z electrons, the voltage difference between the
two peak potentials can be approximated using the following
estimation[154]:

Ep, — Ep, =2.218RT / F (2.9)

- Oxidation
R—O+e”

Ip,

Current density [HA/cm?Z]

1 ¢ Reduction

O+e™—>R

— —
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Figure 2.3. lllustrates a cyclic voltammogram of a reversible reaction employing a macroelectrode.
2.1.2 Chronoamperometry

Chronoamperometry is an electroanalytical technique that involves the
application of a square-wave voltage to the working electrode over a specific period
of time. The electrode current, measured over time, experiences fluctuations caused
by the diffusion of an analyte from the surrounding fluid towards the surface of the
sensor. Chronoamperometry is a technique used to investigate the relationship
between current and time for processes that are controlled by diffusion and occur at an
electrode [155].

Chronoamperometric experiments are performed using two primary setups: a
single potential step, which entails applying a forward potential step and measuring
the resulting current, or a double potential step, where a forward potential is applied
and then returned to the initial value within a specified time interval. Cottrell's equation

is used to describe the current measured at different time intervals following the
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application of a high single potential step or a substantial overpotential in the context
of reversible redox processes.

. nFAC,D}?

The variables in the equation are defined as follows: n represents the number of
electrons transferred in the redox reaction, F is Faraday's constant (96,485
Clequivalent), A represents the electrode surface area (cm?), and C and D refer to the
concentration (mol/cm®) and diffusion constant (cm/s), respectively, of the

electroactive species in the solution.

Figure 2.4 displays a chronoamperometry with two distinct steps. The potential
step program involves a forward potential step (Ei) that reaches a secondary value (ES)
within a specific time interval (t). During the reverse potential step, the potential can
either revert back to the starting value (Ei) or be modified to different values of E,
depending on the experimental and system conditions. Usually, the electrical current
for the opposite scanning potential conditions is also measured within the time interval
1[156].
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Figure 2.4. Double potential step chronoamperometry[156].

2.1.3 Electrochemical Impedance Spectroscopy (EIS)

Electrical impedance spectroscopy (EIS) represents a potent and versatile
method applicable across a wide spectrum of fields, including microbiological
analysis, corrosion monitoring, quality assurance of coatings, and the examination of

solid electrolytes. The roots of EIS can be traced back to 1894 when it was employed
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to determine the dielectric constant of aqueous electrolytes and various organic fluids.
Nonetheless, it was not until the mid-1980s that EIS gained substantial traction,
primarily due to the advent of computer-controlled digital instruments. These
innovative tools facilitated swift and uncomplicated data acquisition and intricate data

processing and analysis.

The interest in EIS surged significantly, resulting in a doubling of scientific
publications related to EIS applications approximately every four to five years,
culminating in over 1200 papers published by 2006. The inaugural EIS conference
commenced in 1989 in Bombannes, France, and subsequently, gatherings have

occurred every three years.

The EIS procedure essentially involves two variants, one of which is referred to
as "potentiostat EIS." In this method, a sinusoidal voltage signal is applied.

V(t) = U+ Usin(wt) (2.11)

A sinusoidal voltage is administered to the sample under examination (SUT),

resulting in the generation of an induced electric current.
I1(t) =1+ 1-sin(wt + ¢) (2.12)
Subsequently, the complex impedance is computed by determining the measured

values.

e 7o = |z| . ) 49D (2.13)

v(%) D
B I

= Re(Z) +j.Im(Z)

D represents the amplitude of the voltage, while I signifies the amplitude of the
current. 7 and I denote the direct current (DC) values of voltage and current,
respectively. The symbol ( f ) stands for the frequency of the test signal, '®' represents
the angular frequency (equal to 2xf), and '¢' denotes the phase difference between V(t)
and I(t). Additionally, '"V(jo)' and 'I(jo)' correspond to the Steinmetz transforms of
V(t) and I(t), respectively. The parameters associated with the sine-wave can be
derived from the collected signals through either a time-domain fitting algorithm, or

by employing a fast Fourier transform algorithm[157].
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2.2. CHARACTERIZATION TECHNIQUES

2.2.1. X-ray Diffraction (XRD)

X-ray Diffraction (XRD) is a scientific technique wherein X-rays are subjected
to diffraction as they interact with the atomic spacing within a crystalline structure. X-
rays are chosen as the ideal type of photon for this purpose due to their wavelength
being of a comparable magnitude to the spacing between atoms in the crystal lattice.
This technique can be applied to analyse a wide range of substances, although it is
commonly employed for the specific purpose of mineral sample identification. In
XRD, when X-rays are directed at a crystal at certain specific angles, they undergo

diffraction.

The critical information lies in the specific angles at which diffraction occurs. It
is the combination of these diffraction angles that is utilized to determine the identity
of the mineral in question. For instance, in the case of a pure copper sample, distinct
diffraction angles typically appear around 43 and 50 degrees. If diffraction occurs at
angles other than these, it would indicate a different mineral composition rather than
copper. The primary purpose of X-ray Diffraction (XRD) lies in the qualitative
determination of the mineral composition within crystalline samples and the
determination of their unit cell parameters. In the XRD process, a diffractometer
records the diffracted beam emerging from a crystalline specimen that has been
exposed to a monochromatic X-ray, typically one generated by the Cu Ka line. The
detector is specially engineered to capture the distribution of the diffracted intensity

originating from the sample as a function of the scanning angle 26.

When we consider the arrangement of atoms and X-ray diffraction planes, as
depicted in Figure 2.5, the Bragg law dictates that constructive interference occurs

under the following conditions:
2dsin(@) = nAl (2.14)

0 represents the incident angle formed between the X-ray radiation and the
sample, while 'd' denotes the interplanar distance specific to each crystalline sample.
Typically, when X-rays impinge upon a sample, they interact with numerous
crystalline structures oriented in various directions. The instrument's geometry is

designed to detect only the X-rays that have been reflected at a particular 6 angle.
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A standard sample contains both crystallites and grain boundaries, with
approximately 80% of the signal emanating from the crystallites (with grain sizes on
the order of 10® meters or 10* Angstréms) and the remaining 20% arising from the
grain boundaries. Utilizing the Bragg law, one can compute the interplanar distances.

For instance, the interplanar distances for the family of planes are as follows:

dioo = a (2.15)
a a
dizo =acos(f) =a ——=— (2.16)
Va? + 4a? /5
in(6 = A = A 2.17
sin( )100_2d100_2a (2.17)
. A _VJ5A
Sin()120 = 35 —=" (2.18)

X-ray
source

Figure 2.5. XRD analysis (a) lllustration of Bragg's Equation (b) Elements of a Diffractometer[158].
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2.2.2. Morphology analysis

Scanning Electron Microscopy (SEM) is a technique for surface analysis, using
a high-energy electron beam to generate signals collected into detailed images. Two
key interactions occur: elastic scattering, where electrons deflect off atomic nuclei or
outer-shell electrons, producing backscattered electrons (BSEs), and inelastic
scattering, where energy transfer releases secondary electrons (SEs). BSEs offer

compositional and surface data, while SEs provide high-resolution topographic details.

SEM uses an electron source emitting beams between 0.1 and 30 keV, focused
by electromagnetic lenses in a vacuum to avoid scattering[159].

The electron beam then scans the surface of the target material using scan coils.
As the beam interacts with the sample, it generates various signals, including
backscattered electrons, secondary electrons, and characteristic X-rays, which are
captured by different detectors. These detectors produce the final images, which are

displayed on a computer screen[160].
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Figure 2.6. A schematic diagram of a scanning electron microscope (SEM)[161].
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2.2.3. Optical analysis
UV-Visible spectroscopy (UV-Vis spectroscopy) is an analytical technique used

to measure the absorbance or transmittance of UV and visible light by a sample, widely
applied in chemistry, biology, and environmental science for identifying and
quantifying chemical substances. The principle of UV-Vis spectroscopy is based on
the absorption of light by electrons in a molecule, where exposure to UV or visible
light promotes electrons from a lower energy state (ground state) to a higher energy

state (excited state), corresponding to electronic transitions[162].

The technique involves a light source emitting UV and visible light, which
passes through a monochromator to separate the light into its constituent wavelengths.
The sample, typically in liquid form, is placed in a cuvette in the light path, and a
photodetector measures the intensity of the transmitted light compared to the incident
light. The absorbance is calculated using the equation

A = logyo(lo/I) (2.18)

where 10 is the incident light intensity and I is the transmitted light intensity,
producing a spectrum plotted against wavelength. Applications of UV-Vis
spectroscopy include quantitative analysis for determining the concentration of
colored compounds in solution using Beer-Lambert’s law, qualitative analysis for
identifying and characterizing compounds, and monitoring reaction progress in
kinetics studies. Its simplicity, speed, and versatility make UV-Visible spectroscopy

an essential tool in many scientific disciplines[163].

2.2.4. Functional group analysis by Fourier transform infrared
spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) operates on the principle of light
absorption in the infrared portion of the electromagnetic spectrum by most molecules
in a sample. The resulting spectrum illustrates molecular absorption and transmission,
effectively creating a molecular fingerprint characterized by absorption peaks that
correspond to the vibrational frequencies of the bonds between atoms in the material.
FTIR offers several advantages, including the ability to identify different materials,
quantify the amount of material present by measuring peak sizes, determine the

number of components in a mixture, and assess the quality or consistency of a sample.
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Consequently, FTIR serves as a rapid and sensitive analytical technique for obtaining

key information regarding the characterization of nanoencapsulation systems[164].

The principles of infrared spectroscopic technology are based on the atomic
vibrations of molecules that absorb specific frequencies and energy levels of infrared
radiation. Fourier-transform infrared (FTIR) spectroscopy enables the detection and
classification of molecules, as each type of molecule exhibits a unique infrared
spectrum. Figure 6 illustrates the operational workflow of FTIR. The FTIR
spectrometer primarily employs an interferometer to assess the energy transmitted to
the sample. Infrared radiation emitted from a black body reaches the interferometer,
where the spectral encoding of the signals occurs. The resulting interferogram signal
is either transmitted through or reflects off the sample surface, absorbing particular
energy wavelengths. Finally, the beam travels through a detector and is then sent to a

processing computer for the Fourier transformation of the energy signals[165].
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Figure 2.7. Fundamentals of Fourier-Transform Infrared Spectroscopy (FT-IR)[166].

2.2.5. Surface Topography

3D surface topography refers to the detailed representation of a surface's shape,

texture, and features in three dimensions, utilizing various measurement techniques
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such as stylus profilometry, optical interferometry, laser scanning microscopy, and
atomic force microscopy. These methods collect height data over a defined area, which
is then processed to reconstruct a 3D representation, often employing surface
roughness parameters like Ra (arithmetic average roughness) and Rz (average
maximum height of the profile) to quantify surface texture. The analysis focuses on
surface features that impact properties like adhesion and wear resistance, with
applications across materials science, microelectronics, and biotechnology.
Ultimately, the processed data can be visualized in 3D models, enhancing the

interpretation of surface characteristics and their influence on material behavior[35].

2.3. Substrate preparation

2.3.1. Ag/ITO preparation

Silver nitrate (AgNOz3) with a 99.8% purity level, sourced from Biochem Chemo
Pharma in France, was dissolved in 12.5 ml of distilled water to create a 0.001M
solution. Concurrently, sodium nitrate (NaNOs) of 99.0% purity from the same
supplier was dissolved in 12.5 ml of distilled water to achieve a 0.1M concentration.
This higher concentration of NaNO3s was used to improve the current conductivity in
the solution, acting as a supporting electrolyte. The solutions of AgNO3 and NaNO3
were then combined in 25 ml of distilled water at room temperature. Indium tin oxide
(ITO) conductive glass, measuring 1 cm x 2 cm with a thickness of 1 mm, was used
as the substrate for electrodeposition. Prior to deposition, the ITO glass underwent

thorough cleaning with acetone and distilled water, followed by drying at 30°C.

Electrochemical deposition was conducted using a standard three-electrode open
cell configuration. The 1TO-coated glass was positioned vertically as the working
electrode (WE), with one side facing the counter electrode and only 1 cm immersed in
the solution. The counter electrode (CE) was a platinum wire, 0.05 cm in diameter and
1 cm long. A calomel electrode (Hg/Hg-Cl./KCI) served as the reference electrode
(RE) and was in contact with the solution. To ensure consistency, all electrodes were
rinsed with deionized water before and after each experiment. The electrodes were
arranged with a separation of approximately 0.5 cm within the electrochemical cell.
This setup allowed for precise control over the deposition process, influencing the
energy, size, shape, and kinetics of the deposited materials. CVs experiments were

conducted at ambient temperature using a PGZ 301 instrument, specifically the
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DYNAMIC-EIS Voltammetry mode, and controlled by the VOLTAMASTER 4
V7.09 software (Serial no. 913V718/INT). The choice of an ITO glass electrode as the
substrate for silver (Ag) electrodeposition is prevalent due to its favourable surface
roughness characteristics.

The process of electroplating silver onto the ITO substrate involves the reduction
of silver ions (Ag ions) leading to the formation of neutral silver atoms at the cathode,

as detailed in the following procedure.
Ag"+e — Ag (2.19)

An external current supply was linked, enabling the deposition of silver ions onto
the substrate through a reduction process. The quantity of silver atoms deposited on
the substrate increases with higher silver ion concentrations, yet it's essential to ensure
that the silver concentration does not exceed that of the supporting electrolyte. The
deposition time and scanning rate play pivotal roles in the creation of multidimensional

layers on the substrate surface.

2.3.2. NFMAJ/FTO preparation
Materials

Ethanol (C2HsOH), Methylene blue (C16H18CIN3S), and Sulfuric acid (H2SO4)
were procured from PubChem. N-(ferrocenylmethyl)aniline (NFMA) (Ci7H17FeN)
and distilled water (H-O) were sourced from the research laboratory "Valorisation and
Technology of Sahara Resources (VTRS) in Eloued, Algeria.” The working electrode,
Fluorine-doped Tin Oxide (FTO), and an aqueous solution of Hydrogen peroxide

(H202) were acquired from a commercial laboratory.

Apparatus and instruments

CV and chronoamperometric measurements were conducted using a PGZ 301
instrument with DYNAMIC-EIS capabilities, managed by VOLTAMASTER 4 V7.09
software (Serial no. 913V718/INT). The experiments were carried out in a three-
electrode configuration at room temperature, employing an Ag/AgCl reference
electrode. Structural characteristics of the modified electrodes were analyzed using X-
ray diffraction (XRD). Surface topography and roughness were assessed with a Tencor

P-7 mechanical profilometer. Measurements were taken under standard air conditions
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and ambient temperature. The three-dimensional data were acquired using the 2-bar
method, and a Gaussian filter with a 0.800-micrometer cut-off was applied to minimize

edge effects.

2.4. Preparation of the FTO Electrode

Before modification, the FTO electrode underwent a thorough pre-treatment
process to remove any residual impurities and ensure optimal surface cleanliness. This
preparation began with immersing the electrode in acetone within an ultrasonic bath
for 30 seconds. The ultrasonic treatment effectively dislodges contaminants from the
surface by utilizing high-frequency sound waves, which create microscopic cavitation

bubbles that aid in the removal of stubborn residues.

Following the acetone bath, the electrode was rinsed thoroughly with distilled
water to remove any remaining solvent or loosened debris. It was then dried using a
stream of nitrogen gas, which prevents the formation of water spots and minimizes the
introduction of new contaminants. To further improve the surface cleanliness, the
electrode was subjected to a heat treatment at 80°C for 20 minutes. This heating step
serves to evaporate any remaining moisture and ensures that the electrode surface is
free of organic impurities. After the heat treatment, the electrode was rinsed again with
distilled water to ensure complete removal of any residues generated during the
cleaning process.

2.4.1. Electrochemical deposition of NFMA/FTO

The electrochemical behavior of a solution containing 0.01 g/mL NFMA
(C17H16NFe), dissolved in a mixture of 9 mL ethanol and 3 mL of 0.1M H,SOs, was
systematically explored using CV. The resulting CV curves, as shown in Figure 2.5a,
reveal characteristic redox peaks within the potential range of 0 to 800 mV when
scanned with the FTO glass electrode. These peaks correspond to the oxidation and
reduction processes of NFMA, providing valuable information about the

electrochemical properties of the system.

Additionally, the redox peaks remained stable over time, as evidenced by Figure
2.5b, which highlights the durability and consistency of the redox behavior under
repeated scans. This stability suggests that NFMA maintains its electrochemical
activity throughout the experimental period, making it a promising candidate for

applications requiring long-term reliability, such as sensors or catalysis.

Chapter 2: Experimental techniques 43



Chapter 2: Experimental Techniques

To modify the electrode with NFMA, a chronoamperometric technique was
employed. A potential of 527 mV was applied for 7 minutes, facilitating the oxidation
of NFMA on the electrode surface. Following this oxidation process, a coating
technique was implemented, with the potential set to 263 mV, as indicated in Figure
2.6. This step allowed for the controlled electrodeposition of NFMA onto the FTO
substrate.

After the deposition process, the modified electrode was thoroughly washed with
distilled water to remove any unbound material and then dried at 70°C for 2 hours to
ensure a stable and uniform coating. This procedure produced a well-adhered NFMA
film on the FTO surface, ready for further electrochemical testing or application. The
meticulous preparation and modification steps contribute to the robustness and
functionality of the NFMA-coated electrode, making it suitable for various

electrochemical applications.
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Figure 2.8. Cyclic voltammetry results, including (a) the cyclic voltammogram of NFMA-modified
FTO with a scan rate of 50 mVs™ and (b) 100 cycles of cyclic voltammetry recorded at the same scan
rate of 50 mV/s™.
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Figure 2.9. Chronoamperometry curve, illustrating oxidation and reduction processes involved in the
growth of NFMA on the FTO electrode.

2.4.2. Chemical deposition of NFMA/ FTO

Prior to the immersion process, all glassware and the FTO electrode were
meticulously cleaned to ensure the elimination of impurities that could affect the
experiment’s outcome. The cleaning procedure involved washing the materials with
acetone (C3HsO) to dissolve any organic contaminants, followed by rinsing with
distilled water to remove residual acetone. Afterward, the glassware and electrode

were dried in a 70°C oven to ensure a contaminant-free surface before use.

A solution was then prepared by dissolving 0.01 g/mL of NFMA in 6 mL of
ethanol in a beaker. The mixture was maintained at a constant temperature of 25°C to
ensure stability and uniform dissolution of the NFMA. A 1 cm? section of the FTO
electrode was carefully immersed in the solution for 5 minutes, allowing sufficient

time for NFMA molecules to interact with the electrode surface.

After completing the immersion process, the electrode was gently extracted from
the solution and thoroughly rinsed with distilled water to remove any unbound NFMA
or other potential contaminants. Finally, the electrode was subjected to a drying
process in a 70°C oven for 2 hours. This step ensured the complete evaporation of any
residual solvent and the stabilization of the NFMA coating, preparing the electrode for

subsequent applications or electrochemical testing.
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2.4.3. Preparation of Cu20/ITO via Electrochemical Method

The electrochemical properties of a solution containing 0.005 g/mL CuSQO4 and
0.285 g/mL H>SOs4 dissolved in 20 mL of distilled water were systematically
investigated using cyclic voltammetry (CV) over a potential range of -600 to 200 mV.
The CV results, illustrated in Figure 2.7, demonstrate the characteristic redox peak
behavior of the ITO glass electrode during the scanning process from -600 to 200 mV.
These redox peaks are indicative of the electrochemical reactions involving copper

species, which play a crucial role in the formation of Cu20 on the ITO substrate.

To fabricate the Cu2O /ITO electrode, the electrodeposition technique was
employed, allowing for the controlled deposition of copper oxide onto the ITO surface.
Following the electrodeposition, the electrode was thoroughly washed with distilled
water to remove any unbound or excess material, ensuring a clean and uniform coating.
Subsequently, the electrode was dried at a temperature of 70°C for 2 hours, a crucial
step that facilitates the stabilization of the Cu.O layer and enhances its adhesion to the

substrate.
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Figure 2.10. The characteristic redox peaks of Cu.O on the ITO glass electrode after cyclic
voltammetry scanning from -600 to 200 mV.

2.4.4. Preparation of NFMA/Cu20/ITO via Immersion Method
In order to prepare NFMA/Cu.O/ITO using the immersion method, it is
necessary to clean all glassware and the CuO/ITO electrode meticulously with

acetone (CsHgO), rinse them with distilled water, and then dry them in an oven at a
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temperature of 70°C. A beaker was used to make a solution at 25°C by combining 0.01
g/mL of NFMA with 6 mL of ethanol. The Cu.O /ITO electrode, with a surface area
of 1 cm?, was submerged in the solution for a duration of 5 minutes. Following
immersion, the electrode was rinsed with distilled water to eliminate any contaminants
and then dried at a temperature of 70°C for a duration of 2 hours in anticipation of
subsequent utilization. The effectiveness of the NFMA/Cu.O/ITO thin film in
photocatalysis was assessed by observing the decomposition of Rose Bengal (RB) in
the presence of sunshine. A 1 part per million (PPM) solution of RB was created by
dissolving RB in 500 mL of double-distilled water. The solution was agitated using a

magnetic stirrer for 15 minutes and then left in a dark environment for 30 minutes.

For the photocatalytic degradation experiment, an NFMA/Cu.O/ITO sample
with a surface area of 1 cm? was placed in a solution of RB with a volume of 40 mL.
The sample was positioned at an angle of 45° +/- degrees to optimize exposure to
sunshine. Specimens from the amalgamation were gathered every 60 minutes for a
span of 180 minutes. The variation in absorbance was quantified using a
spectrophotometer (UV-VIS JASCO V-770) across the wavelength range of 400 to
900 nm.

2.5. Applications preparation

2.5.1. Photocatalysis of MB
The NFMA/FTO thin-film's photocatalytic performance was evaluated by

assessing its capacity to degrade MB under sunshine irradiation, taking into account
the specific weather circumstances on April 18th, 2023, at EI Oued, Algeria. In order
to create the MB solution, which mimics wastewater, 1 part per million (PPM) of MB
was dissolved in 500 mL of double-distilled water and then agitated using a magnetic
stirrer for a duration of 15 minutes. Subsequently, the resultant solution was placed in

a light-restricted environment for a duration of 30 minutes to guarantee stabilization.

In the experiment on photocatalytic degradation, an NFMA/FTO sample with an
area of 1 cm? was submerged in a solution of 40 mL of MB and placed at an angle of
roughly 50 degrees to optimize sunshine exposure. Different samples were extracted
from the MB solution at regular 30-minute intervals throughout the 180-minute
reaction period to examine their absorbance. The change in absorbance was measured
using a spectrophotometer (UV-VIS JASCO V-770) that operated between
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wavelengths of 400 to 900 nm. Afterwards, the rate of photocatalytic efficiency, which

represents the percentage of degradation, was determined using the following formula:
% D= (Co-Ct/C0)*100 (2.20)

where Co represents the initial concentration at time 0, and Ct represents the

concentration at time t. The calculation of the rate constant (Kapp) follows the equation:

r = -dC.dt = Kapp.C (2.21)

"r" signifies the constant rate, "C" denotes the concentration of MB, "t"
represents time, and "Kapp™ (expressed in units of min”-1) stands for the pseudo-first-

order rate constant.

2.5.2. Detection of H202
The NFMA/FTO sensor platforms that were fabricated were employed to detect

varying concentrations of hydrogen peroxide, specifically ranging from 20 pL to 100
ML, using electrochemical techniques. The experiments were conducted in a 0.1 M
Na.SOs4 solution at ambient temperature, utilizing a three-electrode cell configuration

to facilitate accurate measurements.

In this setup, the working electrode comprised a 1 cm? surface area of
NFMA/FTO, which is critical for achieving optimal sensitivity and response during
detection. The counter electrode was constructed from a platinum wire, providing a
stable and inert surface for the necessary electrochemical reactions. To maintain
potential stability and enhance measurement precision, a custom-built Ag/AgCl
reference electrode was utilized, which is known for its reliability in electrochemical

applications.

This experimental design allows for the effective monitoring of hydrogen
peroxide concentrations through the electrochemical response of the NFMA/FTO
sensor, leveraging the unique properties of the NFMA material to achieve accurate and
reproducible results. The findings from these measurements are significant for
applications in environmental monitoring, biomedical diagnostics, and other fields

where precise detection of hydrogen peroxide is essential.
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Chapter 3: Results and Discussion

3.1. Electrochemical Deposition of Ag Nanoparticles on ITO-Coated Glass:
Effect of Different Cyclic Voltammetry Scan Rates on Ag Deposition

Cyclic voltammetry (CV) was employed to investigate the deposition potential of
silver (Ag) by varying the voltage range from -100 mV to -700 mV across different
scan rates, resulting in a voltammogram. Figure 3.1 illustrates the electrochemical
processes taking place on the surface of the ITO glass electrode, displaying distinct
oxidation and reduction peaks. The reduction peak, located between -100 mV and
-200 mV, corresponds to the deposition of silver onto the ITO glass substrate. This
reduction signifies the transition of Ag* ions into metallic silver on the electrode's
surface. As the voltammogram progresses, these peaks exhibit increasingly
negative values until reaching their maximum potential. Additionally, the
oxidation peak, appearing between 300 mV and 400 mV, represents the reverse
oxidation process, where silver is oxidized back into its ionic form. These peaks
offer insight into the deposition and stripping processes of silver on the ITO glass
surface, revealing key electrochemical properties critical to the development of
electrode-based systems.
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Figure 3.1. Cyclic voltammograms of Ag/ITO system under two different experimental conditions:

(@) 20 cyclic voltammetry (CV) scans performed at a current density of 10 pA/cmz2. (b) 100 CV scans
conducted at a current density of 30 pA/cm2.

To elucidate the electrodeposition mechanism responsible for coating silver (Ag)

onto ITO glass, a controlled experiment was conducted wherein a solution containing
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13 mL of 0.1 M AgNO3 was incrementally introduced into the electrochemical system.
Specifically, 1 mL of AgNOs was added each time a voltammetry curve was recorded

at a scan rate of 30 mV/s.

The recorded voltammetry curves revealed a notable change in current density,
shifting in the negative direction, which indicates a reduction reaction occurring at the
electrode surface. This reduction leads to the formation of Ag ions (Ag") as metallic

silver begins to deposit onto the ITO substrate.

As the volume of the AgNOsz solution was progressively increased, the
conductivity of the ITO glass initially exhibited a gradual rise, reflecting the enhanced
ionic concentration in the solution. Notably, this conductivity continued to increase
until it reached a volume of 8 mL, at which point a relative decline in conductivity was
observed. This decline suggests that a saturation point may have been reached,
potentially indicating a shift in the deposition dynamics or the onset of competitive
reactions on the electrode surface. Interestingly, after reaching a volume of 8 mL, the
conductivity began to increase again from 9 mL onward, implying a subsequent
enhancement in ionic activity and further deposition of Ag ions.

This series of observations underscores the dynamic nature of the
electrodeposition process, providing compelling evidence that the surface of the
working electrode underwent significant alteration as it became coated with Ag* ions

(as illustrated in Figure 3.2).
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Figure 3.2. Electrodeposition mechanism in the ITO/Ag system.
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As depicted in Figure 3.3, the current peak observed in a cyclic voltammogram
was generated using a solution composed of 25 mL of Cnanos at a concentration of 0.1
M, while Cagnos remained at a concentration of 0 M. This result clearly indicates the
successful deposition of silver (Ag), with Ag effectively occupying all available sites
on the ITO electrode. Calibration curves were generated by plotting the anodic peak
height (current) against varying concentrations of silver nitrate. Key validation
parameters, including linearity, limit of quantification (LOQ), precision, and limit of
detection (LOD), were assessed. CVs of AgNOs solutions were recorded across a
concentration range of 0.001 to 0.005 mM within a 0.1 M NaNOs3 solution at room

temperature.
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Figure 3.3. Depicts a voltammogram obtained from an ITO-coated electrode in a solution containing
0.1 M of NaNOz and 0 M of AgNO:s.

The calibration curves for silver nitrate were obtained using the data collected
during these cyclic voltammetric tests. Figure 3.4 displays the calibration curve that
shows the correlation between the concentration of silver nitrate and the electric
current for ITO electrodes. Cyclic voltammetric measurements were conducted on
silver nitrate solutions with linear values ranging from 0.001 mM to 0.005 mM. Figure
3.4 displays the anodic current linked to silver nitrate, plotted against the concentration
of AgNOz. We then performed a linear regression analysis on the collected data. The

calibration curve obtained using ITO electrodes resulted in a correlation coefficient
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(R?) of 0.976. The linear regression equation allows for the estimate of the residual
concentration of AgNOz after the electrodeposition procedure. In order to verify the
precision of this calibration curve, we exposed a small layer of silver on an indium tin
oxide (ITO) glass substrate to a certain duration of analysis. Afterwards, we identified
the maximum value of the anodic current in cyclic voltammetry in order to examine

its influence on the calibration curve.
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Figure 3.4. lllustrates the calibration curves representing the relationship between current density and
various concentrations of AgNOs.

In an agqueous solution, cyclic voltammograms were conducted to analyze the
behavior of AgNOz and NaNOs. These experiments involved varying the scan rate
from 10 to 120 mV/s, resulting in distinct cathodic current peaks (Ipc) at different scan
rates (v). Figure 3.5 displays a graph illustrating the relationship between (Ipc) and
(v1/2) across the potential range of -1 to +7. As illustrated in Figure 3.5, the cathodic
peak (Ipc) exhibited a linear increase corresponding to the scan rate increment. In
accordance with the Scharifker—Hills hypothesis[167], there are two scenarios for
metal deposition based on the initial surface density of nucleation. The first scenario,
termed the instantaneous nucleation process, occurs when an alteration in nucleation
density can be achieved through increased polarization. This heightened polarization
results in an augmented nucleation rate until depletion occurs due to an insufficient

number of nucleation sites.
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zFDY/2 ¢
n—tl/Z

Where k = /(Snp—cm (3.2)

Furthermore, progressive nucleation takes place when there is a high initial

I[(t)ins = [1 — e~ NomkDt] (3.1)

nucleus density at the outset of growth, and the nucleation rate significantly outpaces
the rate of growth. This results in a slow growth process due to the overlapping
diffusion profiles of Ag ions, as indicated by the following equation[167]:

- zFD/% ¢ ~NomkDt
I(t)ins = ey [1—e™ "o ] (3.3)
4 ((8mcM)
where: k== |—= (3.4)
3 p
And A is the nucleation rate constant.
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Figure 3.5. Linear correlation between the cathodic peak (Ipc) and the square root of the scan rate
(v¥2) for the ITO/Ag electrode.

2.1.1. Structural properties

The structural characterization of the synthesized nanoparticles was performed
using X-ray diffraction (XRD) analysis, as depicted in Figure 3.6, which illustrates
the XRD patterns of silver nanoparticles deposited onto ITO substrates under varying
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deposition conditions. In the commercial ITO sample, distinct diffraction peaks
associated with ITO are clearly identified, corroborating the data presented in Figure
3.6. Particularly, the diffraction peak at 20 = 30.37° corresponds to the body-centered
cubic phase of indium oxide (according to JCPDS file No. 06-0416).

A key observation from Figure 3.6(a,b) is the appearance of a prominent
diffraction peak attributed to silver. Based on JCPDS card No. 04-0783, which
describes Face-Centered Cubic (FCC) structures, the most intense peak is typically
aligned with the (1 1 1) plane, a feature that is consistently observed in our samples.
The sharpness and intensity of this peak are indicative of a high degree of crystallinity
in the silver nanoparticles, further substantiated by the narrow width of the peaks,
which suggests a relatively small crystallite size. The broadening of these peaks is
characteristic of nanoscale dimensions, as it is often associated with the reduction in

crystallite size according to the Scherrer equation.

The diffraction peak at 20 = 38.08° provides further evidence of the successful
crystallization of Ag® ions into a well-defined silver phase. Furthermore, the
significantly higher intensity of the silver peaks in comparison to those of ITO
indicates that silver growth preferentially occurred along the crystal planes,
specifically the (1 1 1) plane. This dominance suggests that the silver nanoparticles
exhibited oriented growth with a preferred crystallographic direction, which may have
implications for the physical properties and potential applications of these materials.
The enhanced crystallinity and intensity of the silver reflections underscore the
effectiveness of the deposition process and provide insight into the underlying growth

mechanisms governing nanoparticle formation on ITO substrates.
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Figure 3.6. X-ray diffraction (XRD) patterns for silver deposition onto ITO substrates at different

scan rate (a) 30 mV/s and (b) 10mV/s.

Table 3.1 X-ray diffraction parameters.

Phase 2theta d-spacing FWHM
° )
Ag 38.08 2.36316 0.15941
ITO 30.196 2.95973 0.42509
58
2.1.2. Morphological properties

Crystalline
size (nm)
52.69

19.349

The surface morphology of Ag" ions deposited on ITO glass substrates,

specifically their size, shape, and distribution, was analyzed using scanning electron

microscopy (SEM). Figure 3.7 (a, b) presents the SEM images of silver nanoparticles
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formed under different conditions: during 20 cyclic voltammetry (CV) scans at a scan
rate of 10 mV/s and 100 CV scans at 30 mV/s, within the potential range of -1 to +7
V.

The SEM analysis reveals the formation of relatively larger silver nanoparticles,
which can be explained by the inherent tendency of Ag nanoparticles to aggregate.
This aggregation behavior is primarily driven by the high surface energy associated
with nanoscale silver particles, which leads to an increase in surface tension. As
ultrafine nanoparticles possess a larger surface area relative to their volume, they
exhibit heightened surface energy, promoting particle-particle interactions and
agglomeration. Consequently, the formation of larger nanoparticles is observed,
particularly under conditions where the number of CV scans is increased, as seen in
Figure 3.7b.

The observed surface characteristics suggest that the deposition method and
scanning parameters play a crucial role in controlling nanoparticle size and distribution
on the ITO substrate. The tendency of silver nanoparticles to aggregate can impact
their functional properties, including electrical conductivity and catalytic activity, and
thus must be carefully managed in applications where precise control over nanoparticle

size is critical.

DEC 14 2021 11:11
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Figure 3.7. Scanning electron microscopy (SEM) images of the ITO/Ag electrodeposited within the
voltage range of -1 to +7 V.(a) 20 cyclic voltammetry (CV) scans at a scan rate of 10 mV/s (b) 100
CV scans at 30 mV/s

2.1.3. Optical properties

The optical characterization of Ag* ions within thin films is influenced by both
their internal structure and the distances between individual particles, factors that are
contingent upon the experimental conditions employed. The assessment of visible
transmittance can be carried out using methods such as UV and FTIR spectroscopy. In
Figure 3.8, the optical transmittance of the 1TO/Ag-coated substrates is presented
using UV spectroscopy. Based on the transmittance data depicted in Figure 3.8, it is
evident that the substrate's structure plays a crucial role in dictating its optical
properties. The UV-visible transmittance spectra of the ITO glass (Figure 3.8a), used
as a reference, exhibited a transmittance of 100%. Notably, characteristic peaks
attributed to silver were observed at 324 and 323 nm. The sample subjected to 100
cyclic voltammetry scans at a scan rate of 30 mV/s exhibited greater thickness and
consequently displayed a slightly lower optical transmittance, as this condition led to
the formation of a thicker layer of silver (Figure 3.8b). Conversely, the sample
subjected to 20 cyclic voltammetry scans at a scan rate of 10 mV/s exhibited an
increase in optical transmittance as shown in Figure 3.8c. Importantly, all the samples
exhibited high optical transmittance and maintained clear transparency within the

visible light wavelength range of 300-900 nm.
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Figure 3.8. UV-visible spectra of Ag/ITO substrates: (a) the ITO glass, (b) Ag/ITO deposited at a
scan rate of 10 mV/s, and (c) Ag/ITO deposited at a scan rate of 30 mV/s.

FTIR spectroscopy was employed to analyze and quantify the functional groups
present in the material, providing valuable insights into the chemical composition and
bonding environment. The identification of specific functional groups was facilitated
by comparing the recorded absorption peaks with reference spectra from the literature.
Figure 3.9 illustrates the FTIR spectra, highlighting the characteristic transmittance
bands for the two samples under investigation. A prominent absorption peak at 2104
cm is observed, corresponding to the stretching vibrations of C=C bonds, consistent
with previously reported values. This peak suggests the presence of unsaturated
carbon-carbon bonds, indicative of certain organic or polymeric species[168].
Additionally, a band at 892 cm™ is attributed to the bending vibrations of C-H bonds,
further confirming the presence of hydrocarbon groups within the material's structure.

The emergence of a peak at 1354 cm™ is particularly noteworthy, as it can be
attributed to the O-H stretching mode. This observation is likely due to the interaction
of water molecules with the silver nanoparticle surface, suggesting a degree of surface
hydration or adsorbed moisture. This water interaction may play a significant role in

influencing the surface chemistry and reactivity of the silver.

Furthermore, a distinct peak at 767 cm™ is associated with the C-H bending
vibrations of a (meta) configuration, providing additional confirmation of the presence

of specific hydrocarbon frameworks[169].
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Figure 3.9. FTIR spectra: (a) after 20 cyclic voltammetry scans at a scan rate of 10 mV/s, and (b)
after 100 cyclic voltammetry scans at a scan rate of 30 mV/s.

2.1.4. Conclusion

The successful electrochemical characterization of silver nanoparticles on ITO-
modified electrodes was achieved. Cyclic voltammetry was employed within a
potential range spanning from -1 to +7 V, with variations in the number of cycles and
scan rates, to assess the electrodeposition process of AgNOz on the modified ITO
electrode surface. The SEM analysis unveiled the surface morphology of Ag on ITO
electrodes, showcasing the deposition of nanoclusters. X-ray diffraction (XRD)
analysis demonstrated that the ITO/Ag films on both samples exhibited crystalline
properties with a preference for orientations along the hkl (111) directions.
Additionally, FTIR spectroscopy provided confirmation of the successful formation of
silver on the ITO surface. These findings indicate the creation of a homogeneous
structure with morphological surface features characterized by high efficiency and
favorable optical properties. Such attributes make these materials potentially valuable
for applications in solar cells.
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2.2.NFMA/FTO Electrochemical Thin Film

2.2.1. X-ray diffraction

The X-ray diffraction patterns obtained through electrodeposition of
NFMA/FTO exhibit distinct and well-defined diffraction peaks in contrast to those
obtained through the immersion technique. In Figure 3.10a, it is evident that various
peaks are observed at 20 = 17.12° and 22.90°, indicative of the polycrystalline nature
of the NFMA/FTO thin film with higher crystallinity. This suggests that the
electrodeposition method results in a more favorable condition for efficient charge
transport when compared to film deposition by immersion. Conversely, when using
the immersion technique (as shown in Figure 3.10b), only one peak is observed at 26

= 22.80°, corresponding to N-(ferrocenylmethyl)aniline.

According to the JCPDS database (reference: 029-1711), under standard
conditions, ferrocene's solid phase is characterized as a molecular crystal with a
monoclinic unit cell (space group P21/a) featuring the following parameters: a = 10.53
A,b=7.61A andc=5.93 A. The primary peaks associated with ferrocene are located
at smaller angles of 26 ~ 10—30° in the X-ray diffractograms (Figure 3.10a and b).
Moreover, the transformation of organic molecular crystals induced by elevated
temperatures and pressures within the moderate temperature range is commonly
associated with processes such as the transition to an amorphous state and structural
phase changes[170]. The X-ray diffraction (XRD) pattern of the electrode that
underwent electrodeposition is depicted in Figure 3.10a, displaying a solitary peak at
20 = 22.80°, corresponding to the (210) and (001) reflections of NFMA. This
observation suggests a high degree of crystalline quality in the modified FTO
electrode. To ascertain the grain size of the crystalline structure in each electrode, we
applied the Scherrer equation 5, yielding an average value of approximately 68
nm[171].

L=(K.\)/(B.Cosh) (3.5)

Where L is crystallite size

Chapter 3: Results and Discussion 62



Chapter 3: Results and Discussion

(001)

= NFMA/FTO Electrodeposition
~ *

*
® Ul hxx 3 x

NFMA /FTO Immersion

(b) gd oy I .

Intensity (a.u.)

(001)

E A NFMA Powder

FTO
@ I W) Jx 2 % :
10'15'20'25'30'35'40'45'50'55'60'65'70'75'80
2 Theta (°)

Figure 3.10. lllustrates the X-ray Diffraction patterns for(a) NFMA/FTO obtained through the
electrodeposition method, (b) NFMA/FTO through the immersion method, (c) the XRD pattern of N-(
ferrocenylmethyl)aniline, and (d) the XRD pattern of FTO glass.

2.2.2. Scanning electron microscopy (SEM)
Scanning electron microscopy (SEM) analysis was conducted on NFMA/FTO

glass electrodes to investigate the film structure's characteristics. The SEM images
depicted in Figure 3.11a exhibited the surface of the uncoated FTO, while Figure
3.11b demonstrated that the particle shapes on the surface were similar for both
deposition methods. Consequently, it was observed that the electrodeposition method
yielded a more uniform thin film compared to the immersion deposition method, which
displayed less uniformity. The formation of the NFMA film on the FTO substrate can
be described as occurring in two phases: Initially, NFMA material was deposited onto
a modified FTO electrode at room temperature, resulting in the formation of a uniform
film. Subsequently, as the temperature increased, nuclei gradually developed, leading
to the formation of particles approximately 68 nm in size, as confirmed by XRD

analysis.

The morphology of the NFMA film plays a crucial role in influencing the charge
transport within the NFMA/FTO structure. As depicted in Figure 3.11Db, the growth
of nuclei on the FTO surface via the immersion technique exhibited less uniformity

compared to the electrodeposition method. Consequently, it can be concluded that
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electrodeposition of NFMA on FTO is a more suitable process when utilizing the
electrochemical method for deposition. However, it is noteworthy that this specific
morphology has been effectively utilized to estimate the electrical conductivity of
compounds derived from NFMA on FTO.

SEM HV: 20.0 kV WOD: 6.89 mm VEGAS TESCAN

View field: §5.4 ym SEM MAG: 501 kx 10 pm
Det: SE | Date(m/dly): 05/11/23 LPCMA-Biskra

SEM HV: 20.0 kV WD: 6.76 mm | VEGA3 TESCAN
View field: 55.6 ym SEM MAG: 5.00 kx 10 ym
Det: SE Date(m/dly): 05/11/23 LPCMA-Biskra

Figure 3.11. Scanning electron microscopy (SEM) images of the NFMA/FTO electrode that was
constructed using two different methods: (a) electrodeposition and (b) the immersion technique.

2.2.3. Investigation of Three-Dimensional Surface Topography

The 3D surface topography, as depicted in Figure 3.12, offers a detailed
visualization of the surface roughness characteristics observed on the NFMA/FTO
glass substrate. A thorough analysis of the topographical features indicates that the
immersion method significantly increases surface roughness and introduces a higher

degree of surface heterogeneity. Quantitatively, the root-mean-square roughness (Rq)
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values, which provide a statistical measure of surface roughness, were calculated to be
68 nm for the electrodeposition technique and 110 nm for the immersion technique.
This stark contrast underscores the substantial effect of the deposition method on
surface morphology.

In addition to roughness, the analysis also highlights variations in peak height
across the two methods. The electrodeposition method produced a maximum peak
height (Rp) of 1.1 pm, while the immersion method yielded a lower peak height of 0.5
um. These findings suggest that the electrodeposition process fosters the development
of more prominent surface features, whereas the immersion technique results in a

relatively smoother, but more uneven, surface.

The distinct differences in surface topography between the two methods
emphasize the critical role that the deposition technique plays in shaping the surface
characteristics of NFMA/FTO glass. These surface properties are crucial, as they can
influence the material’s performance in various applications, including its electrical
conductivity, catalytic activity, and interaction with external environments. The
increased surface roughness and heterogeneity achieved through immersion could
have implications for enhancing surface area and reactivity, whereas the more
controlled roughness produced by electrodeposition might be favorable for

applications requiring precise surface features.

(a)

(b)

Figure 3.12. The three-dimensional surface characteristics of the NFMA/FTO electrode, which were
assessed through two separate manufacturing methods: (a) electrodeposition and (b) deposition via the
Immersion approach.

2.2.4. Water droplet contact angles analysis

The water contact angle measurement provides critical insights into the
wettability of NFMA, particularly the nature of its interaction with water molecules at
the material interface. The contact angle results, illustrated in Figure 3.13, offer a clear
comparison of the hydrophobic properties of NFMA under different preparation
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methods. As shown in Figure 3.13a, the NFMA/FTO electrodeposited surface
exhibits a contact angle of 73.86°, indicating a moderately hydrophobic surface. This
hydrophobicity can be largely attributed to the presence of nonpolar H—C bonds within
the NFMA structure, which reduces the material’s affinity for water molecules. This
hydrophobic nature is noteworthy because it can enhance the sensitivity for detecting
H20 and promote effective photoelectrochemical degradation processes, making it

advantageous for applications in environmental sensing and catalysis.

In contrast, NFMA/FTO prepared via the immersion technique showed a slightly
higher water contact angle of 78°, as seen in Figure 3.13b. This marginal increase in
hydrophobicity can be attributed to the greater presence of NFMA ions on the FTO
surface, which may contribute to a more structured or less interactive surface with
water molecules. The increase in contact angle suggests that the immersion method
results in a more hydrophobic surface, though the difference between the two methods

is subtle.

Overall, the variation in water contact angles between the electrodeposition and
immersion methods underscores the influence of fabrication techniques on the surface
chemistry of NFMA/FTO. The slight difference in hydrophobicity between the two
approaches could have important implications for their use in applications where
surface wettability plays a key role, such as in sensors, photocatalysis, or
electrochemical reactions. The hydrophobic nature of these surfaces may also
contribute to enhanced stability and selectivity in aqueous environments, further

highlighting the relevance of these findings for practical applications.

Angle: 80.31° Angle: 77.72°

o B

Figure 3.13. The water contact angle measurements for (a) the NFMA/FTO eléctrodeposition and (b)
the NFMA/FTO fabricated via the immersion technique.

2.2.5. The optical energy gap
To further investigate the optical properties and durability of NFMA, UV-visible

absorption spectroscopy was performed, providing valuable insights into its electronic
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structure. Figure 3.14 presents the UV-visible absorption spectra of NFMA dissolved
in ethanol. A distinct absorbance peak is observed at 437 nm, as shown in Figure
3.14a, which is indicative of the material's ability to absorb light in the visible region
of the spectrum.

Further analysis of the UV-visible data allowed for the calculation of the direct
band gap (Eg) of the NFMA solution, which was determined to be 2.4 eV, as illustrated
in Figure 3.14b. This band gap value places NFMA within the semiconductor range,
a characteristic that positions it as a promising candidate for applications in
photovoltaic technologies. The band gap energy is particularly suitable for efficient
light absorption and charge separation, which are essential properties for materials

used in solar energy conversion and other photoactive systems.[172].

— NFMAFTO)
(b)

(ahv)*2 (eVem-1)72

300 400

00
Wavelgngth (nm) Energy (V)

Figure 3.14. (a) The UV-visible absorption spectrum of the NFMA solution, and (b) the ahv vs
Energy

2.2.6. Electrochemical Analysis

The NFMA composite underwent X-ray diffraction (XRD) analysis. The
electrochemical studies were performed at room temperature using a solution
composed of 12 mL of 0.01 M (C17H1sNFe) in 9 mL of ethanol and 3 mL of 0.1 M
H2S04. Cyclic voltammetry (CV) measurements were conducted within a potential
range of 0 to 800 mV, with a scan rate of 50 mV/s. The electron transfer behavior of
the NFMAJ/FTO electrode redox pair was investigated using cyclic voltammetry
measurements. The studies were conducted in a solution of 0.1 M H2SO4 containing
0.01 M NFMA, and the scan speeds ranged from 10 to 100 mV s2.

Figure 3.15a demonstrates that the redox peak currents (Ipc and Ipa) grow when

the scan rate of the NFMAJ/FTO electrode increases. When the scan rate was set to 100
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mV s, the cathodic peak (Ipc) saw an approximate shift of 144 mV. This shift
suggests that the redox process of the NFMA/FTO thin-film was not perfectly
reversible, as explained by equations 6 and 7.

E = E° + (RT/nF)In((ox)/(red)) (3.6)
n = 2.303RT/((AE,)/log(ks/kc)) (3.7)

E° represents the standard potential, R stands for the gas constant, T denotes the
temperature, n signifies the number of electrons involved in the transfer process, and
F represents the Faraday constant. Additionally, within the equation, (ox) and (red)
correspond to the concentrations of the oxidized and reduced species, respectively.
The terms "ka" and "kc" refer to the rate constants governing the forward and
backward reactions, respectively.

The quasi-reversible process occurs at the electrode surface, as illustrated in
Figure 3.15b, depicting the relationship between the square root of the scan rate (v*/?)
and the redox peak current values. A linear regression analysis revealed a high degree
of linearity, with regression coefficients (R?) of 0.99 for Ipa and 0.98 for Ipc. This
linear relationship suggests that the peak current is directly proportional to the square
root of the scan rate values, indicating that the redox process is governed by diffusion
control and confirming the stability of a monolayer.

Simultaneously, cyclic voltammetry (CV) curves of NFMA/FTO ina 0.1 M
H2S04 solution were recorded. These curves demonstrated the significant role played
by NFMA in enhancing the peak current. However, the CV curves obtained at different
scan rates remained consistent, indicating that the FTO electrode exhibits excellent

rate capability and reversibility.

When the scan rates were reduced, the NFMA ions spread out into the FTO glass,
leading to increased specific capacitances. On the other hand, the reduction in specific
capacitance of the FTO electrode at higher scan rates might be attributed to the
restricted availability of NFMA ions to many active surface locations, as shown in
Figure 3.15. The specific capacitance (Cs) of the NFMA/FTO electrode was
determined by applying the following equation:

Cs = (f,/(V)dV)/(2 s maV) (3.8)
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"s" represents the discharge time, "m™ denotes the mass of the active material,
"mVs'" signifies the scan rate, and "V" represents the discharge potential
window[173]. Figure 3.15a presents the cyclic voltammograms (CVs) obtained as the
concentration of NFMA was systematically increased. In the forward scan, the NFMA
current peaks shifted towards more positive potentials, resulting in a positive peak
current (Ipa). Conversely, during the reverse scan, the CVs exhibited negative
potentials and moved towards more negative values, indicating a negative peak current
(Ipc). The occurrence of Ipc potentials can be attributed to the back transfer of Fc*
from the NFMA solution to the FTO electrode. The shape of the CVs suggests that the
transfer of NFMA is quasi-reversible. The electrochemical behavior of the FTO
electrode in response to various NFMA concentrations ranging from 0.001 g/mL to
0.005 g/mL is depicted in Figure 3.15b. Notably, the peak current (Ipa) exhibited a
proportional increase with the concentration of NFMA, demonstrating a linear

correlation between Ipa and NFMA concentration.
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Figure 3.15. Displays the Kinetics of the process taking place at the NFMA/FTO electrode. The data
was obtained by cyclic voltammetry, employing scan rates varying from 10 to 100 mV s, in a
solution of 0.01 M NFMA and 0.1 M H2SO,. The study focused on examining the correlation between
the anodic and cathodic current peaks and the square root of the scan rate.
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Figure 3.16. The specific capacitance values obtained at various scanning rates.

Impedance Spectroscopy analysis (1S)

Electrochemical Impedance Spectroscopy (EIS) is a widely used technique for
studying the behavior of electric current when subjected to alternating current (AC)
voltage at various frequencies. Electrochemical impedance spectroscopy (EIS) has
been widely used to study the kinetics of electrochemical reactions and the principles
of photoelectrochemical processes. It allows for the analysis of the ionic and electronic

processes occurring at various interfaces in electrochemical devices[174].

The Nyquist plot for the NFMA/FTO-modified electrode is shown in Figure
3.17. The Nyquist figure shows that the FTO electrode had the greatest Rct value.
Conversely, the value exhibited a slow decline when altered with the ECD technique
and subsequently experienced a further fall with the Immersion method. More
precisely, the NFMA/FTO, which was altered using chronoamperometry and
Immersion, showed Rct values of 50 mS/cm? and 51 mS/cm?, respectively. The
methodology of the Electrochemical Impedance Spectroscopy (EIS) measurement
involves the reduction of the NFMA coating in terms of electron transport on the FTO
surface. Therefore, the value of Rct is highly dependent on the interaction between the
NFMA film and the FTO electrode. The NFMA/FTO electrode clearly demonstrates
a lower overpotential and, thus, exhibits greater potential than the FTO electrode.

Figure 3.18a depicts an FTO electrode submerged in a solution containing

Na>SOs. The representation involves the series connection of the solution's resistance
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(Rs) with the parallel combination of the surface layer's capacitance (Cd) and the

charge transfer resistance (Rt).

Conversely, Figure 3.18b illustrates the NFMA/FTO electrode immersed in a
liquid with an NFMA layer deposited using the electrochemical approach. The
semicircle is defined by the resistance of the solution (Rs) that is coupled in series with
a capacitor and resistance (Rt). Consequently, the semicircle represents the balance of
the solution with the ferrocene derivative layer, resulting in the semicircle's

appearance.

Figure 3.18c shows the NFMA/FTO electrode submerged in a liquid that
contains an NFMA deposited utilizing the Immersion process. The equilibrium
between the solution and the NFMA is indicated by the series connection of a
capacitor, a resistor, and the resistance of the solution (Rs). In addition, the second
semicircle symbolizes a capacitor and resistor, which signifies the balance between
the NFMA and FTO electrode. Figure 3.18 demonstrates that the NFMA shows
minimal activity when applied using the Immersion approach, resulting in the
formation of two semicircles. In the Immersion method's equivalent circuit, Rct,
represents the resistance of the porous layer. This resistance is mainly determined by
the faulty deposition structure of the NFMA film on the FTO electrode, as depicted in
Figure 3.18c.
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Figure 3.17. The electrochemical impedance characteristics of FTO in three conditions: FTO without
any deposited film, FTO with film deposited via the electrochemical technique, and FTO with film
deposited via the immersion method.
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Figure 3.18: The equivalent circuit diagrams for non-faradaic processes in the following: (a) FTO
electrode, (b) NFMA/FTO electrode prepared through electrodeposition, and (c) NFMA/FTO
electrode prepared through the immersion technique.

Electrochemical Detection of H»0O>

NFMA was successfully deposited onto FTO glass to create a NFMA/FTO thin-
film, incorporating multiple redox centers from ferrocene derivatives into the FTO
surface. This configuration was explored for its potential in electrochemically sensing
H2>0,. Consequently, the NFMAJ/FTO electrode was investigated for its
electrochemical response to H20.. Figure 3.19a displays the voltammograms of the
fabricated NFMA/FTO electrode in a 0.1 M Na2SO4 solution containing only NaxSOs,
and H»0; ranging from 20 to 100 pL.

The observed phenomenon clearly demonstrates a significant increase in both
oxidation and reduction current peaks immediately upon the introduction of
H202[175]. The voltammogram features clearly demonstrate a highly responsive and
immediate reaction of the NFMA/FTO electrode when H20> is introduced. In the
voltage range of 0-800 mV, an anodic peak (Ipa) is observed during the forward scan,
with a potential of 408 mV for 20 pL, which corresponds to the oxidation of the
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ferrocene complex (Fc to Fc*). Conversely, in the backward scan, a cathodic peak is
observed at 244 mV for 20 uL, corresponding to the reduction of the ferrocene cation
(Fc* to Fc). This voltammogram is a result of the presence of electroactive NFMA
nuclei on the FTO surface.

In the presence of H20,, the potential of the Ipa and Ipc peaks is shifted, and
there is an increase in the current density[176]. This alteration in cyclic
voltammograms (CVs) indicates a simplification of the Ipa and Ipc processes. The
observed change in current can be attributed to the oxidation of H>O to O and the

regeneration of H2O> to H2O in the presence of Fc/Fc* (as depicted in Figure 3.19b.
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Figure 3.19. (a) Cyclic voltammograms (CVs) recorded from the produced NFMA /FTO thin-film
electrode in a solution containing only Na,SO. and varying volumes of H,O; (ranging from 20 to 100
pL). The scan rate employed was 400 mV/s, and 0.1M Na,SO, served as the supporting electrolyte.
(b) A suggested electrochemical reaction mechanism outlining the interactions between NFMA/FTO
and H,0,.
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Photocatalytic degradation of Methylene Blue
Under sunlight exposure, the photocatalytic performance of the NFMA/FTO

thin film was evaluated by assessing the degradation of MB at a concentration of 1
PPM in a 500 mL aqueous solution. The remarkable photocatalytic efficiency of the
NFMA/FTO thin film (as depicted in Figure 3.20) is attributed to its band-gap value
of 2.4 eV, which can facilitate the recombination of electron-hole pairs. Figure 3.20a
demonstrates the progression of MB degradation over the irradiation period of
NFMA/FTO, while Figure 3.20b illustrates the degradation of MB under sunlight
using the NFMA/FTO electrode, reaching a degradation rate of 78% after 180 minutes.
In Figure 3.20c, the advancement of MB degradation is presented in terms of the ratio
oxidation process, -Ln(C/Co), over the course of the investigation. It is important to
note that various environmental factors, including wind speed, humidity, solar
radiation levels, and temperature, can influence the photocatalytic process. Table 3.2
below provides a detailed overview of the variations in these factors over 30-minute

intervals from 11 a.m. to 3 p.m.
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Figure 3.20. UV-Visible absorption spectra of (a) MB exposed to sunlight, (b) dye degradation, and

(c) kinetic plot following pseudo-first-order reaction.
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Table 3.2 Variations in parameters and radiation every 30 minutes during the
photocatalytic degradation of MB on February 1st, 2023, in Eloued, Algeria.

Time (min) 0 15 30 45 60 90 120
Wind speed 5 5 5 5 5 5 5
(km/h)
Temperature 14 14 14 14 15 15 16
(C%)
Humidity (%) 33 33 33 33 33 33 33
Radiation low moderate

In order to examine the elements contributing to the improvement of the
photocatalytic response for MB, we have presented a proposed energy band diagram
and a mechanism for charge transport in NFMA/FTO in Scheme 2. The photocatalytic
reaction initiates with the absorption of photons by the catalyst, which carries energy
levels exceeding the bandgap energy[177]. Consequently, this leads to the rapid
elevation of excited electrons from the valence band (VB) to the conduction band
(CB)[178].

This, in turn, triggers an oxygen reduction reaction. Simultaneously, the
vacancies left behind in the valence band (VB) can serve as oxidizing agents,
facilitating oxidation reactions. The photocatalytic attributes of NFMA films in the
presence of MB solution can be described using the following equations[179]:

hv ((solar irradiation)

NFMA NFMA (e‘/h+) — NFMA (es,”) + NFMA(h,, )

(3.9)
Following that, the generation of 0,°~ and 20H" is stated as follows:
NFMA(es, )+ 0%, » 0,7 (3.10)
0, + H,0 » 20H" (3.11)

The hydroxyl radicals, once liberated, exclusively convey unbound electrons,
whereas the superoxide anion radicals carry an extra negative charge. Given the
contrasting chemical characteristics of these two types of radicals, it is reasonable to
suggest that the degradation process, instigated by these radicals, would be driven

primarily by the formation of hydroxylated radicals, while keeping the concentration
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of ions in the solution at a minimum level[35]. Then the NFMA photocatalysis process

continues as follows:

NFMA(h,,*) + H,0 -» OH* + H* (3.12)
H* + H,0* + 0°, » OH' + OH™ + H,0, (3.13)
NFMA(eq,™) + H,0, » OH® + OH~ (3.14)
NFMA(h,,") + OH™ — OH® (3.15)

Furthermore, owing to the inherent negative charge carried by anions, their
interactions are anticipated to result in significant mineralization, with limited
production of hydroxylated radicals and a possible presence of inorganic ions,
contingent upon their presence within the organic structure[180]. Following the
photocatalytic process, when superoxide anions (0°,) and hydroxyl radicals (OH*) are
produced, they engage in reactions with organic molecules (such as Methylene Blue)

as outlined below:
OH*+ MB — H,0+ CO, (3.16)

The photo-generated electrons transform dissolved oxygen into superoxide
radicals O°,which subsequently initiate the degradation of MB. Concurrently, the
empty sites in the valence band (VB) promote the oxidation of water by generating
hydroxyl radicals(OH*®). This process extends the lifetime of charge carriers and
impedes their recombination[181]. The kinetics of MB photodegradation is commonly
described using the first-order concept, as outlined in Equation 17. The integration of

this equation yields the following result:
In(Co/Ct) = Kgpp-t (3.17)

The time-dependent changes in -Ln(Ci/Co) exhibit linearity regardless of the
initial concentration, thereby confirming the applicability of first-order kinetics. In
accordance with the Langmuir-Hinshelwood hypothesis, the photocatalysis yields an
unsteady Kapp value of 0.0078 min™'. The coefficient of determination (R?)
approaches approximately 0.98, signifying a stable value according to the Langmuir-
Hinshelwood hypothesis. It is possible to calculate the half-time (t12) using the Kapp

parameters:

t, = (lnz/kam,) (3.18)
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This suggests that the initial degradation rate increases with the initial
concentration (Co), as evidenced by the ti2 and Kapp Values. Improving the interaction
between MB and the NFMA film with photogenerated molecules enhances the overall

photocatalytic efficiency.

0>

FTO
NFMA/FTO F

Methylene blue (MB)

Scheme 2 Photocatalytic Mechanism of NFMA/FTO Electrode for the Degradation of Methylene
Blue

2.2.7. Conclusion

This study involved doing a thorough analysis of the electrochemical and
physicochemical properties to effectively create a new NFMA/FTO electrochemical
thin film. The thin film was used as a highly effective electrochemical sensor for H,O>
and exhibited remarkable efficiency in breaking down low levels of MB in water when
exposed to sunshine. The findings derived from cyclic voltammetry,
chronoamperometry, and electrochemical impedance spectroscopy (EIS) verified that
the NFMA/FTO film exhibited enhanced electrochemical stability and homogeneity
in comparison to the immersion approach. The increased stability and homogeneity of

NFMAJ/FTO electrodes make them very appropriate for many applications.

The X-ray diffraction (XRD) examination demonstrated a change in the
structure of NFMA on the FTO electrode, shifting from a polycrystalline to a
monocrystalline state, depending on the method of deposition. The surface roughness

measurements (Rq) for the films were found to be 68 nm for electrodeposition and 110
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nm for the immersion approach. These results indicate that the immersion technique
leads to higher surface roughness and greater heterogeneity. Furthermore, the
measurements of water droplet angles clearly indicated that the NFMA/FTO surface
is hydrophobic, which suggests that it has great potential for use in hydrophobic

applications.

Moreover, the NFMA/FTO thin film had a narrow bandgap of around 2.4 eV,
indicating its appropriateness for optoelectronic devices. The NFMA/FTO electrode
exhibited a significant degradation rate of 78% in the MB degradation experiment,
which followed first-order kinetics. In addition, the NFMA/FTO electrode efficiently
detected H20- and enabled its conversion to Oz by oxidation, as well as reduction to
H-0.

The combined results highlight the significant potential of the NFMA/FTO thin
film for a wide range of applications, including environmental remediation and
optoelectronics. This is due to its exceptional electrochemical capabilities, surface

features, and optical functioning.

2.3.NFMA/Cu20 Deposited on ITO Thin Film By Electrodeposition and
Immersion Techniques

2.3.1. UV-Visible Spectroscopy
The UV-visible absorption spectrum analysis conducted on NFMA/Cu2O/ITO

offers valuable insights into its optical properties and potential applications,
particularly in the realm of photovoltaics. By examining the direct band gap (EQ)
values, which indicate the energy required to excite electrons from the valence band
to the conduction band (Figure 3.21).

The measured Eg value of 2.08 eV for NFMA/CuO/ITO suggests that it
possesses the necessary electronic structure to function effectively as a semiconductor.
Semiconductors are pivotal in photovoltaic devices as they can absorb light energy
and generate electricity through the photovoltaic effect. Moreover, the Eg value falling
within this range indicates that NFMA/Cu20/ITO holds promise as a highly efficient
material for such applications. the UV-visible absorption spectrum analysis provides
compelling evidence of NFMA/Cu20/ITO 's semiconductor nature and its suitability
for use in photovoltaic technologies.
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Figure 3.21. Depicts the UV-Vis spectra and energy band gaps of NFMA/Cu,O/ITO.

2.3.2. XRD analysis of NFMA/Cu20/ITO

The X-ray diffraction (XRD) analyses conducted on NFMA/Cu.O/ITO samples,
prepared through a combination of electrodeposition for Cu2O and an immersion
technique for NFMA, offer valuable insights into the structural characteristics of the
materials involved. The distinct peaks observed in the XRD pattern, particularly at 20
= 17.12° and 22.90° as shown in Figure 3.22, signify the polycrystalline nature and
enhanced crystallinity of NFMA within the electrode. Comparison with the JCPDS
reference code 029-1711 further elucidates the molecular crystal structure of
ferrocene, providing standard monoclinic unit cell parameters. Notably, the presence
of ferrocene peaks at relatively low angles (20 ~ 10—30°) in the XRD pattern suggests
potential organic molecular crystal transformations, possibly induced by moderate

temperature-driven crystalline amorphization and structural phase transitions.

Moreover, the XRD profile of the electrode fabricated via electrodeposition
displays prominent peaks at 20 = 29°, 36°, and 61°, corresponding to (110) and (111)
reflections of Cu.O (JCPDS: 05-0667). This observation underscores the high
crystalline quality achieved on the modified ITO electrode surface. The presence of
well-defined peaks indicates a robust crystalline structure, essential for various

applications in electrochemical devices and sensors. Additionally, the determination
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of the grain size using the Scherrer equation yields an average size of approximately
55 nm, providing valuable information about the microstructural features of the
electrode material. the XRD analyses offer comprehensive insights into the structural
characteristics and crystalline integrity of the NFMA/Cu.O/ITO samples.
Understanding these aspects is crucial for optimizing the fabrication process and
tailoring the material properties to meet specific application requirements, particularly

in the fields of electrochemistry and nanotechnology.
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Figure 3.22. X-ray diffraction (XRD) profiles obtained from the NFMA/Cu,O/ITO electrode.

2.3.3. Morphological analysis

SEM analysis serves as a vital tool for exploring the intricate morphology of
NFMA/Cu.O/ITO electrodes, shedding light on the structural characteristics essential
for their functional properties. The SEM images depicted in Figure 3.23. offer

valuable insights into the distinct particle shapes observed within the electrode

configuration.

Notably, the cubic morphology of CuO particles signifies the formation of a
uniform thin film, crucial for ensuring consistent electrical conductivity and stability.
In contrast, the deposition process of NFMA particles onto the ITO electrode unfolds
in two distinct phases, as elucidated by the SEM observations. Initially, NFMA
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material uniformly coats the modified ITO electrode at ambient temperature, creating
a homogeneous film. Subsequent temperature elevation prompts the gradual growth
of nuclei, leading to the formation of particles with an average size of approximately
43 nm, as corroborated by XRD analysis. This nuanced understanding of the NFMA
film morphology is paramount, as it profoundly influences charge transport
mechanisms within the NFMA/Cu2O/ITO structure.

By elucidating the intricate interplay between morphology and functionality,
SEM analysis facilitates the optimization of electrode design and performance in
various electrochemical applications, thereby advancing the development of efficient

energy storage and conversion devices.
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Figure 3.23. SEM image of NFMA/Cu,O/ITO electrode.

2.3.4. Photocatalytic activity and its mechanism

The enhanced photocatalytic performance observed in the NFMA/CuO/ITO
thin film, particularly in its ability to degrade RB under sunlight exposure, is primarily
attributed to its optimal band-gap energy of 2.08 eV, facilitating efficient electron-hole
pair recombination. This mechanism, fundamental to photocatalysis, involves the
absorption of photons by the catalyst, which promotes the excitation of electrons from
the valence band to the conduction band while creating holes in the valence band.
These excited electrons and holes subsequently participate in reduction and oxidation
reactions, respectively, driving the degradation of RB molecules.

The specific equations describing the degradation process, along with the
proposed energy band diagram and charge transport mechanism presented in Schema
2, provide valuable insights into the underlying processes governing the photocatalytic
activity of NFMA/CuxO/ITO. It's noteworthy that environmental parameters such as
wind speed, humidity, solar radiation intensity, and temperature can significantly
influence the photocatalytic efficiency. The substantial degradation rate of RB
achieved by NFMA/Cu.O/ITO, reaching 80% at 542 nm as depicted in Figure 3.24
(a,b), underscores its efficacy as a photocatalyst for organic dye degradation. This
exceptional performance highlights the promising potential of NFMA/CuxO/ITO in
various environmental remediation applications, emphasizing its role as a highly

effective and sustainable photocatalytic material.
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Figure 3.24. The UV-Visible spectra depict (a) the absorption characteristics of dyes after exposure to
RB for up to 180 minutes, and (b) Plot of the degradation of RB over time.

The release of hydroxyl radicals involves the transportation of sole free

electrons, whereas superoxide anion radicals carry an additional negative charge. Due
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to their distinct chemical properties, it is plausible to propose that the degradation
process initiated by radicals progresses through the generation of hydroxylated
radicals while maintaining a low ion population in the solution. The NFMA/Cu20O/ITO
photocatalytic process operates through several sequential reactions, as outlined

below:
NFMA/Cu,0(eg, ) + 0%y = 05" (3.19)
0, + H,0 - 20H" (3.20)
NFMA/Cu,0(h,,™) + H,0 » OH* + H* (3.21)
H* + H,0°+ 0°*, » OH* + OH™ + H,0, (3.22)
FMA/Cu,0 (e, ) + Hy,0, » OH® + OH~™ (3.23)
FMA/Cu,0(h,,") + OH~ — OH* (3.24)

Moreover, due to the inherent charge of anions, their interactions are expected
to lead to substantial mineralization, with limited hydroxylated radical production and
the possibility of inorganic ion presence within the organic structure. Post-
photocatalytic process, the generated superoxide anion (0°,) and hydroxyl radicals

(OH*) interact with molecules (RB) as follows:
OH'+RB - H,0+ CO, (3.25)

Electrons generated through photolysis of dissolved oxygen produce hydroxyl
radicals (OH") initiating RB molecule degradation. Simultaneously, vacancies in the
valence band (VB) promote water oxidation, generating hydroxyl radicals (OHe), thus
prolonging carrier lifetimes and impeding recombination. The kinetics of RB
photodegradation are comprehensively elucidated using the first-order concept (Eq.
17). Plots of In(Co/Ct) versus time display linear trends irrespective of initial
concentration, validating first-order kinetics (Scheme 3). According to the Langmuir-
Hinshelwood hypothesis, the photocatalysis demonstrates an unstable Kapp value of -
0.00875 min™t. The regression coefficient, R?, approaches ~0.94, suggesting a stable

value consistent with the Langmuir-Hinshelwood hypothesis.
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Scheme 3 Possible photocatalytic Mechanism of NFMA/Cu,O/ITO Electrode for the Degradation of
Rose Bangel.

2.3.5. Conclusion

In this study, a detailed analysis was performed to develop a novel
NFMA/Cu2O/ITO thin film. This film exhibited notable effectiveness in breaking
down modest levels of RB in water when exposed to sunshine. The X-ray diffraction
(XRD) study showed that the NFMA had a polycrystalline structure on the Cu20/ITO
electrode. Additionally, the NFMA/Cu.O/ITO thin film demonstrated a narrow
bandgap of around 2.08 eV, indicating its promising suitability for optoelectronic uses.
The RB degradation experiment demonstrated a significant degradation rate of 80%
when using the NFMA/Cu2O/1TO electrode, following first-order kinetics. The results
highlight the potential of the NFMA/Cu.O/ITO thin film for many applications, such
as environmental remediation and optoelectronics, because of its excellent

electrochemical properties, surface features, and optical functioning.
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Conclusion General

The dissertation focused on optimizing conditions for producing modified
ITO/FTO glass, semiconductor, and ferrocene derivative electrodes, emphasizing
synthesis, characterization, and applications. It successfully demonstrated the
deposition and characterization of AgNPs/ITO, NFMA/FTO, and NFMA/Cu.O/ITO
thin films, each with unique properties and promising applications.

Ag/ITO-coated glass, and cyclic voltammetry revealed that lower scan rates
increased nanoparticle deposition. The Ag/ITO films displayed crystalline structures
with preferred orientation, homogeneous surface morphology, and high transmittance,
indicating potential for enhancing photovoltaic technologies through improved
structural and electrical properties.

The NFMA/FTO thin film showed improved stability and homogeneity
compared to immersion-prepared films, with XRD revealing a shift from
polycrystalline to monocrystalline structures and lower surface roughness. Its
hydrophobicity, influenced by the electrodeposition method, enabled a 78%
degradation rate of methylene blue under sunlight, underscoring its suitability for
wastewater treatment and photocatalysis. The low bandgap of 2.4 eV also makes it a

strong candidate for optoelectronic applications.

The NFMA/Cu20/1TO thin film achieved an 80% degradation of rose Bengal
under sunlight, with XRD confirming its polycrystalline structure and a low bandgap
of 2.08 eV, highlighting its potential for photocatalysis and environmental
remediation. These findings emphasize the link between electrical properties,
structural characteristics, and performance in electrochemical applications, suggesting

that nanoscale modifications can significantly enhance functionality.

These results also pave the way for advancing photovoltaic cells and sensors.
Future research could explore strategies like doping or hybrid structures to achieve
even lower bandgaps, better hydrophobicity, and improved photocatalytic efficiency,

broadening the scope of these materials in energy and environmental technologies.
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