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General Introduction

Metal semiconducting oxides (MSOs) are highly regarded for their versatility in applications
like solar cells and photocatalysis. Their ability to exist in various oxidation states, along with
large surface areas, makes them ideal for addressing environmental issues and removing
contaminants. With the growing concern over organic pollutants in wastewater, MSOs are poised
to play a key role in environmental remediation. Their potential in mitigating environmental
degradation is significant [1]. Moreover, the integration of metal oxide semiconductors in
photocatalytic processes enhances pollutant degradation under visible light, overcoming a key
limitation of traditional photocatalysts. Recent advancements, particularly through doping, have
improved their photocatalytic activity and expanded their effectiveness in treating a wider range

of wastewater contaminants [2].

Zinc oxide (ZnO) is a promising n-type semiconductor with a wide band gap and exceptional
thermal and mechanical stability, making it suitable for various applications like photovoltaics,
photocatalysis, and antimicrobial agents. Recent studies show that ZnO's photocatalytic efficiency
can be significantly improved by doping with elements like barium (Ba). Ba doping enhances
ZnQO's properties by promoting grain growth, creating active sites, and improving stability, light
absorption, and hydrophilicity[3][4]. This modification helps ZnO generate more reactive
oxygen species under visible light, making it more effective in degrading organic pollutants and

enhancing its potential for wastewater treatment and environmental remediation [5].

There are various physical and chemical techniques for synthesizing ZnO thin films [6],
including physical vapor deposition (PVD), chemical bath deposition (CBD), sol—gel, spray
pyrolysis, dip coating, and spin coating. Among these numerous techniques, the Successive lonic
Layer Adsorption and Reaction (SILAR) method stands out for its distinct advantages, such as
simplicity, eco-friendliness, and cost-effectiveness. Additionally, it allows for precise control
over film thickness and composition, is compatible with a wide range of substrates, and enables
the fabrication of highly uniform films. This technique also requires minimal equipment, making

it highly accessible for both research and industrial applications [7].

Hence, this work aims to demonstrate the optimal parameters for synthesizing ZnO thin films
via the SILAR process for various applications. By varying the concentration of barium dopants,

1



General Introduction

the number of cycles, and the annealing temperature. The goal is to improve the structural,
morphological, topographical, and optical properties of undoped and Ba-doped ZnO thin films and
their utilization for fundamental study of the photocatalytic degradation of methylene blue dye
under sunlight irradiation. Our experimental research was conducted at the Physics of Thin Films

and Applications Laboratory (LPCMA), University of Biskra, Algeria.
This thesis is separates into five chapters ordered as follows:

The first chapter reviews thin films and their synthesis, particularly the SILAR process. We
also discuss semiconductors and their classification. Furthermore, we highlight the unique

properties of zinc oxide and their applications, focusing on the photocatalytic process.

The second chapter describes the SILAR deposition procedure, and details about the steps and
conditions of the samples’ preparation. Also, we notice the different films’ characterization
techniques, including X-ray diffractometer (XRD), scanning electron microscopy & energy
dispersive X-ray spectroscopy (SEM & EDX), UV- vis spectrophotometer, and profilometer to

determine structural, morphological, optical, and topographical properties respectively.

The third chapter investigates the effect of Ba-doping concentrations (1 wt.%, 3 wt.%, 5 wt.%,
7 wt.%) on ZnO thin films for photocatalytic degradation of methylene blue (MB) and wettability.

It also provides an analysis and discussion of the results obtained.

The fourth chapter presents the impact of the deposition cycles (3, 6, 9, 12, and 15 cycles) on
the Ba-doped ZnO films for the photodegradation of methylene blue (MB) and amoxicillin

(AMX), alongside their wettability properties. Moreover, it interprets the results obtained.

The fifth chapter studies the influence of annealing at different temperatures (300 °C, 350 °C,
400 °C, and 450 °C) on the Ba-doped ZnO thin films and their photocatalytic application on

methylene blue dye. We discuss and interpret the obtained results.

Finally, we give a general conclusion summarize of the main obtained results in this thesis.
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1.1 Introduction
Zinc oxide (ZnO) thin films are critical in modern technology, offering high transparency, a
wide bandgap (3.37 eV), and excellent photocatalytic activity, making them ideal for
optoelectronic devices, sensors, and photocatalysis. Their synthesis using methods such as
physical vapor deposition (PVD), sputtering, and modified sol-gel techniques significantly
influences their structural, electrical, and photocatalytic properties, with factors like deposition
temperature playing a crucial role in enhancing nanorod orientation and defect reduction [1][2][3].
Photocatalytically, ZnO thin films generate electron-hole pairs under UV light, producing reactive
oxygen species that degrade organic pollutants, with improvements seen in films treated with hot
air for enhanced photo-corrosion resistance. Additionally, their optical and electrical properties
enable their application in optoelectronic devices and sensors, such as ethanol detectors [3].
Despite these advancements, challenges remain in optimizing synthesis and deposition processes
to further enhance their performance and broaden their applicability in emerging technologies.
This chapter provides a comprehensive exploration of thin films, emphasizing the remarkable
attributes of ZnO. The discussion begins with an overview of thin films and their fundamental
properties, followed by a detailed examination of the diverse growth techniques employed in their
synthesis. The chapter also highlights ZnQO's significant role in photocatalytic applications,

showcasing its effectiveness in environmental remediation and clean energy production.
Through this detailed exposition, the chapter aims to:

e Introduce the concept of thin films.
e Highlight the unique properties of zinc oxide.
e Outline various ZnO thin-film growth techniques.
e Discuss the extensive applications of ZnO, with a focus on photocatalysis.
By achieving these objectives, the chapter seeks to establish a foundational understanding of

ZnO thin films, paving the way for further discussions on their technological implications.

1.2 Thin films
1.2.1 Definition of thin films

Thin films are materials with grain sizes below 1000 nm, created by depositing a material

onto a support called a "substrate.” They are distinguished by their ultra-thin surface thickness,
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ranging from a few nanometers (nm) to micrometers (um) [4]. Factors such as substrate
temperature, energy input, and chamber pressure significantly influence their growth and
properties [5]. While thin films are not a recent innovation, they have gained renewed prominence
due to their adaptability and effectiveness in advancing modern scientific and commercial

applications.

1.2.2 Fabrication of thin films
Thin films are deposited onto substrates using various techniques, including thermal
evaporation, chemical decomposition, or the vaporization of source materials through energetic

particles or photons. The deposition process generally involves three key steps [6]:

e generating suitable atomic, molecular, or ionic entities,
e transporting these entities to the substrate,

e condensing them to form a solid layer, either directly or via electrochemical or chemical

jprocesses.

The characteristics of thin films, such as their structure and performance, are influenced by
preparation conditions, including the type of substrate, post-deposition annealing temperature, and

the specific deposition technique employed [7].

1.3 Semiconductors material
1.3.1. Definition

Semiconductors are solid materials that are structurally sensitive in electric conduction and
usually have comparatively low energy band-gaps and their resistivity lies intermediate between
the conductors and insulators [8]. Figure 1.1 summarized the semiconductors in part of the

periodic table from Group Il to Group VI [8].
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Figure 1.1 The periodic table from Group Il to Group VI

In transparent conducting oxides (TCOs), the nonmetal component denoted as B consists of
oxygen. When they are incorporated with different metals or metal combinations denoted as A,
they form a compound known as semiconductors (AyBz) with various opto-electrical properties.
It is possible to modify and optimize these characterizations by doping with metals, metalloids, or
nonmetals [9]. Further, the introducing of dopants (donors) into the films aims to stabilize their
conductivity by increasing the concentration of impurity donors instead of depending only on
oxygen vacancies [10]. Furthermore, this addition of impurities to semiconductors changes their
properties without changing their crystalline structure [11]. Several oxides materials have been
employed as conducting coatings on glasses such as indium oxide In,03, magnesium oxide MgO,
Tin dioxide Sn02, and Zinc oxide ZnO which are attracted the attention of the global research for
many decades.

1.3.2 Classification of Semiconductors
Semiconductors can be classified as:
> Intrinsic semiconductor
An intrinsic semiconductor refers to a semiconductor material of high chemical purity in which
the conduction band's quantity of holes (positive carriers) is equivalent to the quantity of electrons
(negative carriers) [12].
» Extrinsic semiconductor

An extrinsic semiconductor refers to the introduction of a very small quantity of impurity

atoms, which are named “dopants,” into an intrinsic semiconductor (pure silicon Si or pure
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germanium Ge) to ameliorate the conductivity. Usually, the concentration of doping atoms is
approximately equivalent to 0.01 ppm [12][13]. An extrinsic semiconductor can be further

categorized into:

e N-type Semiconductor

In this type the majority charge carriers are electrons. This is accomplished by addition donor
impurities into the semiconductor crystal lattice. Specifically, when an intrinsic semiconductor
(Silicon or Germanium) is doped by pentavalent impurity from the Group V in the periodic table,
then, four electrons out of five valence electrons bonds with the four electrons of Ge or Si. The
fifth electron of the dopant is set free and transfer it to the conduction band. Because this electron
is already in excess, it does not create a corresponding hole in the valence band. Consequently, the
impurity atom donates a free electron for conduction in the lattice and is referred to as “Donor “

which creates a n-type semiconductor [13].

e P-type Semiconductor

In this type, the majority of charge carriers are holes. This is accomplished by adding acceptor
impurities to the semiconductor crystal lattice. In particular, when a pure semiconductor is doped
by trivalent impurities from Group Il in the periodic table, then the three valence electrons of the
impurity bond with three of the four valence electrons of the semiconductor create an absence of
electrons and formation of holes in the impurity that are ready to accept bonded electrons are called

“acceptors, which create a p-type semiconductor [12].

1.3.3 Criteria selection of transparent conducting oxides

Transmission and electrical conductivity are considered the most crucial properties when
selecting an organic transparent conductor (OTC) and should ideally be maximized. However,
other factors are significant, including thermal stability, chemical durability, mechanical
resistance, minimum deposition temperature, toxicity, and production cost. The variety of
applications for transparent conductors clearly shows that no single material is ideal for every use.
The choice of a material depends on which property is deemed most critical for the specific
application. Table 1.1 summarize some of the key criteria that can impact the choice of a

transparent conducting material [14].
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Table 1.1 Property of some transparent conducting material.

Property Material
Highest transparency ZnO:F, Cd2Sn0O4
Highest conductivity In203:Sn
Best thermal stability SnO2:F, TiN, Cd2SnO4
Best chemical durability SnO2:F
Least toxic ZnO:F, SnO2:F
Lowest cost SnO2:F

1.3.4 Applications of transparent conducting oxides

Transparent conducting oxides (TCOs) have diverse applications, including solar cells, flat-
panel displays, photovoltaic panels, gas sensors, automotive windshield defrosters, static
electricity dissipators in photocopiers, touch-panel controls, low-emissivity windows in buildings,
heated transparent mirrors, and electrochromic windows. TCOs also play a crucial role in
optoelectronic devices such as light-emitting diodes, organic light-emitting diodes, thin film

transistors, and organic thin film transistors [15].

1.3.5 Semiconductors as Photocatalysts

A photocatalyst is defined as a material that accelerates a reaction when it absorbs photons

without being consumed in the process [16].

Semiconductor compounds exhibit critical functionality as photocatalytic materials, facilitating
their pivotal role in a wide array of advanced oxidation processes for clean energy generation and

environmental remediation.

Semiconductors possess the ability to act as sensitizers for light-induced redox processes owing to
their unique electronic band structure. This structure is characterized by a filled valence band (VB)
and an empty conduction band (CB) separated by an energy gap known as the bandgap (Eg) [17].
In addition, an ideal semiconductor photocatalyst should be highly photo-active and photo-stable,

making TiO2 and ZnO being the most commonly utilized materials for this purpose [18].
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1.4 Zinc oxide (ZnO)

Researchers have studied zinc oxide, an inorganic compound with the chemical formula ZnO,
as a versatile semiconductor material for over 80 years, and it is applicable in vast optoelectronics
applications, including light-emitting diodes, lasers, photodetectors, etc. In its solid state, ZnO
appears as an odorless, off-white to pale yellow powder, characterized by its insolubility in water
but being soluble in acids and alcohols. A notable advantage of ZnO is its abundance and cost
effectiveness, which renders it an attractive semiconductor candidate for many applications across

various technological domains [4].

1.4.1 The choice of ZnO

The most attractive characteristics of zinc oxide are noted below [19] [9] [20] [21] [22]
[23]:

e ZnO is a non-toxicity compound and abundance presence on the earth.

e ZnO possesses an exceptionally high exciton binding energy of 60 meV and large band
gap (Eg ~ 3.37 eV).

e High transparency in the visible range.

e Zn0O has a good electron-donating property in its pure state, owing to its intrinsic
electrical characteristics.

e Have a high catalytic performance.

e ZnO s eco-friendly, and it is not dangerous when eliminated at the end of its life cycle.

1.4.2 Properties of zinc oxide
» Structural and crystallographic properties

Generally, ZnO has three different forms of crystallization, as shown in Figure 1.2: hexagonal
wurtzite structure, cubic zinc blende, and rock salt [6]. The most common crystal structure of ZnO
is the hexagonal wurtzite structure (B4 type) with lattice parameters a = 0.325 nm and ¢ = 0.521
nm, which is thermodynamically stable at normal conditions (ambient temperature and pressure)
[24]. However, when ZnO is deposited at high pressures on certain substrates with cubic
symmetry, it synthesizes according to the cubic blende B3 (B3 type). Furthermore, when the
wurtzite structure of ZnO is exposed to high hydrostatic pressure (10> GPa), it changes into the
metastable rocksalt (B1 type) [23].
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Figure 1.2. Different structural of Zinc oxide [25]

Overall, there is no center of inversion in wurtzite, which is composed of alternating planes of
zinc and oxygen atoms. wurtzite is intrinsically asymmetric along the c-axis, or the (001) direction,
thus being an anisotropic crystal. This structure lattice is fourfold coordinated. That is, each atom
has four nearest neighbor atoms, the zinc ion surrounded by tetrahedral oxygen ions and vice versa.
Certainly, this type of tetrahedral coordination in ZnO forms a non-central symmetric structure
with polar symmetry along the hexagonal axis. This not only contributes to the presence of
piezoelectricity and spontaneous polarization but also plays a significant role in crystal growth,
etching, and defect formation in ZnO [25] [26].

> optical properties
Zinc oxide presents compelling electrical properties that render it highly valuable for various
technological applications. ZnO thin films have a low electrical resistivity and a high transmittance
around 80-90%, in the visible and near-ultraviolet range. This making them a good candidate for
various applications requiring transparency, such as solid state display devices, optical coatings
heaters chemical sensors, hybrid and heterojunction solar cells, light emitting diodes, bioimaging,
and conductive transparent layer for photovoltaic applications. Additionally, ZnO has a wide

direct optical bandgap of approximately 3.3 eV at room temperature [27] [28][29].

» Chemical and catalytic properties
Zinc oxide exhibits diverse chemical properties that contribute to its versatility and widespread
use in various industrial and technological applications. ZnO is recognized for its simple
manufacturing techniques, cost-effectiveness, minimal toxicity, and large surface area compared

with other chemical materials [30]. Additionally, ZnO shows high thermal stability, decomposing

10



Chapter I. A bibliographic review

at temperatures above 1975°C, which makes it suitable for high-temperature applications. These
chemical natures and surface properties make ZnO a valuable catalyst. Specifically, zinc oxide is
utilized in gas sensing applications for detecting hydrogen sulfide (H,S), carbon dioxide (CO.,),
hydrogen (H.), and methane (CH,). Additionally, ZnO is used for the efficient photocatalytic

degradation of organic dyes, antibiotics, and antibacterial agents [7].

» Electromechanical properties

ZnO possesses notable piezoelectric properties due to its wurtzite crystal structure, allowing
for a bidirectional interaction between electric and mechanical fields. ZnO electrically polarizes
when subjected to mechanical stress (direct effect) due to the displacement of ions within the
crystal, creating a separation of charges. Conversely, it deforms when an electric field is applied
(inverse effect), altering its physical dimensions. These properties arise from the crystal structure
of ZnO. Due to the crystal's anisotropy, the piezoelectric constants, which define the relationship
between mechanical stress and electrical polarization as well as between the electric field and
mechanical deformation, vary according to the crystal's orientation. This anisotropy is crucial for
optimizing piezoelectric devices such as sensors, transducers, and actuators by aligning the crystals
in specific orientations to maximize performance. Thus, understanding the directional properties
of ZnO enables the development of advanced technologies in various fields, ranging from
electronics to renewable energy [23].

> Photocatalytic properties

ZnO exhibits exceptional photocatalytic characteristics, especially when compared to TiOo.
Notably, ZnO nanostructures are also nontoxic in contrast to TiO, and other inorganic
photocatalytic materials, making them highly desirable materials for a wide range of applications
in both biological and environmental settings. With its strong adsorption and wide bandgap (3.37
eV), ZnO efficiently absorbs UV light irradiation, generating electron-hole pairs that drive redox
reactions on its surface. These reactions enable the degradation of organic pollutants and their
possibility for environmental protection [31][32].

1.5 Different growth techniques of thin films

Numerous thin-film growing methods have been investigated in the research publications,

each technique offers unique advantages and characteristics, making them suitable for a range of
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applications in optoelectronics, sensors, and photocatalysis. Figure 1.3 summarizes an overview
of various methods of growing thin films:

PVD
PHYSICAL MBE
PROCESSES
ALD
i sol-gel
CVD
CHEMICAL | .
- | PROCESSES | Spray Pyrolysis
Electrochemical
Deposition
SILAR

Figure 1.3. Thin film deposition technologies

1.5.1. Successive ionic layer adsorption and reaction (SILAR) process

The successive ionic layer adsorption and reaction (SILAR) method was initially proposed by
Y.K Nicolau in 1985 for the deposition of ZnS and CdS. This process has been employed in
synthesizing diverse thin film semiconductors. Additionally, the SILAR technique is extensively
utilized at the laboratory scale due to its relative cost-effectiveness, simplicity, and ease of use, as
it does not require advanced equipment, making it highly flexible and reproducible. Furthermore,

SILAR has recently garnered the attention of scientific researchers for several reasons, as outlined
below [33]:

4 Thin films are typically fabricated on a simply cleaned and rigid planar substrate that
imposes no dimensional limitations, and its possibility of being established on large

surface substrates.
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4 Deposition rates and film thickness can be precisely controlled by monitoring the
reactant precursors, which typically consist of desired cationic and anionic salts
dissolved in solvents.

4+ The thicknesses of the thin films can be also controlled by adjusting the number of
deposition cycles and concentration of precursors solution.

+ SILAR fabrications are highly convenient and energy-efficient since it is applicable at
room temperature. If necessary, the as-deposited coatings can be subjected to post-
deposition annealing to promote grain growth, crystallization, and other desired

properties.

Therefore, the SILAR technique's advantages make it a promising choice for industrial-scale

thin film fabrication, especially in the semiconductor industry.

1.5.2. Description the protocol of SILAR technique

In this process, the substrate is alternately immersed in two different precursor solutions,
immersion in deionized water between each rinsing to remove loosely bound species. A typical
SILAR cycle involves the adsorption of cationic precursors, then immersing in DI water, and
adsorption of anionic precursors. The cations and anions adhere to the substrate surface and react
to form the final product. This cycle is repeated multiple times to achieve the desired film
thickness. Key parameters such as the concentration of the precursors and the immersion time in
each solution can be adjusted to tailor the composition and thickness of the materials [34]. Figure

1.4 describes the successive ionic layer adsorption and reaction method:

Glass
substrate

%

a) Catioﬁic b) Rlnsmg c) Amomc d) Rmsmg
solution solution

P

Semlconductor
thin film

ﬂ

’ILJ

Figure 1.4. SILAR process [35]
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1.5.3. Factors affecting SILAR deposition

SILAR deposition is influenced by several factors that develop the effectiveness and quality of
the thin films. These factors collectively impact the fabrication rate as well as the structural,
optical, electrical, and photocatalytic properties of the thin films. A detailed discussion on the role
of these parameters, which have been extensively investigated in the SILAR literature [36], will

be presented below:

» Impact of doping

To maximize the number of charge carriers participating in the material's functionality, a
material with low activation energy is essential, allowing electrons to easily transition from the
valence band to the conduction band. Doping is one of the most effective methods for tuning this
structure. In many instances, incorporating cation dopants is a highly effective strategy to enhance
electrical conductivity. By reducing the bandgap, electron transfer between the valence and
conduction bands is increased, leading to an increase in electrode capacitance for energy storage
devices [33].

» Type of Precursor

The precursor used in the SILAR process greatly influences the properties of the resulting
materials. Different precursors such as zinc nitrate, zinc acetate, and zinc chloride influence the
crystallinity, morphology, bandgap energy, and photocatalytic activity of the resulting ZnO
nanoparticles. The best crystallinity and surface morphology was observed in films produced by
zinc chloride according to S. P. Ratnayake [36]. The precursor type also affects the particle size,
aspect ratio, and organic material content, consequently influencing the photocatalytic efficiency
of ZnO nanoparticles [37]. Furthermore, the choice of precursor in the synthesis of ZnO/TiO;
heterostructures impacts the crystal growth, carrier mobility, and photoelectrochemical
performance of the resulting composite materials. Overall, the type of precursor plays a crucial
role in tailoring the properties of ZnO nanoparticles for various applications, including
photocatalysis and nanocomposite materials.

» Concentration of solution
The concentration of the precursor solution is a critical factor influencing the properties and
performance of SILAR-grown thin films. Higher concentration solutions tend to produce coatings

with larger grain sizes and increased surface roughness. Conversely, employing multiple SILAR
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cycles with lower concentration precursor solutions can yield smoother, thinner, and potentially
without holes in films. By meticulously controlling precursor solution concentration, it is possible
to advance the structural and surface characteristics of thin films, thereby enhancing their overall

quality and suitability for various advanced applications [36].

» Cycles number

The number of cycles in SILAR method is pivotal in defining the properties of thin films.
Research on various materials, including zinc oxide has demonstrated that increasing the number
of deposition cycles results in notable changes in crystal size, film thickness, structural, and
optical properties [19]. Typically, an increase in cycles leads to a reduction in crystal size, an
increase in film thickness, and alterations in optical properties such as transmittance and
absorbance. However, there is an optimal range of cycles, beyond which the properties can
degrade, as observed in BiOl, where photovoltaic performance declined after exceeding a certain
number of cycles. These findings underscore the importance of optimizing the number of cycles

in SILAR processes to achieve the desired thin film characteristics.

» Annealing temperature

Annealing is a highly effective post-deposition treatment in the SILAR approach, used to
modify the properties of thin films. Typically, high-temperature annealing leads to an increase in
crystallite size and surface roughness, which is consistent with thermally induced grain growth
[38]. Furthermore, annealing can reduce defects in the films and eliminate the hydroxide phase
along with the recrystallization. Careful optimization of annealing parameters is essential to

achieve the desired film properties for various functional applications.

» pH of solution

The pH of the precursor solution is a critical parameter in SILAR depositions, as it influences
the speciation, reactivity, and solubility of the involved species. Changes in pH can significantly
impact supersaturation conditions, nucleation rates, and growth mechanisms, resulting in
variations in film morphology, crystallinity, and composition. For example, in the deposition of
ZnO thin films, Sakthivelu and colleagues observed that the grain size of ZnO increased with
higher pH levels of the precursor solution. Additionally, they reported a decrease in the bandgap
with increasing pH [39]. Thus, precise control of pH in SILAR processes is essential to tailor the
properties of thin films for specific applications.
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1.6. Doping of ZnO

Doping ZnO involves introducing foreign ions to alter its physical properties for various
applications. It has been demonstrated that the doping of different metals into the ZnO lattice
significantly affects its physical and chemical properties. Doping strategies impact the optical
response and photocatalytic performance of ZnO nanomaterials, highlighting the significance of
doping concentration and preparation conditions [26]. Additionally, ZnO doping can occur

through the introduction of impurities or native defects in the lattice.

1.6.1. Native defects

Doping is an important process in many semiconductor technologies; however, it can be
significantly impacted by native point defects. The control of defects and associated charge carriers
is of critical importance in applications that exploit the diverse range of characteristics of materials
since the defects have great effects on doping, minority carrier life time and luminescence

efficiency, and may be directly involved in the diffusion mechanisms linked to the growth process
[6].

In the case of ZnO material, there are many intrinsic defects with various ionization energies.
The energy levels of the native defects in ZnO film are shown in Figure 1.5, which depicts that
there are numerous defect states within the band gap and the defect ionization energies range from
0.05 to 2.8 eV. The donor defects are: Zn;™, Zn;*, Zni*, Vo™, Vo', Vo and the acceptor defects i '
are:V'zn, V'zn. The predominant ionic defect types in ZnO are Zn interstitials and oxygen vacancies
which have been mentioned as sources of n-type conductivity. Due to the different ionization

energies, the relative concentrations of the various defects depend strongly on temperature [40].
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Figure 1.5. Energy levels of native defects in ZnO[40]

1.6.2. Impurity doping

ZnO possesses a relatively open structure characterized by a hexagonal close-packed lattice
where zinc atoms occupy half of the tetrahedral sites, leaving all octahedral sites vacant. This
structural feature provides numerous sites for accommodating both intrinsic defects and extrinsic
dopants. The ability to introduce selective element doping offers a method to fine-tune ZnQO's
properties, which is crucial for enhancing its performance in various applications. This capacity to
modify its properties through doping is essential for optimizing ZnO's use in fields such as
optoelectronics, photocatalysis, and sensor technology. Topically, there are four main interests in

doping ZnO are maintained below [26]:

4+ Doping with donor impurities to achieve n-type conductivity
4+ Doping with acceptor impurities to achieve p-type conductivity
4+ Doping with rare-earth elements to achieve desired optical properties

4+ Doping with transition metals to achieve desired magnetic properties.

Various types of doping of ZnO with various elements, such as rare earth metals, transition
metals, noble metals, and alkaline metals, have been extensively studied to enhance its properties
for a wide range of applications. The effectiveness of doping indeed depends on the ease with
which heteroatoms can be incorporated into the zinc substitutional sites within the ZnO lattice
[41].
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1.6.2.1. Barium doped zinc oxide

Barium is one of the perfect alkaline metals that have been chosen as dopants in ZnO.
Recently, many researches have extensively studied barium-doped zinc oxide films due to their
unique properties. Moreover, the selection of barium as a dopant for ZnO is due to its similar
valence states to zinc, allowing it to easily diffuse into the Zn lattice. Although barium has the
same valence electrons as zinc, its ionic radius enables it to substitute into the ZnO lattice during
the doping process. Incorporating Ba in ZnO enhances the dielectric constant and AC conductivity,
indicating improved charge carrier mobility. Ba-doped ZnO forms crystalline structures with
smooth surfaces and low density, capable of absorbing internal stress. This doping reduces the
energy bandgap and increases charge separation in ZnO nanoparticles, enhancing their electronic
and optical properties. Additionally, Ba doping improves interfacial electron transfer processes at
the surface, increasing surface reactivity. The reduced bandgap and high surface reactivity

positively impact photocatalytic activity [42][43][44].
1.7. photocatalytic activity

1.7.1. Introduction

Over the past few decades, population growth and significant industrial development have
led to widespread contamination of sewage and drinking water resources with organic pollutants
(e.g., pharmaceuticals, hydrocarbons, dyes), heavy metals (e.g., chromium, mercury, lead), and
inorganic compounds (e.g., nitrite, nitrate, arsenic), and various other complex substances, which
present in Figure 1.6. Several of these pollutants are toxic, carcinogenic, mutagenic, or have
endocrine-disrupting effects [45]. The United Nations” World Water Development Report (2020)
highlights that alterations in the water cycle will threaten food security, human health, and energy
production. Consequently, there is an urgent need for environmental protection and the generation
of green energy [46]. Additionally, the traditional biological-physical wastewater treatment
methods are generally not realizable for the removal of large amounts of these pollutants. Today,
solar energy, radiant light, and heat from the sun, is the most abundant clean energy source
available. As a result, the scientific community became very interested in the photocatalysis

process, which uses solar energy, as the most promising solution to environmental issues [47].
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Figure 1.6. Different organic and inorganic sources of water pollution in the environment

1.7.2. Definition of Photocatalysis

The term photocatalysis merges the concepts of photochemistry and catalysis, and it refers to
the acceleration of a photoreaction in the presence of a catalyst (semiconductor). An ideal
photocatalyst should possess several key properties: it must be highly photoactive, chemically and
biologically inert, resistant to photo corrosion, non-toxic, cost-effective, and capable of activation
by solar light [47][45]. Photocatalysis is referred to as heterogeneous when the catalyst is in a
different physical state (solid) than the pollutants (liquid or gas) [48]. First-generation
photocatalysts include various materials, including ZnO and TiO2, the first semiconductors to be

investigated and used in photocatalytic applications[45].
1.7.3. Semiconductor photocatalysis mechanism

In an optimal photocatalytic process, organic pollutants are mineralized into CO2, H20, and
mineral acids in the presence of ZnO particles and reactive oxidizing agents such as oxygen or air
[47]. Figure 1.7 presents the mechanism steps of the process; whereas the first step is the
generation of photoelectrons (€7) in the conduction band (CB) and holes (h*) in the valence band
(VB) of the semiconductor upon exposure to light with a wavelength equal to or greater than the

energy of the bandgap (hv > Eg) [49]. The second step illustrates the separation of photogenerated
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electrons and holes. However, the bulk charge carriers often recombine, producing phonons or
heat, which decreases the number of excited charge carriers. This rapid recombination, occurring
within a few nanoseconds, adversely affects the photocatalytic efficiency of catalysts in water
decontamination. Then, for photocatalysis to be effective, the recombination phenomenon must be
reduced to a minimum or eliminated. Furthermore, surface modifications including adding metals,
and dopants, or combining them with another semiconductor can reduce electron-hole
recombination rates and enhance efficiency. Doping ZnO with transition metals (Cu, Fe...)
improves electron and hole trapping, decreasing recombination [23]. Photogenerated electrons
often act as reductants, directly reducing heavy metal ions. The separated holes may react with
hydroxyl ions (OH") or water molecules to produce hydroxyl radicals (-OH), which are highly
oxidizing and play a crucial role in oxidative decomposition. This reaction is the primary pathway
for -OH production. Additionally, the separated electrons can react with dissolved oxygen in water
to form superoxide radicals (-O2"), which further decompose to produce -OH. Contaminants in
water are first adsorbed onto the surface of the catalytic material, enhancing charge mobility and
redox ability. Subsequently, a series of chemical reactions occur with the active species generated
by the catalyst, leading to the degradation of pollutants. All the redox reactions mentioned in the
explanation are listed below (Eq 1. (1)—(9)) [46]:

Semiconductor + hv - h* + e~ (Eq 1.2)

e +02 » 03 (Eq 1.2)

-0; +H* - OOH (Eq 1.3)

2-00H - 02 + H20; (Eq 1.4)

H202 +-05 — OH+ OH- + 0> (Eq 1.5)

H202 + hv - 20H (Eq 1.6)

ht + H20 —> OH + H+ (Eq 1.7)
h+ + OH- - OH (Eq 1.8)

Pollutants + (OH,ht*,e-, OOH or - 03) — degradation products (Eq 1.9)
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Figure 1.7. Photocatalytic processes over a heterogeneous photocatalyst
The photocatalytic performance of catalysts is indeed significantly influenced by the

physical-chemical characteristics of the catalyst and the chemical composition of the pollutant
[50].

1.7.4. Kinetic of photocatalytic reaction
The kinetics of photocatalytic degradation of pollutants are studied by employing the Langmuir-
Hinshelwood model. This model is utilized to monitor the degradation rate of pollutants at different

concentrations and for characterizing solid catalytic reactions which consists of four steps [51]:

e adsorption of molecules on a catalytic surface;
e dissociation of adsorbed molecules;
e reactions of dissociated molecules to produce products:

e desorption of products.

Additionally, Langmuir—Hinshelwood mechanism is based on the following five key

assumptions [48]:

e The number of adsorption sites is fixed at equilibrium;

e Each adsorption site accommodates only one substrate molecule;

e Only molecules adsorbed on the surface react;

e Adsorption occurs quickly relative to the secondary reactions of the substrate in the

solution;
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e The adsorption energy is the same across all adsorption sites and is independent of the

rate of surface coverage.

In the case of these hypotheses, they are accepted, and according to the rate law of chemical

reactions, the rate of degradation is expressed as follows:

ac

r = —
dt

k6 (Eq 1.10)

Where r, C, k, and t indicate the speed of degradation, the concentration of reagent, apparent

reaction rate constant, and the irradiation time, respectively.

For a low initial concentration Co of the reactant (Co < 10° M), the above equation can be

simplified to a pseudo first order equation:

For an initial reactant concentration Co lower than 10~ M, the above equation can be simplified to
a pseudo-first-order equation:

In(Co/Ce ) = K.t (Eq 1.11)

At high concentrations, the reaction rate reaches its maximum, indicating that the reaction becomes

zero-order.
(Co—C) =K.t (Eq 1.12)

1.7.5. Factors affecting the photocatalytic process

The effectiveness of photocatalytic activity is depending on several principal factors presented
below:

> Initial concentration of organic pollutant
At low pollutant concentrations, the reaction rate rises significantly due to the abundance of
available active sites on the catalyst. However, as the concentration of the pollutant increases, the
reaction rate begins to show an asymptotic behavior. This is because the catalyst surface becomes
saturated, so that an increase in the substrate concentration hardly increases the reaction rate. This
saturation occurs when the catalyst sites are occupied either by reactants at high concentrations or

by reaction products. The Langmuir—Hinshelwood model effectively interprets this behavior [50].

» Photocatalyst concentration
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The concentration of the photocatalyst is one of the key elements influencing the photocatalytic
efficiency. Typically, higher catalyst loading provides more surface-active sites and generates
more electron-hole pairs, thus enhancing photocatalytic activity. However, excessively increasing
the photocatalyst concentration can reduce the reaction rate due to the reflection and scattering of
incident radiation, preventing catalyst particles from absorbing more photons. Therefore,

optimizing the photocatalyst concentration is essential to maximize the photodegradation rate [52].

» Temperature

Photocatalytic reactions are generally not highly sensitive to temperature changes since their
activation is driven by photon absorption, and the rate constant is not so dependent on temperature
as established by Hoff-Arrhenius equation (Eq 1.13) for conventional thermally activated
reactions. In photocatalytic processes, temperature primarily influences the adsorption-desorption
dynamics of reactants, intermediates, and products. Therefore, the effect of temperature is
contingent on the surface properties of the photocatalytic material and the reactant to be
decomposed [50]. Additionally, increasing temperature can enhance the adsorption capacity of
photocatalysts, thereby improving the photocatalytic degradation rate of organic compounds. This
effect has been observed in various studies, such as with Orange G within the range of 20-50 °C,
Indigo Carmine between 20-40 °C, and Rhodamine B from 30-50 °C [51].

k(t) = ko exp(= ) (Eq 1.13)

» Light wavelength

The effect of light wavelength on photocatalytic degradation is a critical factor in determining
the efficiency of pollutant removal processes. For optimal catalyst activation, it is essential that
the pollutants do not absorb light in the same wavelength range as the catalyst [48]. Research
indicates that different wavelengths of light can significantly influence the degradation rates of
contaminants. Specifically, the UV-A range spans wavelengths from 315 to 400 nm (3.10-3.94
eV), the UV-B range covers 280 to 315 nm (3.94-4.43 eV), and the germicidal UV-C range
includes wavelengths from 100 to 280 nm (4.43-12.4 eV) [47].

» Solution pH

The solution pH is a critical factor in the photocatalytic degradation process, as demonstrated

by various studies. The pH of the precursor solution significantly influences the photocatalytic
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activity of zinc oxide and tin oxide nano powders. Notably, samples prepared at pH 9 exhibit
remarkable dye degradation efficiency and enhanced biological activities. Herrmann et al. [53]
found that increasing the pH above 10 enhances the reaction rate due to the increased formation
rate of OH radicals. However, depending on the nature of the organic compound, adsorption is
disadvantaged and the photocatalytic efficiency is greatly reduced. In another hand, the positively
charged of the surface of photocatalyst at pH =4 will enhance the electrostatic interaction between
the dye and photocatalyst and will also be promoted the hydroxyl radical formation. additionally,
reduced pH levels increase the creation of more H* ions in the hydrogen evolution reaction, which
is advantageous for the process [52].

» Morphology of the photocatalyst

Photocatalysts with different morphologies generally exhibit variations in their photocatalytic
performance due to the diverse active facets, unique active sites, and the corresponding
adsorption-desorption ability to reactant [54]. Further, the structure of ZnO plays a crucial role in
its photocatalytic degradation efficiency. Various ZnO structures, including nanorods, nanotubes,
hexagonal shapes, and wurtzite structures, have demonstrated enhanced photocatalytic
performance [55]. Furthermore, ZnO nanoparticles with a hexagonal structure exhibit superior
photocatalytic property due to their high crystallinity and optimal bandgap energy, resulting in
efficient degradation of organic pollutants. Studies have shown that ZnO nanorods with a higher
specific surface area achieve better photodegradation efficiency compared to those with a lower

surface area [47].

» Charge-Carrier Scavengers

Scavengers are employed in photocatalytic processes to remove undesirable reaction
products, such as oxygen, to prevent unwanted reactions, and to evaluate photocatalytic activity
by deactivating reactive species. Frequently used scavengers in photocatalytic reactions include
ammonium oxalate and disodium ethylenediaminetetraacetate (EDTA-2Na) for capturing holes,
dimethyl sulfoxide (DMSO) and AgNO3 for capturing electrons, 1,4-benzoquinone (BQ) for
capturing *O2", and methanol, 2-propanol (IPA), and tert-butanol (t-BuOH) for capturing OH
radicals [52].

1.7.6. Advantages and disadvantages of heterogeneous photocatalysis

Heterogeneous photocatalysis offers several advantages, including [23]:
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> heterogeneous photocatalysts are non-hazardous, efficient, eco-friendly process, and

reusable, making them ideal for various applications.
> Achieves total mineralization: generates H20, CO., and various other species.

> Enables the utilization of solar energy.

> ltis applicable at room temperature and pressure.

Heterogeneous photocatalysts face limitations such as [56]:

» The recombination of photogenerated charges can reduce the process's efficiency.
> It requires energy consumption (UV irradiation), limiting the technology's efficiency in

the visible spectrum.
1.7.7. Application of Heterogeneous Photocatalysis

Heterogeneous photocatalysis has emerged an effective strategy for several applications,
including organic transformations, wastewater treatment, selective hydrogenation reactions, and
the degradation of pollutants. Figure 1.8 illustrates the various applications of this process in

environmental, medical and structural applications.
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Figure 1.8. The potential uses of heterogeneous photocatalysis in environmental, medical,

and structural applications
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» Photoelectrochemical H2 Production from Water Splitting

In recent year, the utilization of solar energy, which is an abundant and renewable resource,
presents an exceptionally promising to achieving green energy production. A particularly exciting
and innovative approach is the applicable of photocatalytic mechanisms for the generation of
hydrogen (H2) through water splitting. Recent technological advancements have resulted to the
development of various photocatalysts specifically to enhance the efficiency of this process [57].
Hydrogen can be produced through photoelectrochemical (PEC) water splitting on semiconductor
photocatalysts that are characterized by nanostructures with high surface-to-volume ratios and
superior light absorption ability. In a conventional PEC cell setup, there are two half-reactions that
occur simultaneously: (a) the oxygen evolution reaction (OER), which is usually occurs on an n-
type semiconductor serving as a photoanode, and (b) the hydrogen evolution reaction (HER),

which is occurs on a cathode functioning as a counter electrode, as shown in Figure 1.9.[52]

9 + semiconductor—> e + h*

LV

Figure 1.9. A schematic of a typical photoelectrochemical (PEC) cell [52]
> Photocatalytic CO. Reduction

Photocatalytic CO> reduction is a promising approach for converting carbon dioxide into
valuable small-molecule chemicals or energy fuels such as CO, CHs4, HCOOH, and other
chemicals through photocatalytic technology. This strategy can solve the problems of the
environment and public health, such as global warming and climate changes, sea-water
acidification, and the upsurge of ocean levels. These issues are caused by the overuse of fossil
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fuels including petroleum, gas, and coal, which release substantial amounts of CO: into the

atmosphere upon combustion [52][58].
> Photocatalytic Dye/Drug Degradation

Despite the significant economic importance of the textile, leather, food, and paper industries
in the world, this is a major source of water pollution in both toxicological and aesthetic qualities.
Approximately half a ton of dyestuffs are discharged every day into the environment. Several
synthetic dyes used in textiles, including both cationic dyes such as safranin O (SO), rhodamine
B (RhB), malachite green (MG), rhodamine 6G (Rh6G), methylene blue (MB), and crystal violet
(CV), as well as anionic dyes like eosin Y (EY), Eriochrome black T (EBT), phenol red (PR),
methylene orange (MO), and Congo red (CR), are hazardous and toxic organic contaminants that
will impede the photosynthesis process of aquatic plants and harm human health via the channels
of food and drinking water supply.

In other hand, chemical and pharmaceutical industries produce other organic wastes that are
detrimental to both society and the environment. Especially, with the increasing of the production
and usage of pharmaceutical products, which notably increased due to the COVID-19 pandemic
in recent years. Pharmaceutical contaminants are found in water at concentrations as trace as
ng.L! to ug.L™'. But even at these low concentration levels, because of their physical and
chemical properties, they can be a major danger to living organisms’ health. Given the severe
problems resulting from water pollution caused by dye and pharmaceutical pollutants, the
degradation of these organic pollutants by photocatalysis, in a sustainable development option,
has become one of the alternative modern techniques for wastewater treatment, particularly when
using a renewable energy source, as well as regarding the significant advantages of photocatalysis

processes in eliminating harmful pollutants from water [52][59].

1.8. Self-Cleaning Function

The application of nanotechnology in self-cleaning was investigated by measuring the water
contact angle, which is defined as the angle formed between the solid surface and the tangent line
of the liquid phase [60]. Based on wettability, these surfaces can exhibit hydrophilic properties
when the contact angle is less than 90°, or hydrophobic properties, similar to lotus leaves when

the contact angle exceeds 90° [61].
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1.9. Conclusion

In this chapter, we first provide a definition of thin films and their synthesis, with a particular
focus on the SILAR process. We also present a study on semiconductors and their classification.
Furthermore, we discuss the general properties of zinc oxide, with a specific emphasis on its optical
and structural properties. In general, ZnO exhibits good optical transmission. Additionally, we
explore the effect of barium-doping concentration, the number of deposition cycles, and annealing
temperature on the properties of the films. The key characteristic of this material is its potential
for large-scale industrial applications, particularly in self- cleaning and the photocatalytic
degradation of organic pollutants. In the next chapter, we will describe the technique used to form
our thin films and the characterization methods employed in this study.
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Chapter I1. Experimental Procedure: Synthesis and characterization techniques

I1.1. Introduction

This chapter focuses on the experimental synthesis and characterization of barium-doped ZnO
thin films, fabricated using the Successive lonic Layer Adsorption and Reaction (SILAR) method.
The aim is to optimize their photocatalytic efficiency and self-cleaning applications by
systematically exploring parameters such as dopant concentration, SILAR deposition cycles, and
annealing temperature. This study investigates the influence of these variables on the structural,

morphological, optical, and photocatalytic properties of the thin films.

In addition to detailing the experimental protocols for film synthesis, the chapter also covers
the methodologies employed for characterizing the films, including X-ray diffraction (XRD),
scanning electron microscopy (SEM), atomic force microscopy (AFM), and UV-Vis
spectrophotometry. These techniques are essential to understand the films' crystallinity,

morphology, optical behavior, and functional performance.

This experimental foundation sets the stage for a deeper understanding of how barium doping
enhances ZnO thin films' properties, providing insights into their potential for addressing critical

challenges in environmental sustainability and green technology development.

The objectives of this study are to optimize and characterize the performance of barium-doped
ZnO films synthesized via the SILAR process for photocatalytic and self-cleaning applications.

To achieve these objectives, the following specific goals are addressed:

e Identifying the optimal Ba dopant concentration for enhanced performance.
e Determining the ideal number of SILAR deposition cycles.

e Establishing the most effective annealing temperature for film stability and functionality.

11.2. Materials

A thoughtful selection of solvents and additive agents was employed to ensure the best
performance of films fabricated. The materials utilized in this experimental work included the
following: glass slides (MICROSCOPE SLIDES, NO.7102) with dimensions of (25.4*76.2*1
mm) as depicted in Figure 11.1, zinc chloride dihydrate (ZnCl,. 2H20, 99 %), barium nitrate
Ba(NO3), ,99 %), ammonium hydroxide (30%- 33%), deionized water, ethylene glycol (C2HsO2,
99 %), and acetone (CsHsO). These substances were utilized as precursors, additives, solvents,

and detergents to remove any possible impurities,
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respectively, and these selections were made based on their characteristics and compatibility with

the synthesis process. All chemicals were sourced from Sigma-Aldrich and were utilized without
further purification.

ce®
Microscope S\wae \
7102
CUT EDGES, PLAIN 90
CLEAR GLASS

25.4 X 76.2mm{A" X 3" )
Tmm-1.2mm THICK

509

Figure 11.1. Glass substrates
In this work, the selection of the glass substrate was based on several specific reasons [1] [2]:

4+ Due to their transparency, these are highly suitable for the optical characterization of
films in the visible.

4 Since it is an insulator, it will not affect the conductivity measurement.
4 Its thermal expansion is almost the same as that of ZnO (agiass = 10° K, azno = 7.2

10 K1, to promote good adhesion and reduces thermal stresses at the layer-substrate
interface.

4 For economic cost reasons and availability.

The photocatalytic process was investigated by degrading two compounds: the organic

pollutant methylene blue (MB) and the antibiotic amoxicillin (AMX) during sunlight irradiation.

The following subsections summarize the key protocols used in the synthesis of
barium-doped and undoped ZnO thin films via the SILAR process.

11.3. SILAR-Processed ZnO Thin Films: Influence of Ba-Doping on Photocatalytic
Degradation and Wettability
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11.3.1. Synthesis of Ba/ZnO thin films

Undoped and ZnO thin films doped with different concentrations (1 wt. %, 3 wt. %, 5 wt. %,

and 7 wt. %) of Ba were deposited on glass substrates.

Before the deposition process, the glass substrates were cleaned in soapy water, distilled water,
and rinsing in acetone for a duration of 30 minutes to eliminate any possible impurities and

contaminations, and then dried with a light-cleaning paper.

For the successful Ba/ZnO thin films deposition, successive ionic layer adsorption and reaction

(SILAR) method was employed.

The cationic solutions were prepared by dissolving 2.195 g of zinc chloride dihydrate (ZnCl,,
2H20, 99 %) in 100 ml of distilled water, which served as the pure solution. To introduce
doping, specific amounts of barium nitrate Ba(NOz)2 ,99 %) was added into the zinc chloride
solution to achieve a dopant concentrations of 1 wt. %, 3 wt. %, 5 wt. %, and 7 wt. %. These

doping levels have the potential to significantly alter ZnO's structural and functional

characteristics.

We added ammonium hydroxide (NHsOH, 30%-33%) to adjust the pH value of the cationic
solution maintained at 11. The pH level was precisely selected to ensure the stability and the
homogeneity of the solution, avoid the precipitation of metal ions, and dictate the growth of
Ba/ZnO thin films.

The deionized water was chosen as an anionic solution, maintained at 80 °C [3], which is the

ideal temperature condition for SILAR reaction.

The SILAR deposition procedure was involved three steps. Initially, the substrates were
immersed in the prepared cationic complex solution Zn((NHs;),)?* for 30 seconds at a temperature
range of 80-90 °C. This complex decomposes to form Zn(OH),. The samples were then rinsed in
a hot anionic solution for 30 seconds, allowing the adsorbed zinc ions to react with the anions
present in the solution, resulting in the formation of ZnO. Last immersion, the substrates are rinsed
with deionized water at room temperature for 30 seconds. All the prepared films underwent 30
SILAR dip cycles, alternating between cationic and anionic solutions. Finally, samples were dried
in air after deposition, and then annealed at 450 °C in a muffle furnace for 90 minutes to ensure
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the oxidation process, stabilize the thin films, and enhance their crystallinity. Figure 11.2 illustrates

the comprehensive experimental setup for one SILAR cycle.

@ 30 sec @ 30 sec @ 30 sec f A

Clean glass slide

pH = 10.48

Precursor solution in DW Hot DW DW © O

[Zn(NH3)]2+
o Ba(NO3)2

Muffle furnace

Figure 11.2 Procedure of SILAR process for Ba-doped ZnO thin films

The chemical reaction presented by the equations (Eq 11.1 to Eq 11.4) below is related to the
un-doped ZnO:

Zn(CH3 C00)2 2H20 — Zn2+ + 2CH3CO0- + 2H20 (Eq 11.1)
NH.OH - NHj + OH- (Eq 11.2)
Zn?+ 4+ 20H- > Zn(0OH), (Eq11.3)
Zn(0H)2 - Zn0 + H20 (Eq 11.4)

11.4. Influence of SILAR Deposition Cycles on Ba-Doped ZnO Thin Films and their
Photocatalytic Application

[1.4.1. Preparation of Ba-doped ZnO films at different SILAR deposition cycles

The precursor solution was prepared by dissolving 0.1 M ZnCl,. 2H,0 (99.5%) in 100 ml of
ethylene glycol (C,HgO,, 99%), with 25% concentrated ammonium hydroxide (NH,OH, 99%)
added under stirring to adjust the pH to approximately 11. To synthesize 5 wt.% Ba-doped ZnO,

barium nitrate (Ba(NO3),) was introduced into the initial solution.
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The SILAR method was chosen for the deposition of Ba-doped ZnO films, utilizing varying
reaction cycles (3, 6, 9, 12, and 15) based on previous experimental findings [4] [5]. For more

details of SILAR deposition see figure 11.2.

I1.5. Influence of Annealing Temperature on Ba-Doped ZnO Thin Films and their

Photocatalytic Application
11.5.1. Experimental procedure

The Ba/ZnO films were deposited on clear and clean glass substrates by the SILAR method,
as presented in Figures I1.1. A barium concentration of 5 wt. % was utilized over 15 SILAR
deposition cycles. After deposition, the samples were annealed in a furnace at the different
temperatures: 300 °C, 350 °C,400 °C, and 450 °C for 90 minutes. The technique followed is

consistent with previously described experimental procedures.
11.6. Film Characterizations

The crystal structure of semiconductors was studied using X-ray diffraction (XRD), which
provides detailed information about the crystalline phase, quality, orientation, lattice parameters,
defects, stress, and strain of samples. Crystals are defined as atoms arranged in regular arrays, with

parallel planes separated by a distance d.

The XRD technique was employed to characterize the structural properties of all Ba-doped
ZnO thin films using a Bruker diffractometer (D8 Advance model) with CuKa radiation (A =
1.5406 A). The XRD analyses were taken at room temperature and the values of diffracted angle
20 were ranged from 20° to 80° at 0.03 s~ rate.

The structural parameters for all films including crystallites size, lattice strain, dislocation density,
and number of crystallites, were recognized according to the most intense peaks for each sample

using X’Pert High Score.

The crystallites size was determined by applying the Williamson-Hall method represented by Eq
1.5 [6] [7]:

p cos@ = (k 1)/D + (4 € sinf) (Eq 11.5)
Where, B is the full width at half maximum (FWHM), 6 is the Bragg diffraction angle, k is a
constant (0.94), A is the wavelength of the incident X-ray (A = 1.5406 A), € denote the lattice strain,
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and D is the crystallite size.

The values of D and € were determined from the intercept of the linear fit of a plot of f cos6 as

a function of 4 sin6. The intercept of the plot on the y-axis corresponds to the crystallite size.

The d-spacing values was computed by using the Eq 11.6 and 7 [8].

n.A = 2.d.sinf (Eq 11.6)
() = 2 [ 4 (12/¢2) (Eq11.7)

Dislocation density (6) was computed through the Eq 11.8 [9]:
§ = 1/D2 (Eq 11.8)
The number of crystallites was obtained by the Eq 11.9) [10]:
N =t/D3 (Eq 11.9)
Herein N the number of crystallites, t is the film thickness (hm).
The 3D surface topography and the surface roughness of Ba/ZnO films were characterized
using a mechanical profilometer type (Tencor P-7), a high-resolution imaging technique that

allows for imaging and measuring samples at the nanoscale. Since it moves a tip or stylus across

the surface of the film, recording the vertical displacement along a specific path.

Scanning electron microscopy (SEM) is a highly effective technique for examining nanoscale
surface morphology. It is extensively employed in various scientific disciplines for the analyzes

of thin films, nanomaterials, and nanostructures.

The surface morphology and elemental composition of Ba-doped ZnO thin films was studied by
SEM (JEOL JSM 5800) and energy-dispersive X-ray spectroscopy (EDX), respectively. The
thickness values of the films were confirmed by SEM analysis of cross-sections of the samples

and via the gravimetric weighing method (Eq 11.10) [11]:

m
t =
p*A

(Eq 11.10)
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where m is the mass of the films (g), p is the density of the material, taken as 5.71 g/cm?®, and A is
the surface area of the deposited film (cm?). The mass of the deposited films was determined by

measuring the glass substrate's weight before and after deposition and calculating the difference.

It was found that the values of thickness measurement obtained using different methods yielded

approximately similar results.

To analyze the optical transmission spectra and calculate the band gap of undoped and barium-
doped zinc oxide samples, a JASCO V-770 UV-Vis spectrophotometer was used, operating over
a wavelength range of 280 nm to 1200 nm. Additionally, it was included Tauc and Menth equation
(Eq 11.11) for a direct optical band gap. In this method, the absorption coefficient a (cm™) was
initially calculated (Eq 11.12) [12]:

(a hv)? = A (hv — Eg) (Eq 11.11)
1 100
a=7 In (T) (EqlL.12)

Here, t is the film thickness (cm), T is the transmittance (%), o is the absorption coefficient

(cm™), hv is the incident photon energy (eV).

It is important to highlight that all these characterizations of Ba/ZnO thin films were

conducted at the LPCMA Laboratory, University of Biskra, Algeria.
11.6.1. Water droplet contact angle measurements

The water droplet contact angle (WCA) measurements of thin film surfaces were performed
by a simple homemade technique at room temperature, to detect the hydrophobicity/hydrophilicity
film surfaces. To calculate the medium value of the WCA, IC Measure software was used. For
each sample, the drops were applied five times using a micropipette (SCILOGEX-ISO
9001/13485), with the volume consistently maintained at 10 pl. The average values of WCA was
calculated by taking the average of the left and right angles using the following equation (Eq

11.13), as shown in Figure 11.3:
0 = (61 + 62)/2 (Eq 11.13)

With 01 is the angle on the left of the droplet (°) and 02 is the angle on the right (°), 6 denotes

the average angles of 6: and 0, in degrees.
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Figure 11.3. lllustrates the calculation of a water droplet's contact angle
11.6.2. Photocatalytic degradation Procedure for methylene blue

In order to evaluate the photocatalytic performance of the prepared film samples, the
methylene blue (MB) was employed as a photocatalytic reactant pollutant model. To investigate
the photocatalytic activity of undoped and Ba-doped zinc oxide films, the photocatalyzed
discoloration of MB was measured under sunlight irradiation. Figure 11.4 describes the

photocatalytic process.

Figure 11.4. Photocatalytic process of Ba-doped ZnO thin films under sunlight

Methylene blue (MB) is an aromatic organic heterocyclic basic cationic dye, with a molecular
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formula Ci6H1sN3CIS, and having Amax Of 663 nm. The chemical name of MB is [3,7-
bis(dimethylamino) phenothiazine chloride tetra methylthionine chloride], according to the
International Union of Pure and Applied Chemistry. The molecular structure model of MB is
shown in Figure 11.5. MB is found in the nature as a solid, odorless, dark green powder that
dissolved in the water to form a blue solution [2][13]. The hazardous effects of MB to human

health and environment is presented in Figure 11.6 [14].

Figure 11.5. The molecular structure model of MB dye

Cardiovascular (3

Figure 11.6. The hazardous effects of MB to human health and environment
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To prepare the MB dye solution, 0.004 g of MB powder was dissolved in 1 L of distilled water.
The solution was subjected to magnetic stirring for one hour. Then, the photocatalyst was kept in

100 ml of MB solution in a dark place for 30 min to achieve the adsorption/desorption equilibrium.

The photocatalytic degradation tests were conducted for 5 hours under sunlight irradiations
with the atmosphere conditions of this day in Algeria, Biskra city. During the reaction, 3 ml of
reaction mixture was taken every hour and the absorbance was tested by a spectrophotometer (UV-
VIS JASCO V-770) in wavelength range of 270—-800 nm. The degradation performance of the
photocatalysts can be evaluated using the following equation (Eq 11.14) [15]:

degradation performance = (CO—_Q) * 100% (Eq 11.14)
Co

Where Co is the initial concentration of MB dye solution, C; is the concentration of dye solution

after irradiation.

To confirm the performance of undoped and barium-doped zinc oxide thin films for the
degradation of MB dyes, a control experiment was tested by first placing 100 ml of the MB

solution in the dark and then exposing it to sunlight without any films for 5 hours.

The kinetics of the photocatalytic process were examined by applying the pseudo-first-order
kinetics model using the Langmuir—Hinshelwood equation (Eq 11.15) [16], which is used to

determine the constant rate (K) and the correlation coefficient (R2).

r=In() =K.t (Eq 11.15)
Ct

where r represents the rate of the reaction, k denotes the pseudo first-order rate constant (h™"),

and t is the irradiation time (h).

By employing this equation, the reaction rate can be determined by monitoring the change
in concentration as a function of time. The apparent rate constant (K) represents the reaction's
progression rate, while the correlation coefficient (R?) reflects the relationship between the rate
and the concentration. This approach facilitates the determination of K constant and provides a

deeper understanding of the reaction kinetics under investigation.

Reusability in photocatalytic degradation refers to the ability of a photocatalyst to maintain its
effectiveness and stability over multiple cycles of use. In photocatalytic processes, a catalyst is
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used to accelerate the degradation of MB pollutants when exposed to sunlight irradiation for 5
hours. For practical applications, it is important that the photocatalyst can be reused several times

without significant loss in activity.

The reusability of a photocatalyst is evaluated by testing its performance in repeated cycles of
photocatalytic degradation. After each cycle, the catalyst is usually recovered, washed, and reused
in the subsequent degradation process. A photocatalyst with good reusability will exhibit stable or
only slightly reduced photocatalytic efficiency over multiple cycles, making it cost-effective and
practical for large-scale or long-term applications in environmental cleanup, wastewater treatment,

or air purification [17].
11.3. Conclusion

In this chapter, we described the experimental techniques and methods used for the synthesis of
our films. We then presented the various techniques employed for the structural, topographical,
morphological, and optical characterization of the thin films produced. Additionally, we provided
an overview of the photocatalytic tests and wettability measurements of our films. The following
chapter will focus on studying the impact of Ba-doping concentrations on the films' performance

and interpreting the results obtained.
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Chapter I11. SILAR-Processed ZnO Thin Films: Influence of Ba Doping Concentrations
on Photocatalytic Degradation and Wettability

I11.1. Introduction

This chapter delves into the influence of Ba doping on ZnO thin films synthesized via the SILAR
technique, focusing on its impact on photocatalytic degradation of methylene blue (MB) and
wettability. By systematically analyzing the doping concentrations (1 wt.%, 3 wt.%, 5 wt.%, 7
wt.%), the study investigates how Ba incorporation alters film thickness, crystallinity, surface
morphology, and photocatalytic efficiency. These modifications are critical in optimizing the films

for applications such as pollutant degradation and self-cleaning surfaces.

The results presented in this chapter contribute to a deeper understanding of the structure-property-
performance relationship in doped ZnO thin films. This knowledge is pivotal for advancing the

design of materials tailored for sustainable and efficient technological solutions.
Furthermore, the main objectives of this chapter are:

e Identification of the optimal dopant concentration that enhances the photocatalytic
degradation of MB dye, while preserving the stability and uniformity of prepared thin
films.

e Represent structural, morphological, topographical, and optical properties of undoped
and barium-doped zinc oxide thin films at different concentration and their
photocatalytic degradation of methylene blue dye, as patterns, figures, and tables.

e Interpretation and discussion of the obtained results.

I11.2. Results and Discussion
111.2.1. Measurement of film Thickness

Figure 111.1(a) illustrates the influence of Ba doping varying concentration on the surface
thickness of ZnO films. In Comparison to undoped ZnO films, the thickness values reduced from
116.97 nm to 101.5 nm at a Ba doping level of 1 wt.% due to the initiation of restructuring
mechanisms within the films. Noting that, whereas the doping concentration is equal to 1 wt. %,
the intensity of the (002) peak and the film thickness decrease. This variation suggests that the
observed changes result by structural modifications induced by Ba doping [1]. Barium atoms can
generate a new energy levels below the conduction band, causing a shift in the band gap energy.

This modification enhances the optoelectronic properties of the material, enabling it to absorb
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visible light [2]. Notably, with Ba doping concentration increasing to 7 wt.%, the film thickness
increased to 319.05 nm, as seen in Table.l11.1.

Table I11.1. Values of thickness and roughness profile (Ra) of Ba-doped ZnO thin films

Samples Thickness (nm) Roughness (nm)
Undoped ZnO 116.97 87.1
Ba-doped ZnO (1 Wt.%) 101.5 164
Ba-doped ZnO (3 Wt.%) 2105 86.1
Ba-doped ZnO (5 Wt.%) 239.17 252
Ba-doped ZnO (7 Wt.%) 319.05 91.1

Figure 111.1(b) presents the scanning electron microscopy (SEM) cross-sectional image of 7
wt.% Ba doped ZnO films. The thickness measurement of the film determined via this method
confirms the result obtained by the AFM analysis. The average thickness, calculated from 50
measurements, is 374.6 £ 6.5 nm, which closely matches the AFM measurement of 319.05 nm.
These findings highlight the considerable effect of Ba doping on the thickness of ZnO films, which

in turn affects the films' optical, structural, self-cleaning, and photocatalytic characteristics.
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Figure I11. 1 (a). Impact of Ba doping concentration on the film thickness variation, and
(b) SEM cross-sectional image for 7 wt.% Ba-doped ZnO film

[11.2.2. Structural properties

The X-ray diffraction technique is a suitable method for studying the crystallographic analysis
of thin films. In this study, the XRD patterns of the undoped and barium-doped ZnO films at
different dopant concentrations (1 wt.%, 3 wt.%, 5 wt.%, and 7 wt.%) were investigated, and
several diffraction peaks are shown in Figure 111.2(a). It displayed the polycrystalline nature of
all films obtained with a hexagonal wurtzite structure according to the JCPDS card (75-0576). The
major diffraction peaks observed with the most intense peak are corresponding to 26=31.8 °, 34.47
°,and 36.31 ° along to (100), (002) and (101) planes, respectively. Other peaks were also observed,
such as (102), (110), (103), and (112). The XRD patterns of undoped and 1 wt. %, 3 wt. %, 5 wt.
%, and 7 wt. % Ba doping shows no evidence of any impurity peak, confirming the proper doping

of prepared films.
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Figure.l11.2 (a) XRD patterns of un-doped ZnO and Ba-doped ZnO thin films, (b)
Williamson—Hall plots of Bcos(6) versus 4sin(8)

The XRD diffractograms show that undoped and ZnO films doped with 1 and 3 wt.% of Ba grow
preferentially along the (100) direction due to experimental conditions of SILAR process [3].
Based on the literature, the incorporation of barium into ZnO at higher concentrations alters the
surface energy, which promotes a change in the preferred growth orientations of nanostructures
[4]. It is clear that in the samples of 5 and 7 wt.% Ba-doping, the (002) plane is the predominant
orientation. This shift is may be due to the low free surface energy compared to the (100) direction
[51[6][7]- The Williamson—Hall method was used to calculate the structural characteristics based
on the major intense peaks for each sample as expressed in Eq 11.6. This model was employed to
plots of B cosB as a function of 4sin6 as illustrated in Figure 111.2(b). The intercept of the linear

fit drawn has been taken to find the value of D and slope leads to ¢ value.

Table I11.2 demonstrates that incorporating Ba leads to a reduction in the crystallite size from 98.2
nm for undoped ZnO to 34.6 nm for ZnO doped with 7 wt.% Ba. This decrease is attributed to the
significantly larger Ba ion radius (1.33 A°) than the Zn ion radius (0.74 A°)[5]. In another case,
due to the greater value of lattice strain as shown in Table 111.2, the sample of 5 wt.% of Ba doping
presented the largest crystallite size (113.6 nm). D. Kumar et al [9] reveals that the lattice strain

increases linearly as the crystallite size increases. This is because crystallites contain more defects
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and dislocations, which can lead to strain in the crystal lattice [10]. The influence of strain on the
kinetics of crystal growth based on the diffusion of Ba ions within the ZnO potentially enhances
the rate of crystal growth, resulting in larger crystallites [11]. Furthermore, in the photocatalytic
process, materials that have larger crystallites can absorb lighter due to their large volume. Such
behavior can to generate of more electron—hole pairs, which are necessary for the occurrence of

photocatalytic reactions [12].

Table 111.2. Structural parameters of undoped ZnO and Ba-doped ZnO thin films.

Samples 20 () D(hm) FWHM d-spacing (A°) &*10°% &*10* N=*10
(nm?)

Undoped ZnO 31.80 98.2 0.19 2.81341 1.61 1.03699 1.235

Ba/ZnO (1wt.%) 3181 86.6 0.1181 2.81254 1.17 1.33341  1.562

Ba/ZnO (3wt.%) 31.81 447 0.1574  2.59923 0.147 5.00477  23.56

Ba/ZnO (5wt.%) 31.86 113.6 0.1771  2.81260 1.86 0.77489 1.631

Ba/ZnO (7 wt.%) 31.85 34.6 0.1968 2.60193 -0427  8.35310 77.02

The d-spacing values, calculated using (Eq 11.7-8), decrease with the increase of Ba doping
concentration. This reduction is attributed to substituting Zn atoms with Ba atoms, leading to a

reduction in the interplanar distance.

The dislocation density has an inverse relationship with crystallite size and it was increased
with higher Ba doping concentration due to the created defects in the crystal structure, as shown
in Table 111.2. A rise in dislocation density enhanced the hardness of a material, with smaller
crystallite-sized materials exhibiting higher dislocation densities and greater hardness [13]. These
dislocations can function as recombination sites for electron-hole pairs generated during the
photocatalytic process. A lower dislocation density indicates fewer recombination sites, allowing
more electron—hole pairs to contribute to photocatalytic reactions, thereby enhancing their
efficiency [14].

Table 111.2 reveals a change in the number of crystallites (N) as the Ba doping concentration
increases. A larger crystallite size of 113.6 nm corresponds to a reduction in the crystallite number
(1.631 * 10%). This behavior can be due to the introduction of additional energy levels within the
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ZnO band gap by Ba doping. These introduced energy levels serve as traps for charge carriers like
electrons and holes, which can extend their lifetimes, thereby improving the film's photocatalytic

efficiency[15].
111.2.3 3D surface topography analysis

The profilometer has been proven to be an effective method for analyzing the surface
topography of a film. The 3D images of Ba-doped ZnO are reported in Figure 111.3, which
provides detailed insights into the surface properties influenced by varying Ba concentrations. The
surface roughness parameters, including average roughness (Ra) was evaluated using the Apex

analysis software.
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Figure 111.3. 3D surface topography of Ba-doped ZnO thin films: (a) undoped ZnO, (b)
1 wt.% Ba-doped ZnO, (c) 3 wt.% Ba-doped ZnO, (d) 5 wt.% Ba-doped ZnO, (e) 7 wt.%
Ba-doped ZnO.

As can be seen in Table I11.1, the values of Rq range from 86.1 nm to 252 nm. The 5 wt.% Ba-
doped ZnO film exhibited the greatest surface roughness, suggesting a direct relationship between
surface heterogeneity and increasing Ba concentrations. These surface irregularities considerably
influence the optical characteristics of the films, impacting aspects including, transmittance and
band gap energy. Higher surface heterogeneities result in increased light scattering, which leads
to decrease light transmittance. Moreover, the surface roughness enhances the effective surface
area, accordingly the photocatalytic efficiency enhanced by providing more active sites for dye
degradation [16].

I11.2.4. Surface morphology and elemental analysis

Surface morphology is an important method for obtaining detailed information about the
microstructure of thin films [17]. The morphology of varying Ba doping concentrations in ZnO
thin films fabricated via the SILAR process is analyzed by observing SEM images as shown in
Figure 111.4. All the films were deposited under the optimized conditions and were uniformly
covering the substrate with good adherence. This SEM images depicted that the surface

morphology changes accordingly with the doping concentration.
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Figure 111.4. SEM images and EDX pattern analysis of Ba-doped ZnO thin films: (a)
undoped ZnO, (b) 1 wt.% Ba-doped ZnO, (c) 3 wt.% Ba-doped ZnO, (d) 5 wt.% Ba-
doped ZnO, (e) 7 wt.% Ba-doped ZnO

In more detail, the undoped ZnO films have a uniform and smooth surface compared with the
other substrates. However, the introduction of 1 wt.% Ba doping results in a granular surface,
which indicates the formation of Ba-doped ZnO films. Then, the surface becomes more granular
when the concentration of Ba increases to 3 wt.%, and with larger agglomerates and a rougher
texture at 5 wt.% Ba. Furthermore, at 7 wt.% Ba, the film’s surfaces become highly irregular and

porous, indicating the possibility of saturation or phase separation.

To identify the elemental composition of synthesized undoped ZnO and Ba-doped ZnO thin
films, the Energy Dispersive X-Ray Spectroscopy (EDX) compositional analysis was employed
and the result is illustrated in Figure 111.4. This spectrum confirms the presence of Zn, O, and Si
elements in the deposited films. Trace amounts of Si are also detected in the film from the glass
substrate [1]. The high intensity of the Zn and O peaks suggests that the samples mainly contain
ZnO. The principal purpose of using this technique (EDX) is to confirm the presence of
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barium. All the spectra display the presence of this element, coming from the doping and we notice

an increase in the percentage of Ba with doping rate increment, supporting the successful
incorporation of Ba into the ZnO matrix.

I11.2.5. Optical Properties

Study of the optical properties of the undoped ZnO and Ba-doped ZnO thin films with
increasing concentration from 1 wt.% to 7 wt.% were based on the results obtained from UV—Vis
spectroscopy, as shown in Figure 111.5 (a).
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Figure 111.5. (a) UV-Vis optical of un-doped and Ba-doped ZnO thin films, and (b)
determination of the optical band gap

Optical transmission spectrum shows that Ba-doped ZnO films exhibited higher transparency in
the visible spectrum compared to undoped ZnO, with the 1 wt.% Ba-doped sample showing the
highest transparency, likely due to a reduced film thickness (101.5 nm). However, as the Ba doping
concentration increased to 3, 5, and 7 wt.%, a significant reduction in transmittance was observed.
This decline is attributed to the incorporation of additional Ba atoms into interstitial positions
within the ZnO lattice, which induces light scattering, aligning with previous research [18]. These

results emphasize the complex relationship between dopant concentration and the optical
properties of Ba-doped ZnO materials.

The optical band gap (Eg) was obtained by extrapolating the linear portion of the plot (Ahv)?
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versus photon energy (hv). Figure 111.5. (b) shows the Tauc plots for the undoped ZnO and
barium-doped ZnO thin films deposited at different concentrations. The obtained values of optical
band gaps are 3.73 eV, 3.58 eV, 3.39 eV, 3.16 eV and 3.00 eV for un-doped and doped ZnO
films at 1 wt.%, 3 wt.%, 5 wt.%, and 7 wt.% barium-doping concentrations, respectively. As
shown in Table 111.3, the bandgap of ZnO films decreases with increasing of doping
concentration from 1 wt.% to 7 wt.%. This decreasing trend is attributed to Ba atoms inducing
lattice distortions and defect states, narrowing the band gap. Additionally, variations in strain
contribute to the reduction in bandgap values, as strain alters the interatomic spacing in
semiconductors, thereby impacting the energy gap. The reduction in Eg may also be linked to the
increase in film thickness [19]. This variation in the band gap has a substantial effect on light

absorption and enhances photocatalytic performance.

Table 111.3 Calculated optical band gap energy of undoped and Ba-doped ZnO thin films.

Ba-doping rate (wt %) Eg (eV)
0 3.73
1 3.58
3 3.39
5 3.16
7 3.00

I11.2.6. Water Droplet Contact Angle (WCA) Measurements

Surface free energy, topography, microstructure, and chemical composition affect a film's
wettability behavior. The water contact angle (WCA), illustrated in Figure I11.6, gives an insight

into the hydrophilicity of Ba-doped ZnO films.
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Figure 111.6. Contact angle measurement of water droplets for un-doped and Ba-doped
ZnO thin film

As seen in Figure 111.6, the sample of undoped ZnO thin film exhibits distinct hydrophobic
properties, with a contact angle approximately of 110.84°. Furthermore, it is noteworthy that
doping concentration is crucial to influencing surface properties and contact angles. Increasing Ba-
doping improves the surface wettability of films. Additionally, increased in surface roughness
enhances the specific surface area and wettability, thereby improving the adsorption of organic
dyes and boosting photocatalytic efficiency[20]. In other words, the WCA reduces as Ba doping

increased, which can be attributed to the larger crystallites and rougher surfaces of the doped films.

These results highlight the important role of the hydrophilic properties of Ba-doped ZnO films
and its relationship with the specific surface area. The observed hydrophilicity, independent of
doping concentration, demonstrates the stable and beneficial attributes of Ba/ZnO films, making

them promising candidates for applications in catalysis, sensing, and energy conversion.
[11.2.7. Photocatalytic Tests

The photocatalytic efficiency of undoped and Ba-doped ZnO thin films under sunlight irradiation
was evaluated through the degradation of methylene blue (MB) dye in a water solution with a
concentration of 4 ppm. Figures 111.7 (a) present the photocatalytic efficiency of undoped ZnO

and Ba-doped ZnO thin films at various concentrations across wavelengths of 400-800 nm over

62



Chapter I11. SILAR-Processed ZnO Thin Films: Influence of Ba Doping Concentrations
on Photocatalytic Degradation and Wettability

time from 0 hour in a dark environment to 5 hours under sunlight irradiation and

meteorological conditions in Biskra, Algeria, on January 11, 2023, which presented in Table
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Figure 111.7. (a) Variation of UV-Vis spectra of MB during photodegradation over undoped
ZnO and Ba-doped ZnO films at 1 wt.%, 3 wt.%, 5 wt.%, 7 wt.% concentrations, and (b) Plot

of photocatalytic efficiency rate as a function of irradiation time
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Table 111.4 Parameters and results of photocatalytic tests.

Samples Undoped ZnO | Ba/ZnO:1wt.% | Ba/ZnO:3wt.% | Ba/ZnO:5wt.% | Ba/ZnO:7 wt.%
Removal (%) 86.59 92.59 87.22 95.78 90.54
K (h™?) 0.4113 0.5258 0.4225 0.6386 0.4782
The date 11/01/2023
The 11
Temperature
Q)
Wind speed 10
(km/h)
Humidity(%) 46
irradiation
intensity 0.1357
(mW/cm?)

The photodegradation of MB under sunlight irradiation was studied to assess the stability of the
MB dye. The dye's stability during the photocatalysis process was confirmed by the constant MB
concentration after five hours of sunlight exposure in the absence of the photocatalyst. However,
photodegradation of the MB dye began when photocatalysts were present. The degradation
efficiency of MB dye for various irradiation times is summarized in Figure 111.7(b) and Table
I11.4. The decrease in the intensity of the absorbance peak of MB cast over undoped and Ba-
doped films after the irradiation suggested the photodegradation of MB. It is observed from
Figure 111.7(b) that the photocatalytic efficiency of ZnO was enhanced with increasing at
different percentages of Ba films for 1 wt. %, 3 wt. %, 5 wt. %, and 7 wt. % for the degradation of
MB. Furthermore, at 1 wt.% Ba, the removal efficiency increased to 92.59% compared to the
undoped ZnO sample, attributed to improved light absorption and charge separation. At 3 wt.%
Ba, the removal efficiency slightly decreased to 87.22%, probably due to grain boundaries acting
as recombination centers [16]. In another hand, the best performance was 95.78% at 5 wt.%,
attributed to enhanced light absorption and active sites for reactions, and the increase of free charge
carriers introduced by Ba?* ions [21]. The doping of Ba®* ions generates electron-accepting centers

near the conduction band, where electrons are captured in these new levels. This results in the
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enhancement of photoinduced electron-hole separation, which improves the generation of HOs
and 02" and increases the photocatalytic process [22]. Nevertheless, it noted that at 7 wt.% Ba
concentration the removal efficiency was reduced to 90.54%, possibly due to an excessive Ba

incorporation leading to defect states and light scattering [16].

The linear relationship between In(Co/Ct) and irradiation time is illustrated in Figure 111.8 and
the rate constants obtained from the graph slope, are presented in Table 111.4. These results are
suggesting that the photocatalytic degradation MB pollutant follows the pseudo-first-order
reaction kinetic model using both undoped ZnO and Ba-doped ZnO thin films. The first-order rate
constant (K) for the undoped ZnO films was determined to be 0.4113 h™!. It was observed that K
increased with higher doping concentrations, reaching its maximum value of 0.6386 h™! at a doping

level of 5 wt.%, indicating optimal degradation efficiency of the MB dye for this sample.
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Figure 111.8. pseudo-first-order kinetics plot of undoped and Ba-doped ZnO for MB degradation
I11.2.8. The surface morphology after photo-degradation process

The SEM micrographs of the 5 wt.% Ba-doped ZnO films after photocatalytic degradation, as
presented in Figure I11. 9, reveal notable changes in surface morphology due to repeated use. The
surface displays signs of nanostructure aggregation and coarsening, indicative of structural
degradation over time. The surface roughness might be increased, likely resulting from prolonged

solar exposure and repeated cycling. Furthermore, the formation of microcracks and pores in
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certain regions highlights areas of structural weakness that develop during the degradation process.
These morphological changes, including nanostructure coarsening and crack formation on the
surface of Ba-doped ZnO, contribute to a reduction in the active surface area, which can reduce
the photocatalytic efficiency of the material [23] [24]. The structural degradation including, the
formation of pores with an increased in surface roughness, and emerging defects compromise the

integrity of the films, raising concerns about their long-term durability and performance reliability
in practical applications [24][25].

- 20.0 kV WD: 6.37 mm
View fleld: 55.6 pym | SEM MAG: 5.00 kx
Det: SE Date(m/dly): 12/06/23 LPCMA-Biskra

Figure 111.9. SEM images of the surface morphology of the 5 wt.% Ba-doped ZnO

sample after Photocatalytic activity

[11.2.9. The reusability of 5 wt.% Ba-doped ZnO Photocatalyst

For practical applications, the reusability of the photocatalyst is an important key characteristic.
To evaluate the viability of the photocatalysts, a sample containing 5 wt.% barium was tested in
fifth successive cycles, as shown in Figure 111.10, during a 5 h under normal conditions, as

detailed in Table 111.5. The photocatalytic degradation efficiency decreased from 85.99% in the
first cycle to 68% in the fifth cycle.

67



Chapter I11. SILAR-Processed ZnO Thin Films: Influence of Ba Doping Concentrations
on Photocatalytic Degradation and Wettability

100

Degradation (%)

N
o
1

o]
o
1

D
o
1

N
o
1

—a— First cycle

—a— Third cycle
—v— Fourth cycle
Fifth cycle

—e— Second cycle

2 3

Time (h)

Figure 111.10. Plot showing the photocatalytic performance of the 5 wt.% sample over

These findings demonstrated that the sample of 5 wt.% Ba-doped ZnO thin film was

exceptionally well active, stable, and reusable material for dye removal applications.

five cycles

Table 111.5 The conditions and results of five recycling photocatalytic tests.

Cycle

Thedate  Temperature

11/01/2023
31/01/2023
01/02/2023
27/11/2023
28/11/2023
29/11/2023

CO

11

11

37
38
37

Wind

speed

km/h
10
10
10

Humidity
%

46
46
45
40
40
44

Irradiation
intensity

mW/cm?

0.1357
0.1357
0.1355
0.1241
0.1219
0.1214

Removal

in5h
%

95.78
85.99
79.94
76.63

72.20
68.00
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111.3. Conclusion

In summary, a low cost, effective, and simple SILAR method was successfully employed to
prepare a homogeneous un-doped and Ba-doped ZnO thin films on glass substrate. This study
examined the impacts of varying barium doping concentrations (1 wt.%, 3 wt.%, 5 wt.%, and 7
wt.%) on the self-cleaning properties, photocatalytic efficiency, and reusability of ZnO thin films
in the degradation of MB dye. The varying of doping concentrations affected the structural,
topographical, morphological, and optical properties. The results revealed the polycrystalline
nature of all films and confirmed the successful doping of Ba into the ZnO lattice, showing well-
defined peaks corresponding to the hexagonal wurtzite structure of ZnO with slight shifts
indicating Ba doping with the preferred planes along (100) and (002). At the 5 wt.% Ba doping
level, the surface roughness significantly increased to 252 nm, accompanied by larger
agglomerates and a rougher texture. This increase can be attributed to the larger crystallite size
(113.6 nm) and the higher lattice strain (1.86 x 10~%). The transmittance of the films increased with
Ba doping, indicating improved optical transparency. Additionally, the optical band gap of Ba-
doped ZnO showed a slight reduction compared to un-doped ZnO, decreasing from 3.73 eV to 3.0
eV at higher doping concentrations. The evaluation of WCA revealed a significant enhancement
in surface hydrophilicity for the 5 wt.% Ba-doped ZnO sample, as the WCA decreased notably
from 110.84° for undoped ZnO films to 42.34°. The 5 wt.% Ba-doped ZnO films exhibited the
highest photocatalytic efficiency, achieving 95.78% degradation of MB under sunlight irradiation
within 5 hours. This sample was demonstrated remarkable stability, reusability, and maintained
their performance across five cycles. From the above results, it can be concluded that Ba-doped
ZnO thin films hold significant promise for photocatalytic applications, particularly in degrading
organic dyes present in wastewater. Moreover, their superior wettability makes them highly
suitable for developing self-cleaning surfaces and anti-fogging coatings, offering practical
solutions for future environmental and industrial challenges. The next chapter will focus on

optimizing the SILAR deposition cycles parameter to further enhance film performance.
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Chapter IV. Influence of SILAR Deposition Cycles on Ba-Doped ZnO Thin Films and their
Photocatalytic Application

IV.1. Introduction

Following the findings from Chapter Three, where the 5 wt.% Ba-doped ZnO thin films
demonstrated the highest photocatalytic efficiency, this chapter focuses on optimizing the
properties of these films by varying the number of SILAR deposition cycles. The number of
deposition cycles plays a crucial role in influencing key film characteristics, including surface
thickness, crystallinity, surface morphology, and optical properties, all of which directly affect

photocatalytic performance.

In this study, Ba-doped ZnO thin films were synthesized via SILAR with different deposition
cycles (3, 6, 9, 12, and 15 cycles). Their photocatalytic activity for the degradation of methylene
blue (MB) and amoxicillin (AMX) was evaluated, alongside their wettability properties. This
investigation provides valuable insights into optimizing Ba-doped ZnO thin films for a wide range

of environmental and industrial applications.
Through these details, the main objectives of this chapter are:

e To determine the optimal number of SILAR deposition cycles that maximize the
photocatalytic activity of MB and AMX dyes, while maintaining film stability,
uniformity, and reusability.

e To present the structural, morphological, and optical properties of Ba-doped ZnO thin
films at various deposition cycles, using patterns, figures, and tables for clear
representation.

e Toanalyze and discuss the obtained results.
IV.2. Results and Discussion
IV.2.1. Measurement of film Thickness

Figure V.1 (a) illustrates the variation in the number of deposition SILAR cycles as a function
of the thickness of Ba-doped ZnO thin films. As the number of cycles increased from 3 to 15
cycles, the thickness of prepared films grew from 69.28 nm to 1153.28 nm, a value calculated using

the gravimetric method.

To confirm these results, the cross-sectional scanning electron microscopy (SEM) image of Ba-

doped ZnO films with 5 wt.% Ba after 15 cycles was displayed in Figure 1V.1 (b). The results of
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film thickness measured are similar in both methods. Furthermore, the average thickness,
determined from 50 measurements, is 1.16 £+ 0.6 um, which closely matches the gravimetric value
of 1.1532 um. These results emphasize the considerable influence of SILAR deposition cycles on
the Ba-doped ZnO films, impacting their structural, optical, self-cleaning, and photocatalytic

characteristics.
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Figure 1V.1. (a) Plot of film thickness of Ba-doped ZnO thin film as a function of cycles
number, (b) SEM cross-sectional image of 5 wt.% Ba-doped ZnO film at 15 cycles

IV.2.2. Structural study

X-ray diffraction patterns have been used to confirm the crystalline nature and phases of the
deposited films produced by SILAR process on glass substrates. XRD pattern recorded for Ba-
doped ZnO thin films obtained at different SILAR deposition cycles (3, 6, 9, 12, and 15) are shown
in Figure. IVV.2 (a). It is noticed that the preferred diffraction peaks at 26 = 31.81 °, 34.54 °, and
36.42 ° corresponding to the lattice planes (100), (002), and (101), respectively. This indicated
that all films have a polycrystalline nature with a hexagonal wurtzite structure consisted with
JCPDS card no. 75-0576. The major diffraction peak was changed at the (100) plane to (002) at 3
to 15 cycles, respectively probably due to its low surface free energy and to technical conditions
of SILAR method [1]. When the number of SILAR dipping cycles increased, the intensity of the
main peaks increased. The structural parameters were determined from the three main intense

peaks using the Williamson—Hall method.
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This model was applied to plots of B cosé as a function of 4 siné as illustrated in Figure. 1V.2

(b). The values of D and & were determined by the intercept of the drawn linear fit.
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Figure. 1V.2 (a) XRD patterns of Ba-doped ZnO thin films for various deposition cycles, (b)

Williamson—Hall plots for the prepared samples

Table IV.1 presents the corresponding values for D and ¢ for all films. As the number of cycles
increases, the lattice strain in Ba-doped ZnO films rises linearly with crystallite size. This behavior
is due to the increased presence of defects and dislocations in the crystallites, which contribute to
higher strain in the crystal lattice[2]. Furthermore, the strain can influence crystal growth by
affecting the diffusion of Ba ions within the ZnO matrix, potentially increasing the growth rate
and resulting in larger crystallites [3]. The decrease in crystallite size observed at 12 cycles can be
attributed to lattice distortions induced by excessive deposition and the incorporation of Ba ions

with a larger ionic radius, which inhibits growth and causes crystallite fragmentation [3][4][5].
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Table IV.1. Value of estimated structural parameters of 5 wt.% Ba-doped ZnO thin films at
different deposition SILAR cycle numbers

Cycle 20 FWHM D 3 8%1072 N
numbers ) (nm) (nm~?)
03 34.53 0.2 11.105 —0.0025 8.108 0.05
06 34.41 0.28 21.75 —0.0003 2.113 0.01
09 34.45 0.36 14.07 —0.0016 5.051 0.08
12 34.51 0.29 6.88 —0.0096 21.1 1.62
15 34.55 0.33 10.904 —0.0030 8.41 0.88

As the results of Table 1V.1, the dislocation density (5) reached its superior value of 21.1*1073
nm2 at 12 cycles, indicating a decrease in the crystallization of Ba-doped ZnO films. The increase
in dislocation density influences the movement of atoms on the surface, which decelerates
crystallite growth. Therefore, the grains become minimal, reducing the quality of the film's
crystalline structure. Similar results have been mentioned by Ashour et al.[6]. Furthemore, as the
SILAR dipping cycle increases from 3 to 15 cycles, the crystallite number (N) increases from
0.05to0 0.88.

IV.2.3. Morphological study

Figure. 1V.3 depicted the SEM micrographs and EDX analyses of Ba-doped ZnO thin films
deposited via the SILAR approach at various deposition cycles (3, 6, 9, 12, and 15). The change
in the surface morphology observed in these SEM images may be due to the increasing dipping
cycles. Moreover, a smaller grain size was observed at 3 and 6 cycles, compared to other sample
cycles, with a non-uniform and non-homogeneous distribution on the surface of thin films. It was
also shown that all the film images exhibited voids between the grains, except the sample deposited
at 15 cycles, which displayed a highly compact morphology with uniform grains. As the number
of SILAR growth cycles grew from 3 to 15 cycles, the grain size diameter increased from 29.71

nm to 44.79 nm, which confirms our XRD results.
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Figure. IV.3 SEM images, EDX analysis, and particles diameter measurements of prepared
films before photocatalytic degradation at: (a) 3 cycles, (b) 6 cycles, (c) 9 cycles, (d) 12 cycles,
and (e) 15 cycles

To determine the chemical elemental compositions of prepared films at different SILAR
dipping cycles, EDX analyses was performed. It was recorded the presence of Zn, O, Ba, and Si
elements. The change in the EDX absorption spectra indicating the interaction between barium
and zinc oxide.

IV.2.4. Optical study

Figure. 1V.4 shows the transmittance spectra of 5 wt.% Ba-doped ZnO synthesized by SILAR
process deposited with different SILAR dipping cycles (3, 6, 9, 12, and 15) in the wavelength
range from 380 nm to 1200 nm with glasses as the reference. These spectra showed that deposited
films had good transparency in the visible spectrum. From this figure, we noticed that the
transmittance of samples increased with the increase of the wavelength. Furthermore, the
transmittance was decreased with increasing of cycle numbers. Thus, the highest average
transmittance was 78.42 % at 550 nm, which was observed in the thinnest sample at 3 cycles. This

result is consistent with previous studies, which have shown that an increase in film thickness
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enhances light scattering, reducing transmittance [7]. This change in the transmittance edge results
in a change alteration in the energy of the band gap [8].
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Figure. V.4 UV-Vis spectra of Ba-doped ZnO films using various deposition cycles

To determine the band gap values of Ba-doped ZnO films, the linear portion of the graph
should be extended until it intersects the photon energy (hv) axis, as illustrated in Figure. I1V.5.
The direct band gap of all fabricated films with varying deposition SILAR cycles is presented in
Figure. 1V.6. It is noticed that an increase in thickness of Ba-doped ZnO films produced from
69.282 to 1153.282 nm vyields a decrease in optical band gap from 3.68 to 3.25 eV, respectively.
The literature explains several factors that cause the band gap to decrease as the film thickness
increases. First, the addition of Ba ions, which are larger than Zn ions, introduces strain and
defects in the ZnO lattice. These distortions affect the material's electronic structure, forming
localized states near the conduction and valence bands, thereby reducing the band gap.
Morphological changes in the films can also affect the band structure, lowering the band gap
further. Lastly, as the film thickness increases, the localized states may merge with the band

edges, leading to a further reduction in the band gap [9].
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Figure. 1V.5 Plots of (hv) versus (ahv)? for Ba-doped ZnO films at different cycles number
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Figure. V.6 Plot of band gap energy as a function of film thickness
IV.2.5. Wettability study

The contact angle measurements of water droplets on Ba-doped ZnO thin films for 3, 6, 9, 12,
and 15 cycles were 21.23°, 38.37°, 43.21°, 46.87°, and 56.55°, respectively, indicating that all the
film surfaces are hydrophilic (contact angles < 90°). As shown in Figure. 1V.7, the increase in the
number of deposition cycles and film thickness is associated with a rise in the average water
droplet contact angle due to morphological changes. Previous studies have shown that the surface
characteristics of Ba-doped ZnO films influence their physicochemical properties and the behavior
of water droplets on their surface. The sample of 3 cycles Ba-doped ZnO exhibits better wettability,
likely due to defect chemistry, particularly oxygen vacancies in the valence band, which affect the

adsorption of hydroxyl groups [10][11].
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Figure. V.7 The droplet contact angle on the surfaces of Ba-doped ZnO films at different

dipping cycles
IV.2. 6. Photocatalytic activity

The photocatalytic activity and reusability of Ba-doped ZnO thin films, synthesized through
different SILAR deposition cycles (3, 6, 9, 12, and 15), were investigated under sunlight irradiation
using methylene blue (MB) and amoxicillin (AMX) dyes as model pollutants. The weather
conditions on June 26™, 2023, in Biskra, Algeria, are presented in Table 1V.2. Moreover, this
study reports the surface thickness, morphological, and optical characterizations of the prepared

samples before and after the photocatalytic process.

Table 1V.2 Meteorological conditions of photocatalytic experiment of MB and AMX dyes.

The date Temperature (°C) Wind speed (km/h) Humidity (%)

26/06/2023 44° + 5 08+1 16% + 2

IV.2.6. 1. Photo-degradation analysis of MB

The photocatalytic degradation of the synthesized Ba-doped ZnO films was performed by
degrading an aqueous MB solution with an initial concentration of 4 mg/L under sunlight

irradiation for 5 hours.

The absorption spectra of MB as a function of wavelength, ranging from 350 to 800 nm, for
irradiation times of Ba-doped ZnO films were depicted in Figure. 1V.8 (a). The MB degradation
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by the prepared thin films at varying cycle numbers: 3, 6, 9, 12, and 15 was recorded as 92.66%,
92.71%, 92.80%, 93.17%, and 93.51%, respectively. These results suggested the impact of dipping
SILAR cycles on the photocatalytic efficiency of the MB pollutant. As shown in Figure. 1V.8 (b),
the highest photodegradation was found at 15 cycles after 5 h of reaction, corresponding to the
thicker films (1153.282 nm). This observation can be attributed to photocatalytic surface reactions
taking place more effectively on the photocatalyst's surface at a greater film thickness compared

to other samples [12].
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Figure. 1V.8 (a) Absorption spectra of MB versus irradiation time of Ba-doped ZnO thin films at
different cycle deposition, and (b) Plot of % degradation of MB as a function of time at various

cycles number

The kinetics reaction were determined by plotting the logarithm of the concentration ratios of
MB versus the time of irradiation, as presented in Figure. 1V.9. The straight lines indicate that the
reactions follow pseudo-first-order kinetics with R? value near unity (R?~0.98) and rate constants
were extracted from the slope of the graph, with the corresponding values listed in Table 1V.3. It
can be noticed that the rate constant value K increased from 0.4692 h' to 0.5273 h! as the number
of cycles increased from 3 to 15, respectively, which confirms the faster degradation of MB in water
compared to low cycles. This variation may be attributed to changes in crystallinity and bandgap
energies [13].

Table 1V.3 k and R? values of Ba-doped ZnO films at different dipping cycles for MB dye

Cycles 3 6 9 12 15
K 0,4692 0,4977 0,4944 0,5218 0,5273
R2 0.9075 0.97453 0.97445 0.99048 0.98697
Removal 92.66 92.71 92.80 93.17 93.51
(%)
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Figure. V.9 Ln (Co/C) versus irradiation time curves of Ba-doped ZnO films at different

cycles for MB degradation
IV.2. 6. 2. Photo-degradation analysis of AMX

Amoxicillin, a penicillin antibiotic, is widely used to treat various bacterial infections,
including those affecting the dental, chest, ear, throat, and sinus infections [14]. The effectiveness
of photocatalysis was assessed by performing the photodegradation of AMX, using Ba-doped ZnO
thin films as the catalyst. Figure. 1V.10 (a-e) displays the UV—Vis spectra of AMX removal at
different deposition cycles. The results show a decrease in the absorption intensity of AMX at Amax
=283 nm with increasing exposure time. These figures show that photocatalytic activity improved
with the increase in cycle numbers. The degradation of amoxicillin under sunlight irradiation for
2 hours was 43.14%, 44.16%, 45.68%, 46.71%, and 54.31% at 3, 6, 9, 12, and 15 cycles,
respectively, as shown in Table 1V. 4 and Figure. IV. 10 (f). The higher photocatalytic activity

observed at 15 cycles was corresponding to the lower band gap energy.
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Figure. 1V.10 (a) Absorption spectra of AMX versus irradiation time of Ba-doped ZnO thin
films at different cycle deposition, and (b) Plot of % degradation of AMX as a function of

time at various cycles number

The reaction kinetics were evaluated by graphing the logarithm of the AMX concentration
ratios against irradiation time, as shown in Figure 1VV.11. The resulting straight lines suggest that
the reactions adhere to pseudo-first-order kinetics, with an R? value near to 1 (approximately 0.98).
The rate constants were derived from the graph's slope, and their values are detailed in Table 1V .4.
Notably, the rate constant (K) rose from 0,3050 h-1 to 0,3218 h-1 as the number of cycles increased
from 3 to 15, indicating that AMX degrades more rapidly in water at higher cycle counts compared

to lower ones.

Table IV.4 k and R? values of Ba-doped ZnO films at different dipping cycles for AMX dye

Cycles 3 6 9 12 15
K 0,3050 0,3118 0,3250 0,2932 0,3218
R2 0.9256 0.95496 0.94461 0.98073 0.96769
Removal 43.14 44.16 45.68 46.71 54.31
(%)
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Figure. 1VV.11 Ln (Co/C) versus irradiation time curves of Ba-doped ZnO films at different

cycles for AMX degradation
IV.2. 7. The surface morphology and film thickness after photo-degradation process

The surface morphology and EDX analysis of Ba-doped ZnO thin films after the
photodegradation process were illustrated in Figure 1V.12. For 5 hours of irradiation, all surface
films stayed uniform. On the other hand, there was a void between the grain sizes because the
films were less compact than they were before to the photocatalytic degradation. Ampattu R. J. et
al.[15] also remarkable that the surface morphology changed after photodegradation.
Additionally, the presence of Zn, O, Si, and Ba elements was confirmed by EDX analysis, and
the quantity of these chemical elements in the films varied, reflecting their involvement in the
reaction during photocatalysis. This led to a decrease in the thickness of the thin films across all
deposition SILAR cycles (3, 6, 9, 12, and 15), as shown in Table I'V.5. This reduction in thickness
can be attributed to the erosion of the photocatalytic material, which effectively reduces its
thickness. This effect is particularly noticeable in thin films, where the degradation of organic

pollutants can physically remove material from the surface, as reported by Yasun Y. et al. [16].
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Figure. 1V.12 SEM images and EDX analysis of Ba-doped ZnO thin films after
photocatalytic degradation at: (a) 3 cycles, (b) 6 cycles, (c) 9 cycles, (d) 12 cycles, and (e) 15

cycles

Table 1.5 The thickness values before and after the photocatalytic activity of Ba-doped ZnO

thin films
Cycles 3 6 9 12 15
Before photocatalytic 69.28 158.29 233.37 529.56 1153.2
activity
After photocatalytic 68.96 157.9 233.0 529.3 1152.9
activity
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IV.2. 8. The optical properties of films after photo-degradation process

Figure 1V.12 (a) displays the UV-Vis absorption spectra of Ba-doped ZnO thin films after the
photocatalytic activity across different SILAR deposition from 3 to 15 cycles. The photocatalytic
process significantly impacts the optical properties of the thin films, with alterations in the band
gap that affect their light absorption and scattering characteristics, ultimately resulting in reduced
transmittance [17]. As presented in Table 1V.6, the average transmittance of all films decreased
after the photocatalytic activity, compared to the values before this process. This decrease can be
attributed to changes in the surface morphology induced by the photocatalytic activity, which
increases light scattering and decreases transmittance. Furthermore, the accumulation of carbonyl
groups during the degradation process suggests chemical modifications that further influence the
films' light transmission properties [18][19]. Kekeli N. et al. similarly explored the UV-Vis
absorption spectra of Ba-doped ZnO thin films after photocatalytic degradation of MB dye. Their
results demonstrated that incorporating BaO enhances the photocatalytic efficiency of ZnO,
achieving high degradation rates within short periods under UV irradiation [20].

Figure 1V.12 (b) illustrated the band gap energy of Ba-doped ZnO thin films varying cycle
numbers after photocatalytic activity. The observed reduction in band gap values following
photocatalytic degradation is primarily due to the interaction between residual organic compounds

from the dyes and the photocatalyst surface [21]. Additionally, the degradation process likely

generates new active sites on the photocatalyst surface, contributing to the further reduction in the
—— 3 cycles

band gap [9].
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Figure 1V.12 (a) UV-Vis spectra of Ba-doped ZnO thin films after photocatalytic degradation at
varying deposition, (b) Band gap energy of Ba-doped ZnO thin films at different cycle numbers

Table IV.6 The average of transmittance, and band gap energy before and after the photo
degradation process

T(%) Eg(V) T(%) Egev) T(%) EgEv) T(%) EgEv) T(%) Eg(ev)
Before  78.42 3.68 5281 357 50.66  3.46 34.45 337 2127 325

After 58.08 3.64 1999 354 12.77 35 6.1 3.38 942  3.05

IV.2. 9. Recyclability of the Ba-doped ZnO Photocatalyst

The recycling experiment assessed the performance of the Ba-doped ZnO thin film deposited
with 15 cycles, demonstrating significant degradation efficiency over a five hours photocatalytic
process under standard conditions recorded on December 03", 04" and 5",2023, in Biskra,
Algeria. During these experiments, the air temperature was 22 °C, humidity was 29%, wind speed
was 05 km/h, and the sunlight index was 0.1341 W/m?2. The photocatalytic efficiency for MB
decreased from 90.71% in the first cycle to 82.63% in the third cycle, while for AMX, it decreased
from 51.09% to 44.76%, as depicted in Figure 1V.13 (a) and (b), respectively. Notably, the Ba-
doped ZnO thin film with 15 deposition cycles exhibited excellent photocatalytic activity, stability,
and reusability, highlighting its strong potential for dye degradation applications. Table 1V.7
summarized the removal of pollutant dyes.

Table IV.7 The results of third recycling photocatalytic experiment of MB and AMX dyes.

Recycles Photocatalytic degradation (%0)
MB AMX
First 90.71 51.09
Second 85.89 47.79
Third 82.63 44.76
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Figure 1V.13 Recyclability of Ba-doped ZnO photocatalyst deposited at 15 cycles: (a): for MB
and (b): for AMX dyes over third cycles

1VV.3. Conclusion

In summary, Ba-doped ZnO thin films were successfully synthesized using the SILAR method
with different deposition cycles (3, 6, 9, 12, and 15). The number of cycles significantly affected
the structural, morphological, and optical properties. XRD confirmed a polycrystalline hexagonal
wurtzite structure, with improved crystallinity at higher cycles. SEM analysis showed a compact
and uniform surface morphology at 15 cycles, where grain size increased from 29.71 nm to 44.79
nm. EDX confirmed the presence of Zn, O, and Ba elements. Furthermore, transmittance decreased
with increasing cycles, while bandgap energy reduced from 3.68 eV to 3.25 eV at 03 and 15 cycles,
respectively. Wettability tests confirmed the films’ hydrophilic nature, with the highest wettability
at 3 cycles related to the lower thickness depicted. The Photocatalytic efficiency improved with
increasing cycles, achieving 93.51% (k = 0.5273 h™) and 54.31% (k = 0.3218 h™) degradation of
methylene blue and amoxicillin, respectively, under sunlight for 5 hours. Moreover, examination
of the films after the photocatalytic process showed that the films underwent changes in optical
properties, but they still retained their structural property and demonstrated good performance,
which is typical in photocatalytic applications. The reusability test over three cycles demonstrated
the high stability and recyclability of the prepared films. These findings highlight the potential of
Ba-doped ZnO thin films for wastewater treatment. The following chapter will focus on optimizing
the annealing temperature of Ba-doped ZnO films to further improve their performance.
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Chapter V. Influence of Annealing Temperature on Ba-Doped ZnO Thin Films and their
Photocatalytic Application

V.1. Introduction
The annealing temperature is a critical parameter influencing thin films' structural, optical,
morphological, and photocatalytic properties. In this chapter, we study the effect of annealing at
different temperatures (300 °C, 350 °C, 400 °C, and 450 °C) on the Ba-doped ZnO thin films with
optimized parameters (5 wt.% Ba doping and 15 SILAR cycles), which were identified as the most

efficient for the degradation of methylene blue dye in the previous chapters.
The main objectives of this chapter are:

e Determination the optimal annealing temperature that maximizes the photodegradation

of MB dyes, while maintaining film stability, uniformity, and reusability.

e Represent structural, morphological, topographical, and optical properties of barium-
doped zinc oxide thin films at different annealing temperature and their photocatalytic
degradation of methylene blue dye, as patterns, figures, and tables.

e Interpretation and discussion of the obtained results.

V.2. Results and discussion
V.2.1. Measurement of film Thickness
The variation of annealing temperature as a function of the thickness of the deposited Ba-doped
ZnO thin films is presented in Figure V.1. The prepared films annealed at temperatures ranging
from 300 °C to 450 °C depicted that the film thickness values increased from 85.234 nm to 244.107
nm, respectively. Based on these findings, the thickness of films increases when the annealing

temperature increased. These results are well-matched with C.Elekalach’s study [1].
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Figure V.1. Variation of film thickness with annealing temperature for Ba-doped ZnQO thin
films deposited via SILAR

V.2.2. Structural properties

The XRD patterns of Ba-doped ZnO thin films annealing at various temperature (300°, 350°,
400°, and 450°) were investigated, and different diffraction peaks presented in Figure V.2(a). The
major diffraction peaks observed at 31.85°, 34.53°, and 36.31° corresponding respectively to the
lattice planes (100), (002), (101), indicating the polycrystalline nature of all films obtained with
the hexagonal wurtzite structure according to the JCPDS card (75-0576). The strong intensity of
the preferred peak at the (002) plane indicates the high crystalline quality of the films. Literature
reports suggest that ZnO growth along this orientation is commonly observed in intrinsic ZnO
films [2]. The diffractograms illustrated that the intensity of the peaks increases as the annealing
temperature increased from 300° to 450°, suggesting enhanced crystallinity from 9.308 nm to
11.388 nm.
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Figure V.2. (a) XRD Patterns of Ba-doped ZnO films grown at different temperatures, (b)

Williamson—Hall plots of Bcos(8) versus 4sin(8) of all samples

102



Chapter V. Influence of Annealing Temperature on Ba-Doped ZnO Thin Films and their
Photocatalytic Application

To determine the crystallite size (D) and lattice strain (¢) parameters of films, the Williamson—
Hall method was applied based on the major intense peaks for each sample, the equation as
presented in Eq 11.6 and the plots are shown in Figure V.2(b). The slope and y-intercept of the
linear profile fit are identified as the values of € and, D respectively. As presented in Table V.1,
the crystallite size increases noticeably with rising annealing temperature due to coalescence and
diffusion processes occurring during annealing from 300° to 400° [3]. This increasing in
crystallites is attributed to the enhanced atomic mobility at elevated temperatures, allowing
atoms to occupy more energetically favorable positions in the crystal lattice [1]. On the other
hand, at 450°C, a decrease in crystallite size was observed, which may be attributed to thermal
stress, leading to defect formation that hinders crystallite coalescence. The increase in strain (g)
and dislocation density (6) at 450°C supports this, indicating the generation of structural
imperfections [4]. This overall decrease in crystallite size results in an increase in the number of
crystallites (N). Figure V.2 bellow presented the inverse relationship between the crystallite size

and the number of crystallites.
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Figure V.3. Variation of crystallite size and lattice strain versus annealing temperatures graph
of Ba-doped ZnO thin films

The density of dislocations (6) value represents the percentage of deformities present in the

fabricated Ba-doped ZnO thin films produced by internal strain and is presented in Table V.1.
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Table.V.1. The structural parameters of Ba-doped ZnO thin films at varying temperatures

Annealing 20(°) FWHM D (nm) 3 é (nm?) N
temperature
)
300 34.52 0.2755 9.308 -0.0051 0.011 0.1056
350 34.49 0.1968 11.775 -0.0026 0.0072 0.0732
400 34.53 0.2362 12.452 -0.0020  0.0064 0.0642
450 34.53 0.1574 11.388 -0.0029  0.0077 0.165

V.2. 3. Surface morphology and elemental analysis

Figure V.4 presents SEM images illustrating the impacts of annealing temperatures at 300°C,
350°C, 400°C, and 450°C. At 300°C, the film exhibits dispersed, relatively small grains, indicative
of the initial stages of nucleation, where grains are beginning to form but lack significant
coalescence. At 350°C, the grains become more prominent and better defined compared to those
at 300°C. Evidence of grain coalescence is observed, as neighboring grains begin to merge due to
enhanced atomic mobility at this annealing temperature. The porosity decreases slightly, and the
surface morphology becomes more uniform, indicating an improvement in the film's crystallinity.
At 400°C, the surface morphology is notably more compact and uniform. The grain size increases
significantly, reflecting substantial grain growth driven by enhanced atomic diffusion and
coalescence. The reduced porosity at this stage corresponds with the observed improvements in
crystallite size and crystalline quality as indicated by the XRD results. This temperature appears
to be optimal for achieving a balance between grain growth and structural integrity, resulting in a
dense and well-crystallized film. At 450°C, however, the morphology becomes less uniform
compared to that at 400°C. The grains appear smaller and more fragmented, with noticeable
defects or voids forming on the surface. This change suggests that thermal stress or structural
defects dominate at this temperature, disrupting grain growth. The increased dislocation density
and strain observed in the XRD data at 450°C further support this behavior, indicating the
generation of structural imperfections that hinder coalescence and degrade the overall quality of
the film. Furthermore, the increase in diameter of grain size from 648.75 to 733.47 nm with the

increase of annealing temperature from 300°C to 450°C confirmed our XRD results.
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Figure V.4. SEM micrographs of Ba-doped ZnO thin films at different annealing
temperatures (300, 350, 400, 450 °C)

As shown in Figure V.5, EDX was used to reveal the existence of the zinc, oxygen, barium,
and silicone elements. The appearance of Ba in the EDX analysis confirms its incorporation into

the ZnO structure.

105



Chapter V. Influence of Annealing Temperature on Ba-Doped ZnO Thin Films and their
Photocatalytic Application

300°C

El AN Series wunn. C norm. C Atom. C Error (1 Sigma)

[wt.%] [wt.%] [at.%] [wt.%]
Zn 30 K-series 21.05 39.:17 16.96 0.63
Si 14 K-series 17.31 32.20 32.:47 0.77
Py O 8 K-series 15.35 28./56 50.55 e L
22 Ba 56 L-series 0.04 0.07 0.01 0.03
203 Total 53.74 100.00 100.00
185
167
14
A& vg = 648,75 nm
103 Si Ba
o
63 —_—
= &
23 ;)
E Ll €
a 6 8 10 12 14 16 1 2
kev
Particle diameter (um)
350°C
cps/eV.
2
18 E1 AN Series unn. C norm. C Atom. C Error (1 Sigma)
’ [wt.%] [wt.%] [at.%] [wt.%]
v Si 14 K-series 19.63 41.89 35.79 0.87
12 O 8 K-series 17.74 37.86 56.78 2.36
1 e Zn 30 K-series 9.48 20.23 7.42 0.32
Ba 56 L-series 0.01 0.02 0.00 0.03
4 Total: 46.86 100.00 100.00
2
Ll Il
1 T T T T 2 % b v T v T T M)
2 a 6 8 10 12 14 16 18 2
keV

Avg = 702,22 nm

Number (%)

Particle diameter (um)

106



Chapter V. Influence of Annealing Temperature on Ba-Doped ZnO Thin Films and their

400°C

2 cps/eV.

Photocatalytic Application

Series

Si 14 K-series
O 8 K-series

o
N g

ok,

Zn 30 K-series

unn. C norm.

. C Error (1 Sigma)

[wt.%] [wt.%] [at.%] [wet.%]
18.69 42.25 37.27 0.83
15.45 34.94 54.09 2.08
10.09 22.81 8.64 0.33

0.00 0.00 0.00 0.00

Ba 56 L-series

450°C

cps/eV.

Number (%)

pn Avg = 263,41 nm

[

E1l AN Series

Si 14 K-series
O 8 K-series
Zn 30 K-series

y

104 [zZdl Si Ba

Ba 56 L-series

Particle diamater (um)

unn. C norm.

. C Error (1 Sigma)

[wt.%] [wt.%] [at.%] [wt.%]

Number (%)

Avg = 733,47 nm

Particle diameter (um)

Figure V.5. EDX analysis and particles diameter measurement of Ba-doped ZnO thin films at

V.2. 4. Optical properties

various annealing temperatures

Figure V.6 (a) shows the optical transmission spectra of Ba-doped ZnO thin films within the
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wavelength range of 390 to 1200 nm for different annealing temperatures (300-450°C). The
optical properties of transparent conductive films are known to be heavily influenced by the
deposition methods and the preparation conditions employed during fabrication [5]. The results
clearly demonstrate that annealing treatment significantly affects the films' optical behavior.
Specifically, the transmittance decreases with increasing annealing temperature from 300°C to
450°C, which can be attributed to increased film thickness grown at higher annealing temperatures,

and also can be due to high light scattering from voids or grains [6].

Furthermore, higher post-annealing temperatures caused the transmission spectra to shift
towards longer wavelengths, indicating changes in the optical characteristics of films at elevated
growth temperatures. This shift in transmission spectra is attributed to a reduction in the transition
separation between levels, usually denoted as the bandgap energy (EQ), leading to a shift of the

displacement of the absorption edge to longer wavelengths [6] [7].
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Figure V.6. (a) Transmittance spectra and (b) Tauc plot of Ba-doped ZnO thin films at

different annealing temperature

To evaluate the optical band gap of prepared film samples, Tauc plots were created, as illustrated
in Figure.V.6 (b). The plots reveal that the transition region occurs around 3.24 eV, corresponding
to the direct bandgap transition between the valence band and conduction band, representing the
optical bandgap energy (Eg) of ZnO.

The values of the band gap calculated are 3.24 eV, 3.2 eV, 3.18 eV, and 3.02 eV, corresponding
to 300°C, 350°C ,400°C, and 450°C, respectively. These results of decreasing of Eg with
increasing of annealing temperature can be attributed to improvements in crystal quality and larger
crystal sizes at higher temperatures from 300 to 450°C [8]. This enhanced crystallinity and
improved structural order lead to a reduction in the bandgap energy, facilitating the generation of

electron-hole pairs and subsequently enhancing the material's photocatalytic and optical
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performance [5].
V.2. 5. Photocatalytic degradation of methylene blue

Photocatalytic degradation of harmful organic contaminant in the environment using a
photocatalyst has attracted significant attention in recent years. The degradation of methylene blue
(MB), as a pollutant model, in the presence of Ba-doped ZnO thin films annealing at various

temperatures, under sunlight irradiation is the subject of this experiment.

As shown in Figure V.7 (a,b), photocatalytic activity increases with the increase in annealing
temperature from 300°C to 450°C for methylene blue pollutant for 5 h under sunlight irradiation
times and meteorological conditions in Biskra, Algeria, on May 26", 2024, which presented in
Table V.2. The degradation percentages were approximately 73.37%, 80.13%, 91.48%, and
96.17% for films annealed at 300°C, 350°C, 400°C, and 450°C, respectively, demonstrating
enhanced photocatalytic efficiency with higher annealing temperatures. However, the low
crystallinity obtained at low annealing temperature resulting the low photocatalytic performance
of the film calcined at 300°C. Moreover, when the annealing temperature increasing from 350°C
to 450°C, we noticed an enhancement in photocatalytic activity due to increased crystallinity at

these temperatures.
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Figure V.7. Variation of UV-vis spectra of MB during photodegradation at various annealing

temperature, (b) plot of % degradation of MB as a function of time
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Table V.2 Parameters and results of photocatalytic tests.

Samples annealing at 300°C 350°C 400°C 450°C
Removal (%) 73.37 80.13 91.48 96.17
The date 26/05/2024
The temperature (°C) 39
Wind speed (km/h) 09
Humidity (%) 14
Irradiation intensity (mW/cm?) 0.1357

Numerous studies suggest that the reaction kinetics of various organic dyes' photodegradation
in aqueous solutions can be effectively explained using the Langmuir—Hinshelwood model,
described as the pseudo-first-order kinetic model [9]. The linear relationship between In(Co/Ct)
and irradiation time, which indicates that the degradation of MB essentially follows pseudo-first-
order Kinetics, is presented in Figure V.8, and the rate constants obtained from the graph slope are
reported in the inset of this figure. The first-order rate constant (K) increased with higher annealing
temperature from 0.312 h' to 0.353 h%, corresponding the optimal degradation efficiency of the

MB dye for sample annealing at 450°C.

112



Chapter V. Influence of Annealing Temperature on Ba-Doped ZnO Thin Films and their
Photocatalytic Application

300°C
350°C °
400°C
450°C

2,51

o4 m )

= |ree R K (h)
@)

<X 159 300 0,999 0312
8 | 350 0894 0472
& o] 400 0977 0243
c 450 0,996 0,353
1

0,0 +

T T T T T T T T
0 1 2 3 4 5

Time (h)

Figure V.8. Kinetics study of photocatalytic degradation MB under sunlight irradiation at

different annealing temperatures
V.2. 6. Reusability of the Ba-doped ZnO Photocatalyst

Recyclability, or stability, is a crucial characteristic for the practical application of the Ba-
doped ZnO catalyst, which demonstrated the best degradation efficiency at an annealing
temperature of 450°C. Figure V.9 illustrated the photocatalytic reusability of Ba-doped ZnO in
the photodegradation of MB dye was exposed to 5 successive cycles of reusability within 5 h under
sunlight irradiation at meteorology conditions presented in Table V.3. After the fifth recycling,
the photodegradation performance gradually decreased from 95.97% to 94.89% for MB dye using
a Ba-doped photocatalyst annealed at 450°C, indicating the stability and reusability of prepared

films.
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Figure V.9. The reusability and stability of Ba-doped ZnO photocatalyst annealed at 450°C

for the degradation of MB over five cycles

Table V.3. The meteorology conditions of fifth recycling photocatalytic tests of MB dye

Cycles The date Temperature ~ Windspeed Humidity %
C° km/h
1 01/06/2024 40 07 16
2 02/06/2024 38 08 14
3 03/06/2024 40 07 16
4 04/06/2024 39 07 14
5 05/06/2024 39 07 14
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V.3. Conclusion

As a conclusion for this chapter, 5wt.% Ba-doped ZnO thin films were produced via SILAR
method at 15 cycles deposition and subjected to different annealing temperatures (300°C, 350°C,
400°C, and 450°C). The effect of annealing temperature on the structural, morphological, optical,
and photocatalytic properties were investigated. It has been found that the crystallinity and
thickness surfaces of films increased with annealing temperature. The SEM analysis revealed that
annealing led to a more uniform and compact surface morphology. Also, it is found that the
annealing temperature has a great effect on the transparency of the thin films in the visible range;
it increases with the annealing temperature from 300 °C to 450°C. Furthermore, the resulting films
exhibited remarkable photocatalytic activity of MB dye under sunlight irradiation for 5 hours and
demonstrated promising reusability potential. Notably, the films annealed at 450°C achieved the
highest degradation efficiency (96.17%) and slowly decreased to 94.89% after five cycles
successively. These promising findings underscore the effectiveness, reusability, and stability of

prepared thin films in photocatalytic processes and applications.
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General Conclusions and Future Perspectives

General Conclusions and future perspectives

The original research presented in this thesis focused on producing high-performance undoped
and Ba-doped ZnO thin films, which were successfully fabricated using the Successive lonic Layer
Adsorption and Reaction (SILAR) process and deposited on glass substrates. Several properties

have been investigated, and different applications in the wastewater field has been explored.

To ensure an excellent-quality films for wettability tests and photocatalytic application,
different deposition experimental parameters were adopted, including the concentration of barium
dopant, cycles number, and annealing temperature. Our work studied the influence of these
parameters on the structural, topographical, morphological, chemical composition, and optical
(transmittance and gap energy) properties of barium doped zinc oxide films. Various techniques
were employed to investigate the fabricated samples such as X-ray diffraction, scanning electron

microscopy, profilometer, energy dispersive spectroscopy, and UV-vis spectrophotometry.

In the first part of our experimental work, we have prepared series of undoped and Ba-doped
ZnO at different concentrations (1 wt.%, 3 wt.%, 5 wt.%, and 7 wt.%). X-ray diffraction analysis
confirmed the successful doping of Ba into the ZnO lattice, revealing distinct peaks corresponding
to the ZnO hexagonal wurtzite structure. Slight shifts in these peaks indicated the presence of Ba
doping, with the preferred planes observed along (100) and (002). SEM images revealed that the
films were well adherent and uniform. Surface topography studies depicted an increase in surface
roughness (317 nm) with larger agglomerates and a rougher texture at 5 wt.% Ba, which was
attributed to the larger crystallite size (113.6 nm) and higher lattice train (1.86 9 107). The EDX
patterns indicated the presence of Zn, O, and Ba signals as the main components of the synthesized
thin films, confirming the high purity of the deposited film. The optical studies displayed that the
transmittance of the films increased with increasing of Ba doping concentration, suggesting
enhanced optical transparency. Furthermore, the optical band gap of Ba-doped ZnO exhibited a
slight decrease compared to undoped ZnO, dropping from 3.37 eV to 3.0 eV at higher doping
concentrations. The water contact angle analysis demonstrated a remarkable improvement in
surface hydrophilicity for the 5 wt.% Ba-doped ZnO sample, with the WCA significantly
decreasing from 110.84° in undoped ZnO films to 42.34°. The 5 wt. % Ba-doped ZnO films

showed a high photocatalytic performance, reaching a 95.78% degradation of methylene blue after
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5 hours of sunlight exposure. The reusability tests ensured the stability of our films after 5
successive cycles of recyclability within 5 h under sunlight irradiation, and we confirmed their

stability by the SEM analysis after photocatalytic degradation of MB dye.

In the second parts of our experimental work, we discussed the impact of different deposition
cycles (3, 6, 9, 12, and 15) on the structural, morphological, and optical properties of the 5 wt.%
Ba-doped ZnO thin films synthesized via SILAR method. The XRD analysis revealed the
polycrystalline nature with a hexagonal wurtzite structure of all deposited films. Crystallite sizes
of the films enhanced at higher cycles. The SEM images illustrated a compact and uniform surface
morphology at 15 cycles and the grain size increased from 29.71 nm to 44.79 nm. Moreover, EDX
analysis depicted the presence of Zn, O, and Ba elements on the prepared films. The UV-Vis
spectra demonstrated that the transmittance of Ba-doped ZnO films decreased with an increase in
the number of deposition cycles, while the band gap energy also reduced from 3.68 eV to 3.25 eV
at 03 and 15 cycles, respectively. Furthermore, the wettability tests confirmed the hydrophilic
property of our films, with the highest wettability observed at 3 cycles, corresponding to the
thinnest film thickness. The Ba-doped ZnO films deposited at 15 cycles number showed a major
photocatalytic performance, achieving a 93.51% (k = 0.5273 h™) and 54.31% (k = 0.3218 h™)
degradation of methylene blue and amoxicillin, respectively, after 5 hours of sunlight irradiation.
Additionally, after examining the films post-photocatalytic process, it was observed that while the
optical properties changed, the films maintained their structural integrity and exhibited strong
performance, which is typical for photocatalytic applications. The reusability test conducted over

three cycles demonstrated the excellent stability and recyclability of the prepared films.

In the third parts of our experimental work, we studied the influence of various annealing
temperatures (300°C, 350°C, 400°C, and 450°C) on a series of 5 wt.% Ba-doped ZnO films, which
were produced via the SILAR method with 15 deposition cycles. The XRD analysis presented the
polycrystalline nature with a hexagonal wurtzite structure of all samples. It has been also found
that the crystallinity and thickness values of films increased as annealing temperature increased.
The SEM images showed that increasing the annealing temperature resulted in a more uniform
and compact surface morphology. Additionally, annealing temperature influenced the optical
properties, as film transparency increased with temperature from 300 °C to 450 °C. The annealed

films displayed excellent photocatalytic activity for MB dye
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under sunlight irradiation over 5 hours, with notable reusability potential. Specifically, the films
annealed at 450°C achieved the highest degradation efficiency of 96.17%, which gradually
declined to 94.89% after five consecutive cycles. These findings highlight the efficiency,

durability, and reusability of the prepared thin films for photocatalytic applications.

Although this study focuses on laboratory-scale synthesis and characterization, future efforts
could focus on the scaling-up of the Ba-doped ZnO thin films for industrial applications, including
wastewater treatment, air purification, and self-cleaning surfaces. This would involve investigating
the feasibility of large-scale production methods, cost-effectiveness, and the optimization of film
deposition for large-area substrates. Additionally, refining the SILAR technique, including solvent

and pH adjustments, could improve film morphology and photocatalytic performance.
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Abstract

In this work, undoped and Ba-doped ZnO thin films were deposited on glass substrates by a
simple and cost effectiveness successive ionic layer adsorption and reaction (SILAR) method.
These films were investigated using various techniques. To optimize the quality of our films, we
have studied the influence of dopant concentrations, deposition cycles number, and annealing
temperature on film’s structural, morphological, optical, and photocatalytic properties. All samples
exhibited a polycrystalline nature with wurtzite hexagonal phase. The X-ray diffraction patterns
shows that the 5 wt. % Ba-doped ZnO crystallization is better than undoped samples, with a (100)
preferred orientation. SEM images revealed that the films were well adherent and uniform. UV-
Visible depicted that the transmittance of the films increased as increasing of Ba-doping
concentrations, demonstrating improved optical transparency. The 5 wt.% Ba-doped ZnO films
displayed the highest photocatalytic efficiency, achieving 95.78% degradation of MB under
sunlight irradiation over 5 hours. This sample showed exceptional stability and reusability,

retaining its performance over five cycles.

On the other hand, 5 wt.% Ba-doped ZnO films deposited at different cycle numbers showed that
an increase in deposition cycles led to better crystallinity at higher cycles. As a result, the

photocatalytic efficiency improved to 93.51% at 15 cycles.

Furthermore, the results showed that the process of annealing temperature at 450°C enhanced the
crystallinity, the optical properties, and the photocatalytic efficiency of Ba-doped ZnO films,
achieving 96.17% degradation of MB, and which gradually decreased to 94.89% after five

successive cycles.

Keywords: Ba-doped ZnO thin films, SILAR method, photocatalytic degradation, methylene

blue.

Résumé

Dans ce travail, des films minces de ZnO non dopé et dopé au Ba ont été déposés sur des substrats
en verre par une méthode simple et économique d'adsorption et de réaction successive des couches

ioniques (SILAR). Ces films ont été étudiés a l'aide de diverses techniques. Afin d'optimiser la
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qualité de nos films, nous avons éetudié l'influence des concentrations de dopant, du nombre de
cycles de dép6t et de la température de recuit sur les propriétés structurales, morphologiques,
optiques et photocatalytiques des films. Tous les échantillons ont montré une nature polycristalline
avec une phase hexagonale de type wurtzite. Les spectres de diffraction des rayons X ont montré
que la cristallisation des films de ZnO dopés a 5 % en masse de Ba était meilleure que celle des
échantillons non dopés, avec une orientation préférentielle le long du plan (100). Les images SEM
ont révélé que les films étaient bien adhérents et uniformes. Les spectres UV-Vis ont montré que
la transmittance des films augmentait avec l'augmentation de la concentration en Ba, démontrant
ainsi une meilleure transparence optique. Les films de ZnO dopés a 5 % en Ba ont présenté la
meilleure efficacité photocatalytique, atteignant une dégradation de 95,78 % de MB sous
irradiation solaire pendant 5 heures. Cet échantillon a montré une stabilité et une réutilisabilité

exceptionnelles, conservant ses performances sur cing cycles.

D'autre part, les films de ZnO dopés a 5 % en Ba, déposes avec différents nombres de cycles, ont
montré qu'une augmentation du nombre de cycles de dép6t conduisait & une meilleure cristallinité
aux cycles plus élevés. En conséquence, l'efficacité photocatalytique a augmenté pour atteindre

93,51 % aprés 15 cycles.

De plus, les résultats ont montré que le processus de recuit a 450°C améliore la cristallinité, les
propriétés optiques et I'efficacité photocatalytique des films de ZnO dopés au Ba, atteignant une
dégradation de 96,17 % de MB, qui a progressivement diminué a 94,89 % aprées cing cycles

successifs.

Mots clés: Films minces de ZnO dopés au Ba, méthode de SILAR, dégradation photocatalytique,
bleu de méthyléne.

122



	Optimisation des propriétés physico-chimiques et photocatalytiques des couches minces à base d’oxyde
	Optimization of the physico-chemical and photocatalytic properties of oxide-based thin films
	Dedication
	Acknowledgments
	Table of Contents
	Liste of Figures
	Liste of Tables
	General Introduction
	General Introduction

	Chapter I.
	A bibliographic review

	Chapter II.
	Experimental Procedure: Synthesis and characterization techniques
	Influence of Ba
	(b)


	Chapter IV.
	Influence of SILAR Deposition Cycles on Ba-Doped ZnO Thin Films and their Photocatalytic Application
	Wavelength (nm)
	(b)


	Chapter V.
	Annealing Temperature ( C)
	(b)
	Time (h)
	Number of cycles


	General Conclusions and Future Perspectives
	General Conclusions and future perspectives
	Abstract
	Résumé


