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General Introduction

Nowadays, numerous investigators have proven the exclusive properties of nano-thin
layers that belong to the semiconductor material family, due to their unique properties, which
have been demonstrated in both theoretical and applied studies. They are being used in
many potential applications [1,2], such as gas sensors [2], antimicrobial [3], antibacterial [4],
and photocatalytic activities [5]. In this regard, many semiconductor metal oxide-based
materials have been investigated; particularly Zinc and Nickel Oxides have garnered interest
owing to their varied characteristics. Zinc oxide is a semiconductor with an n-type and hopeful
binary of the 11-VI group with a broad gap (Eg= 3.37 eV). Zinc Oxide is suitable for photonic
applications in the ultraviolet region [6]. It has two structures, a wurtzite hexagonal phase and
a cubic phase [1]. NiO is a p-type semiconductor of the VIII-VI group with a NaCl structure
[7], an antiferromagnetic semiconductor [8], transparent with a wide gap energy (Eg: 3.6 ~ 4.0
eV) [7]. Besides, nano-layer semiconductors based on metal sulfides, such as ZnS, PbS, Cus,
and CdS, etc [9,10] have received significant attention due to their impressive properties [9].
ZnS is an n-type semiconductor of the 11-VI group with (Eg: 3.54 ~ 3.72 eV) for the cubic phase
and (3.74 ~ 3.91 eV) for the hexagonal one [11].

Currently, the world's industrial boom is driving the fast rise of environmental pollution
caused by hazardous waste on a global scale. Furthermore, the continuous release of
contaminants into waterways, such as organic dyes, is the most popular kind of pollution due
to their ability to dissolve and stability in natural water systems, as well as their effects on
aquatic and human life [12-14]. The pursuit of contemporary safe, affordable, and
environmentally friendly methods to address these issues has been accelerated by the growing
energy needs and environmental concerns. Because photocatalysis shows significant
degradation efficiency without requiring complicated technology, it is a viable, affordable, and
advantageous method for dealing with polluted wastewater. The large-scale performance of
semiconductors is enhanced by their use as photocatalysts. Nevertheless, their excitement by
irradiation rapidly produces electron-hole pairs, which can take part in chemical interactions
and considerably challenging aspects of the photocatalytic process. The faster recombination
of photo-generated pair electron-hole rate always weakens the photodegradation efficiency.
Considerable research has been forward to improve semiconductors' photocatalytic
performance to reduce the rate of photo-generated e-h pair recombination by several methods
such as the introduction of defects, by annealing, doping, or coupling as heterogeneous (p-n)

semiconductor structure, etc. Until now, pure or modified metal oxide/sulfide has been



General Introduction

synthesized with various types and morphologies of nanostructures such as powder
nanoparticles [15,16], nanorods [17], core/shell type [18] and thin films. Among them, metal
oxides/sulfides of the deposited thin films on different substrates are a very simple type that has
a low cost-effective way of reaching techniques synthesis. Moreover, semiconductor thin films
particularly the modified such as doped semiconductors e.g. Li, Al, Co, Fe, Ag [2,17,19-21],
etc. Even, composite heterogeneous or multilayer structures [22-24], have improved their
photocatalytic activity performance under various light source types, especially the use of
Ultraviolet light irradiation. Whereas in view of the energy and environmental audits, the use
of hazardous Ultraviolet irradiation is discouraged. Accordingly, many visible light active
photo-catalysts with satisfying energy band requirements have been developed [25], and these
photocatalysts have improved their capability under visible irradiation. Moreover, natural
sunlight irradiation is seen as an excellent choice since it is a renewable source of energy, eco-
friendly, and plentiful [13].

Several techniques have been used to deposit layers, including electrodeposition [26],
pulsed laser ablation [27], sputtering [28], sol-gel [9], and spray pyrolysis [29,30]. Among the
popular techniques, sol-gel and spray pyrolysis are easy and inexpensive methods for depositing
metal sulfide/oxide layers on various substrates, such as Si, ITO, FTO, or glass substrates. In
addition, thin layers provide several benefits over powder nanoparticles in the photocatalytic
process, including ease of use, controllability, and avoidance of expensive powder cleaning and
recycling after each degradation. In fact, selecting photocatalyst semiconductor thin layers is
not only based on their intrinsic characteristics but also on the elaboration conditions that
influence their obtained characteristics. Thus, to enhance and improve the photocatalytic
activity of zinc oxide (ZnQ), it is studied by doping it with aluminum (Al). This choice is based
on the fact that AI** has a shorter ionic radius (0.053 nm) compared to Zn?* (0.074 nm) [31], as
previously discussed in the literature [17,32], making aluminum a promising dopant material
source for ZnO. For more enhancement, the ZnO doped by Al layer can be coupled with another
phase such as Al-ZnO/ZnS multilayers [33].

The aim of this study is to synthesize and characterize thin films based on functional metal
oxides as photocatalysts. In addition to the introduction, conclusion, and references, this thesis is

organized into 4 chapters:

First chapter is devoted to a theoretical and literature review study to get an idea for

understanding the aim of the experimental results in the next chapters. Where the first part of

2



General Introduction

this chapter is concerned with thin films belonging to the semiconductor family and a brief
description of the main properties of ZnO, NiO as metal oxide Semiconductors and ZnS as
metal sulfide Semiconductors (background about materials worked on). The development of
Semiconductor applications, particularly their function in photocatalytic activity applications,
will also be presented. The chapter ends with a literature review of ZnO and Advances in ZnO
layers as photocatalysts.

Second chapter initially presents a brief description of the thin film growth mechanism.
Additionally, a detailed description of the thin film deposition methods and physicochemical
characterization tools (X-Ray Diffraction and FTIR, morphological: AFM and SEM and UV-

vis spectrophotometry) that were used in this work will also be presented.

Third chapter aimed to synthesize pure ZnO, Al-doped, and Al, Ni Co-doped ZnO thin
layers by spray pyrolysis method. The obtained samples were investigated using structural,
morphological, and optical characterization tools. The pure and doped ZnO thin films also were

tested in the photocatalytic degradation activity for methylene Blue dye under UV irradiation.

Fourth chapter intended to use inexpensive spin-coating and spray pyrolysis methods to
create ZnO:Al/ZnS/NiO heterojunction multilayers as photocatalysts for the degradation of
organic dyes. Tools for structural, morphological and optical analysis were used to analyze the
sample characteristics.

Finally, this thesis ends with a conclusion and outlook that summarizes the essentials and

the main results obtained during this study and ends with perspectives.



Chapter |.

Background & Literature Review

This chapter is devoted to a theoretical and literature review study to get an idea for
understanding the aim of the experimental results in the next chapters. Where the first
part of this chapter is concerned with thin films belonging to the semiconductor family
and a brief description of the main characteristics of ZnO, NiO as metal oxide
Semiconductors and ZnS as metal sulfide Semiconductors (background about materials
worked on). The development of Semiconductor applications, particularly their function
in photocatalytic activity applications, will also be presented. The chapter ends with a

literature review of pure and Advances in ZnO films as photocatalysts.



Chapter I. Background and Literature Review

Nowadays, the unique characteristics of semiconductor group nano-thin layers have been
deeply investigated by several scientists, as indicated by both practical and theoretical
investigations. For the past 50 years, thin layers have been used as coatings on other materials
and have been employed in a variety of prospective applications. A "thin film™ is defined as a
layer of a material deposited on a substrate (generated by the accumulation of single atoms on
a substrate via the sequential condensation of atoms, molecules, or ions), typically less than

several micrometers (nanometers) thick.
1.1 Theoretical context of thin films and Nanomaterials

Thin films are grown and formed through the deposition of material on a support called
a substrate; one of the dimensions (thickness) of this deposit has been significantly reduced so
that it is expressed in nanometers[34]. The formation of thin films made of different materials
begins with a random nucleation phase followed by the growth process. The basic film
properties, like film chemical compounds, structural crystal phase, thickness, etc. are controlled
by the deposition conditions. Moreover, thin films have unique properties that are not observed
in bulk materials. These properties result from the film growth step on the substrates and their
size effects including layer thickness, crystal orientation, and multilayer structure. Indeed, bulk
materials are typically made from powders that have been compacted and heated to bond
together. The powder used in this process typically has particle sizes of around 1 micrometer.
Additionally, thin films can be formed from extremely small particles, which consist of
individual atoms or clusters of atoms. Lastly, uniform compound materials can be created

through the collision of atoms on a substrate surface, where adatoms are deposited [35].
Nanomaterials and nanotechnology have prospective applications in almost all scientific

fields. The thin films are also suitable for the production of nanoscale materials.

e Nanomaterials

Nanomaterials are referred to as substances or components of nanomaterials found in
alloys, compounds, or composites that have nanometer-size dimensions [35]. The

nanomaterials are classified according to their dimensions into four types (Figure 1.1) [36]:

0D nanomaterials: Here, all dimensions (X, y, z) are at the nanoscale. It included Nanospheres,

quantum dots etc.
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1D nanomaterials: Here, 2 dimensions (X, y) are in the nanoscale. This results in nanomaterials

with a needle form. It includes nano- rods, fibers, tubes, and wires.

2D nanomaterials: Here, 1 dimension (x) is on the nanoscale. 2D nanomaterials exhibit plate-
like shapes. It includes thin films, nanolayers, graphene, and nanocoatings of nanometer
thickness.

3D nanomaterials: these nanomaterials are not confined to the nanoscale in any dimension.
They consist of multiple arrangements of nanoscale crystals with different orientations. It
includes dispersions of nanoparticles, bundles of nanowires and nanotubes, and multi-

nanolayers (poly-crystals).

0D 1D D 3
. . Nano fiber Nano film Pillars
solid NPs m
Hollow nanoparticle O Nano tube Nano disc Nano-composite
Core/Shell nanoparticle Nano wire Nano layer Polycrystals

% \ 2

Figure 1.1: Schematic illustration of nanomaterials classification according to dimensionality
[37].



Chapter I. Background and Literature Review

1.2 Materials

Generally, in a material, the last energy band occupied by electrons is called the valence
band (VB). The next energy band is the conduction band (CB). Based on the theory of energy
bands, a material is said to be conductive (metal) when the conduction band and valence band
overlap, or when the CB is partially filled by quasi-free electrons that can move easily under
the effect of weak external excitations (electrical, optical, thermal, etc.), and thus participate in
conduction phenomena. A semiconductor possesses a forbidden energy band known as the
bandgap energy (Eg), which divides the valence band (VB), completely filled with electrons,
from the conduction band (CB), entirely empty at absolute zero temperature. Typically, this
bandgap is less than 3 eV, enabling charge carriers to transition into the conduction band
through thermal excitation or upon acquiring energy equal to or greater than the bandgap (>
Eg). When the gap of the material is sufficiently wide (> 5 eV), the passage of electrons in the
CB becomes difficult, even under the effect of thermal agitation; in this case, the material is
said to be isolated. Most transparent materials are insulators, and highly conductive materials
reflect much of the electromagnetic spectrum owing to their high concentration of free carriers.
Therefore, transparency, which requires a large gap and low carrier density, and conduction,
which requires a small gap and high carrier concentration, cannot coexist in a single material.

However, a small number of materials possess these two properties combined when they are

elaborated, particularly in the form of thin layers such as Transparent and Conductive Oxides

(TCOs) [36].

Ee-

ry

Egé

m

a) Conductor b) Insulator ) Semiconductor

£g i

Figure 1.2: CB and VB relative positions for a) Conductor, b) Insulator, and c)

Semiconductor.
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1.3 Semiconductors (SCs)
1.3.1 Pure Semiconductors (intrinsic)

The Gap Energy is a forbidden band in which electrons can only cross owing to external
excitation, such as the absorption of a photon. The banned band corresponds to an energy
barrier, the order of magnitude of which is the electron volts. At ambient temperature (above
0°K), the mechanism of creating an electron-hole pair occurs. These electrons become a library
in the CB and can therefore move easily, leaving holes in the VB, which are also free to move
[38]. The electrons present in the conduction band allow the conduction of the current. Current
conduction can be viewed quite similarly in terms of electron holes moving through the valence
band. The electron density (concentration per unit volume) is denoted as n, and that of the holes
IS p. There are no doping atoms in an intrinsic or pure semiconductor. Therefore, all electrons
present in the conduction band originate from the valence band, there are as many electrons as
holes (n = p = ni), where "ni" is the intrinsic concentration. The Fermi level Et is situated in the
middle of the band gap with a probability of electron occupation equal to 50% at OK. Where E¢
is defined as the level located between the VB and CB because all electrons are at their lowest
energy level at 0 K. In an absolute zero, the Fermi Level is the highest energy point at which
an electron can reach. The Fermi level changes as solids are heated, and electrons are provided
or removed from them. One of the two types of carriers uses doping to modify the balance
between electrons and holes to promote electrical conduction [39,40]. Extrinsic doping with a
controlled concentration up to a very high level is necessary to obtain moderate or high

conductivity.
1.3.2 Doped Semiconductors (extrinsic)

Depending on the nature of the introduced atoms, the doping procedure increases the density
of charge carriers inside the SC material. Therefore, the injection of impurities in
semiconductors can greatly increase their conductivity, thus producing extrinsic materials. If
the electron density increases, it is n-type doping. If it increases the hole density, it is a p-type
doping [38].

e There are two types of doping:

n-type doping: the purpose of n-type doping is to produce excess carrier electrons in

semiconductors. If the impurity atom has more valence electrons than those of the
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semiconductor matrix, for example, we consider a Si (silicon) crystal lattice, which is doped by
atoms such as those of group V (VA) in the periodic table (for example, phosphorus),
incorporated into the crystal lattice, which has four covalent bonds and one free electron. As a
result, atoms with an extra electron to donate are called "donor" atoms (it will "donate” that
extra electron to the conductivity band). In this case, the electrons are the majority carriers and
the holes are the minority carriers. Thus, the materials formed are known as n-type

semiconductors because they contain an excess of negatively charged electrons [36,39].

p-type doping: the purpose of p-type doping is to create excess holes. If the impurity
atom has fewer valence electrons in comparison to the base semiconductor material. In this
case, a silicon atom in the crystal lattice substitutes a trivalent atom, usually a boron atom. As
a result, one electron is missing in one of the four covalent bonds of the adjacent silicon atoms,
and the atom can accept an electron to complete this fourth bond (it will "accept” an electron
from the valence band and hence it is called "acceptor™), generating a hole. The holes are the
majority carriers and the electrons are the minority carriers in this state. Thus, these materials

are known as p-type semiconductors [39].

Ee-

a) Pure SC b) n-type SC c) p-type SC

Figure 1.3: Fermi level position within the Eg for a) Pure, b) n-type, and c) p-type SC.

SCs injected with a donor impurity will have a greater amount of conduction electrons

(those offered by the impurity in addition to those generated by electron transitions that

8
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migrate into the CB); thus, they are known to be n-type materials. A SC doped with an acceptor
impurity is a p-type material [41]. In the doped SC, the Fermi level approaches the majority
carrier band (Figure 1.3) [38]. As a result, n-type doping produces an excess of negatively
charged electrons, and the Es level is closer to the CB. P-type doping produces an electron
deficiency; therefore, an excess of holes is considered to be positively charged, and the Es level

Is closer to the VB.
1.3.3 Coupled Semiconductors

The coupling of 2 semiconductor materials with different bandgap energies creates a
heterostructured semiconductor. A p-n junction commonly consists of a single semiconductor
material with two different doped regions: n-type and p-type. Depending on the type of doping
used for the semiconductor, distinguish two heterostructure semiconductors: we have a
"homojunction” (n-n/p-p), where the two semiconductors have the same type of doping. If they
are composed of different doping types (n-p) of semiconductors, then it is called a
"heterojunction”. When a semiconductor contacts another phase exhibiting a different Fermi
level, the electrons redistributed to equalize the chemical potential between the semiconductors.
The Fermi levels of p-type semiconductors are lower than those of n-type. Thus, when they
placed in contact with each other, electrons flow from the n-type semiconductor to the p-type
semiconductor, and holes flow in the opposite direction. This causes the p-side of the junction
to become charged negatively and the n-side to become positively charged, thereby creating an
electric field near the junction. Semiconductor heterostructures can be classified into three
different types according to their band alignment: straddling gap (type I), staggered gap (type
I1), and broken gap (type I11), as shown in Figure 1.4. The type-I structure (straddled band
lineup) is the bandgap of one material that entirely overlaps with that of the other. In the type
Il structure, a staggered lineup is present, electrons are localized in one material, and holes are
localized in other materials. Considering a type-Il heterostructure, the Ec of one material is
lower than that of the other. The energy gradient at the interface tends to spatially separate
electrons and holes on different sides of the heterojunction, where electrons may be confined

to one side and holes to another [42,43].
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Straddling gap Staggered gap Broken gap
(Type-I) (Type-II) (Type-I1I)

Figure 1.4: Schematic Eg diagram of heterojunctions SC [42].
1.3.4 Semiconductors and energy bands

Semiconductors can also be classified into two different bandgap types according to their
bandgap transition: direct and indirect (Figure 1.5). These kinds of band structures may be
defined based on wavevector k (crystal momentum). k vector describes the behavior of the

electrons in the crystal lattice.

In direct bandgap SCs, like; Zinc Oxide or Zinc Sulfide, the highest energy level in the
Valence-B, and the lowest level in the Conduction-B have the same vector value k. Figure 1.5
shows the energy (E) plotted as a function of the vector (k). Here, the momentum of the
electrons at the minimum energy level of the CB and maximum energy level of the VB are the
same. Accordingly, an energized electron can release its hold without losing energy. On the
other hand, indirect bandgap SC such as Si or Ge, there is a change in the momentum of an
electron between the lowest energy level of the CB and the high-energy state of the VB. An
electron must thus travel through an intermediate state between the two bands (conduction and
valence) in order to be able to release a photon directly. Therefore, the indirect-gap SC materials

are relatively weak light emitters [44].
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Figure 1.5: Band gap types in SC materials.
1.4 Semiconductors based Metal- Oxide/Sulfide
1.4.1 Metal Oxide Semiconductor

Metal oxide (MO) semiconductors represent a unique category of materials because of
their electronic charge carrier properties compared to conventional covalent semiconductors,
like silicon (Si). MO semiconductors are valence compounds with high ionic-bonding ratios.
The conduction band minimum and valence band maximum mainly consist of Metal M-nS and
Oxygen O-2P orbitals, respectively. The interaction between the metal and oxide orbitals results
in a significant disparity in the charge carrier transport [45]. The unique electronic structure of
metal oxides determines their metallic and semiconductor characteristics. Metallic elements can
be used to form a wide variety of oxides via several synthetic methods. Consequently,
nanomaterial MO exhibits unique optical, magnetic, electrical, catalytic, optoelectronic, and
photochemical characteristics [46]. Therefore, Nanotechnology opens up many opportunities
because of the enhancement in the characteristics of nano-sized particles with their unique size
and shape [46].

Nevertheless, Metal oxides are TCO with wide gaps. (MxOy) can symbolize them, where
M is the chemical symbol of the considered metal, O is the oxygen symbol, and "x" and "y" are
natural numbers. Generally, most transparent materials are insulators (as mentioned

previously), and highly conductive materials reflect much of the electromagnetic spectrum

11
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owing to their high concentration of free carriers. Therefore, transparency, which requires a
large gap and low carrier density, and conduction, which requires a small gap and high carrier
concentration, cannot coexist in a single material. However, there is a family of oxides that. In
addition to being transparent, can become conductive if they have an excess of electrons in their
lattices. This excess of electrons can be created either by structural defects, which introduce an
imbalance in the stoichiometry of the oxide, or by appropriate doping. These oxides are known
as Transparent Conductive Oxides (TCO). They have the dual properties of being good
electrical conductors and being transparent in the visible range. Moreover, their large gap (3 to

4 eV) makes them conductive at room temperature and transparent in the visible region [36].

Typical TCOs belonging to SCs are two main groups, predominately n-type conductivity
such as ZnO, TiOz, SnOy, In,03, Al203, Fe203, etc. As well as several families are promising
p-type SCs, including CuO, PdO, AgOz, La20s, Te203, BaTiOz, and NiO [36]. NiO is the first
known p-type TCO since 1993 [45].

1.4.2 Metal Sulfide Semiconductor

The majority of semiconductors based on metal sulfides (MS) have attracted a lot of
interest because of their remarkable characteristics; however, have a negative CB, indicating a
potent reduction ability akin to that of metal oxides. Additionally, because of the greater VB
position that the S 3P orbital contributes compared to the O 2P orbital, most metal sulfides have
poorer oxidation capabilities than metal oxides. As a result, metal sulfides often exhibit high
reduction capabilities, relatively soft oxidation capabilities, and small band gaps [47].
Moreover, the holes carriers of metal oxides often have a greater effective mass than those of
metal sulfides, indicating an increased holes mobility of metal sulfides for better charge
transfer. This is because the O 2P state is more localized than the S 3P state. Additionally, many
metal oxides have wide band gaps and can only use UV light, which accounts for only 5% of
solar radiation. Metal sulfides often have a wider solar light-responsive spectrum than metal

oxides, because many of them can absorb visible light (Figure 1.6) [47].
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Figure 1.6: Band positions of some typical MO/MS [47].

Nanostructured metal-oxide or metal-sulfide are considered to be one of the most
intriguing functional materials and, hence, an active research topic. As a result, their
distinguishing characteristics enable their wide use in applications such as photocatalysis for
organic degradation [46], which will be improved in this work. Generally, a significant number
of studies on SC MO-based materials, n-type-ZnO and p-type-NiO in particular, have garnered
interest owing to their different properties. Additionally, ZnS based on MS SC has attracted
significant attention due to its impressive characteristics. Therefore, ZnO (in particular), NiO,

and ZnS semiconductors will be reviewed in the following part of this chapter.
1.5 Zinc Oxide

Zinc Oxide (ZnO) is an inorganic compound with the formula ZnO. ZnO has been
researched as a multifunctional semiconductor for more than 80 years, starting in the 1930s.
The first research, in which bulk ZnO was the primary focus, peaked at the end of the 1970s
and the beginning of the 1980s. It then started to wane in part because of the challenge of doping
ZnO into both the n- and p-types. However, since the middle, of the 1990s ZnO has been
rediscovered, and a large number of studies have been published with an eye toward its
applications in optoelectronics, including light-emitting diodes, lasing, photodetectors, etc [45].
In addition to existing naturally as "zincite,” ZnO may also be chemically produced in solid
structure as "ZnO bulk," with varying hues depending on the impurities it contains. Moreover,
ZnO appears in the solid state as an odorless off-white to pale yellow powder [48]. It is insoluble
in water but soluble in acids and alcohols. The abundance and affordability of Zn metal, which
makes it easier to produce and use ZnO-related materials and devices on a large scale, should
be highlighted as one of the key benefits of ZnO.

13
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1.5.1 Main ZnO characteristics
1.5.1.1 Structural and crystallographic properties

Zinc oxide is an n-type semiconductor belonging to the binary 11-VVI compound. The three
main forms of ZnO (Figure 1.7) are hexagonal wurtzite (P63mc space group), cubic zinc
blende, and infrequently encountered cubic rocksalt (NaCl), depending on the synthesis that
modifies the mixed nature of the bonds within the crystal. The last two forms of ZnO are
unstable and form under high pressure (10-15 GPa), and they revert to wurtzite upon

decompression.

l & Orxygen atom

Za atom
Oxygen atom

Wurtzite Zinc-blende Rocksalt
Figure 1.7: Crystal structure of zinc oxide [36].

The hexagonal compact (hc) wurtzite structure is a more stable form of ZnO, which has

a hexagonal unit cell and lattice parameters of a=b= 3.296 and ¢=5.2065 A [40].

The oxygen (O) anions and zinc (Zn) cations form a tetrahedral unit and the entire
structure lacks central symmetry, so it is composed of two elements with different ion radii
[36].

ZnO can be directly defined as a chain of alternating planes created by tetrahedrally
coordinated O? and Zn?* ions, where each O (or Zn) atom is surrounded by four Zn (or O)
atoms alternately stacked along the c-axis. The polar surface of ZnO is another important
property. It has a polar (0001) surface terminated with either Zn or O. The Zn-type polarity is
represented by the + ¢ (0001) direction. Type O polarity is associated with direction -c (000-1)
[40].
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The particular positions of the four atoms in the wurtzite structure in each cell are:
Zn: (0,0,0), (1/3,2/3,1/2) ; 0:(0,0,u), (1/3, 2/3, u+1/2).

The hexagonal lattice of the wurtzite ZnO is characterized by three lattice constants a, ¢, and u:

e abeing the side of a rhombus constituting the base
e cthe side parallel to the oz axis

e u s the interior coordinate along the axis.

These constants determine the relative positions of the O anion and Zn*? cation sublattices.

The u coordinate is defined by the following relationship Eq. 1.1:

1 c?
u=-+—
4  3a?

(1.1)

According to this relationship, parameter u is dimensionless. The following Eqg. 1.2 gives the

distance separating the reticular planes of indices (hkl):

+L (1.2)

1 4 (h?+hk+k? 12
)tz

Ay 3 a?

The following Eq. 1.3 determines the stability of this structure:

0.225 < =% < 0.414 (1.3)

Where R, and R are the radii of the anion and cation, respectively. This condition stems from

the following considerations:

For a compact hexagonal structure (hc), we have:
3 . c 2
R, +R, = 3¢ Wlthz=2\/; and 2R, < a (1.4)

As the hc structure is derived from the face-centered cubic structure (fcc) of blende, we have:

%1 <0414 (1.5)

c
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The stacking in the wurtzite structure phase of ZnO is composed of two interpenetrating
hc sublattices (Figure 1.8), with alternate atomic planes stacking in the sequence ABAB along
the [0001] direction [36].

|
A
g|B
A

Figure 1.8: ZnO wurtzite Crystal structure [49].

1.5.1.2 ZnO Electronic band structure

The electronic properties of ZnO have been the subject of several studies, including those

of its band structure. The electronic structures of oxygen and zinc are as follows:
O: 152 2582 2P* ; Zn: 1S% 2S5% 2P° 352 3P® 452 3™

The 2P states of oxygen form the valence band and the 4S states of zinc form the
conduction band of the ZnO semiconductor. Therefore, to form an ionic bond, the zinc atom
must give up two electrons from the 4S orbital to an oxygen atom, which subsequently has a

plain 2P orbital with six electrons. The formation reaction of ZnO is as follows Eq. 1.6:
n*?+20,+2e" > 7Zn0  (16)

The theoretical studies represented in Figure 1.9 illustrate the appearance of the band
structure, revealing that ZnO is in the reciprocal space at the Brillouin zone. In this structure,
there are six I' bands resulting from the 2P states of oxygen, and the lowest of the conduction

bands have a strong contribution from the 4S states of zinc [50].
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Figure 1.9: Band structures of wurtzite ZnO [51].

This figure indicates that ZnO is a direct-gap semiconductor because the minimum of the
conduction band and the maximum of the valence band are located on the same axis I" (in the

center of the Brillouin zone: point I" where k = 0)).

As for its conduction properties, stoichiometric ZnO is insulating but becomes n-type
degenerate because of the presence of systematic defects, such as oxygen vacancies and zinc
atoms in the interstitial position (native defects). At room temperature, bulk ZnO has a gap of
3.37 eV, allows vertical transitions between the valence band and the conduction band (the gap
corresponds to the energy required to move an electron from the BV to BC), and has radiative
transitions. This value varied with temperature. When foreign atoms are introduced (doping),

the nature and rate of doping vary according to the width of the forbidden band [36,50].

On the other hand, the passage of electrons from the valence band to the conduction band
creates an electron-hole pair linked by a Colombian interaction within the crystalline structure
(called an exciton). The binding energy of the exciton is 60 meV, which is the largest in the 1I-
VI family [39]. At room temperature, the binding energy is greater than the energy of thermal
agitation (23 meV), which means that the exciton created will not be thermally annihilated [52].
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1.5.1.3 Intrinsic defects in ZnO

Typically, ZnO is an n-type conducting material. If we consider a pure stoichiometric
ZnO crystal without imperfections or point/line defects and no grain boundaries at ambient
temperature, ZnO would not be a semiconductor but a nonconductor [53]. The ZnO
conductivity type is determined by the excess Zn atoms, which yield an electron (which can be
caused by the synthesis conditions and methods). The Zn diffusion ratio in ZnO was found to
be greater than the O ratio. In ZnO, there are large interstitial sites where Zn*? can diffuse. Thus,
the intrinsic defects in ZnO include unoccupied lattice sites, Zinc and Oxygen vacancies (Vzn,
Vo), interstitials (Zn;, Oi), and antisite ZnO (Ozn, Zno), which exhibit a range of ionization
energies. Two well-known ionic defects exist: Zn; (interstitials) and V, vacancies. These
imperfections are called "structural defects”. Their energies were always located in the
forbidden band. Therefore, these native structural defects in a ZnO-crystal strongly affect their
electrical and optical properties that consequently have a bearing on minority carrier lifetime
[53]. Figure 1.10 shows the energy levels of the intrinsic defects in the ZnO film estimated by
B. Lin et al [54].

Zn; Ec
o | |
3.18 eV 1.62 eV 238 eV E,=3.36eV
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29eV Vg
Vool O
v Ozn
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Figure 1.10: Calculated intrinsic defect levels in ZnO films [54].

1.5.1.4 Electrical characteristics

The electrical properties of pure ZnO strongly depend on the synthesis technique and
variation in the band gap energy (3 -3.4 eV). This can depend on the elaboration modes (a
number of studies have shown that annealing after the growth of ZnO crystals can increase the
intrinsic defects and thus change the electrical properties considerably) and doping rate
(introduction of impurities into different ZnO lattice sites). Indeed, thermal energy can be
sufficient to excite electrons from the VB to the CB, which makes ZnO an intrinsic
semiconductor. The electronic transport properties of an ideal ZnO single crystal can be
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described by its conductivity (o). This conductivity is ensured by the holes created in the VB
and the electrons located in the CB. As we mentioned before, ZnO has a natural n-type electrical
conductivity which is due to the presence of intrinsic defects (zinc in interstitial position (Znj),
and oxygen vacancy (Vo). The electronic properties of semiconductors are largely related to
doping by the addition or substitution of a very small quantity of atoms that constitute the
network with other atoms with well-chosen properties [52].

Typically, an n-type semiconductor is formed when the concentration of electrons is
higher than that of holes (these materials are obtained by n-type doping). If the doping atom
belongs to the next column, it has an additional electron compared with the initial atom.
Intentional n-doping is generally performed with column 111 elements in the substitution of zinc,
in particular Al, Ga, and In, and column VII (Cl) elements in the substitution of oxygen. A p-
type semiconductor occurs when the number of holes is higher compared to free electrons in a
semiconductor (these materials are obtained after p-type doping). To achieve p-type
conductivity, which is extremely difficult to realize compared to n-type conductivity, in
particular, because of the compensation that can cause instability. This doping can be done with
an element from the first column such as Li, Na, K, Cu, or Ag in substitution for Zn, or with an

element from column V such as N, P, As, or Sb in substitution for O [52].
1.5.1.5 Optical characteristics

The interaction of electromagnetic radiation with solid materials (radiation-matter
interaction) results in reflection, absorption, and transmittance phenomena. Parameters T
(transmittance), R (reflectance), and A (absorbance) characterize these phenomena. ZnO is used
today as a transparent oxide. It allows until 90% visible light when it is highly crystalline. It
has an absorption threshold of approximately 360 nm, a wavelength in the ultraviolet region,
which explains the value of the bandgap of this material [52]. An electromagnetic wave
interacting with the semiconductor is capable associated with transferring electrons from the
valence band to the conduction band if this energy is at least equal to that of the forbidden
bandwidth [55].

In addition, ZnO also exhibits luminescence properties. Under the effect of an intense
electromagnetic field, with an energy greater than the energy of the forbidden band (in our case,
greater than 3.37 eV), ZnO emits photons, which is called photoluminescence. In practice,
different emissions (bands of luminescence) can be observed, depending on the production and

processing methods. In ZnO thin films, visible luminescence is due to defects related to
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emissions from deep levels (virtual levels between the conduction band and valence band), such
as zinc interstitials and oxygen vacancies [55]. Moreover, in thin layers, the refractive index (n)
and absorption coefficient (a) vary according to the conditions under which the layers are

formed. The refractive index varies between 1.7 and 2.2 [55].

According to the ZnO thin films, the transmission and reflection spectra exhibited three

distinct regions [36].

e Inthe UV region, the transmission decreases rapidly and vanishes owing to the total
light absorption towards the conduction band.

¢ Inthe visible range, the transmission is high, whereas the absorption is very low.

e In the IR region, the free carrier absorption region is characterized by high

reflection and low-to-zero transmission.

1.6 Nickel Oxide (NiO)

Nickel oxide has high chemical and stabilities are very resistant to oxidation. It is a
transition antiferromagnetic material. Its Neel temperature is 523 K, which is the temperature
that characterizes antiferromagnetic materials. Below this temperature, the sublattice atoms
magnetize spontaneously like a ferromagnetic lattice and its Curie temperature is around 2000K
[56].

In brief, the terms Curie temperature (TC) and Neel temperature (TN) describe the magnetic
properties of certain substances. TC is the point at which some materials lose their ability to be
permanently magnetic, whereas TN is the temperature above which certain antiferromagnetic

materials become paramagnetic.
1.6.1 Structural and electronic band structure characteristics

NiO crystal is displayed in Figure 1.11(a). It is crystallizes in a known rocksalt structure (NaCl-
type) face-centered cubic structure with a lattice parameter of a= 4.177 A. This cubic structure
is composed of two similar sublattices, A and B, such that any atom of sublattice A has only
neighbors belonging to sublattice B, and vice versa. The anion sublattice (02 and cation
sublattice (Ni*?) are fcc structures, the (100) plane is a mixed plane composed of 50% Ni and
50% O, and the (111) planes are alternating. The (111) face is a polar one, therefore not stable,
while face (100) is a non-polar face, and therefore stable [56]. NiO is a p-type with a direct-gap
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semiconductor. The electronic structures of the oxygen and nickel constituting the NiO are as

follows:
0O: 182 282 2p* : Ni: 1S? 252 2P6 352 3P% 452 3¢8

The 2P states of oxygen form the VB and the 3d states of nickel constitute the CB of the
NiO semiconductor. The width of its fundamental band-broad optical gap energy Eg from 3.6
to 4.0 eV [7]. Nickel oxide (NiO) is a transition metal [56]. The band structure of NiO is shown

in Figure 1.3(b), revealing the reciprocal space in the Brillouin zone.

b)10

F r Z
Figure 1.11: a) NiO crystal structure [57], b) Calculated electronic band structures of NiO [58].

1.6.2 Electrical and Optical properties

Nickel oxide is an extrinsic p-type SC material, and the origin of p-type electrical
conductivity in NiO is discussed from the point of view of nickel or oxygen vacancies. The
majority of defects in the oxide are cationic vacancies, such as oxides (p-type semiconductors).
NiO thin films usually exhibit p-type conduction owing to holes generated by Ni vacancies,
which act as stable acceptors similar to metal vacancies in other metal oxide SCs (have low p-

type conductivity according to the preparation method) [59]. Nevertheless, the Vni acceptor
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level is deep, which restricts the achievable hole concentration and conductivity. Extrinsic
doping techniques like exchanging Li* ions for Ni?* ions or increasing the amount of Ni** ions
were often utilized to increase p-type conductivity. Thus, the only possible conduction of NiO

involves defects (native or extrinsic) in the structure [56].

The NiO material is one of the TCOs that has a p-type and direct optical band gap. The
Transmittance, absorption, and bandgap of NiO thin films change depending on the preparation
conditions, allowing a transmittance between 40% and 80% of visible light with a refractive

index of 2.33, which makes it suitable for visibly transparent application [60,56].
1.7 Zinc Sulfide (ZnS)

ZnS garnered a lot of attention because of its remarkable characteristics. Particularly, ZnS
as a thin film has been found useful in various devices, taking wide applications. It has a wide
Eg and is mostly used in optoelectronic devices, light-emitting diodes [61], and catalysts. The

following is an overview of the main ZnS properties:
1.7.1 Structural and electronic band structure properties

Zinc Sulfide like ZnO is also an n-type semiconductor belonging to the binary I1-VI
compound that is naturally found in mineral sphalerites. Typically exists in two allotropes: the
more stable zinc-blende cubic structure (F43m space group) and the wurtzite hexagonal
structure (P63mc space group). The zinc-blende structure results in tetrahedrally coordinated
zinc and sulfur atoms stacked in the ABCABC pattern, while the wurtzite has a structure with
atoms stacked in the ABABAB pattern. The lattice parameters of wurtzite area=b =23.82 A, ¢
=6.26 A, and those of the zinc-blende cubic structure are a= 5.41 A. Figure 1.12(a) shows two
ZnS structures [62].

ZnS is a direct-gap semiconductor such as ZnO (the minimum of the CB and the
maximum of the VB are located at the point r of the Brillouin zone). ZnS electronic structures

of the sulfur and zinc constituting the ZnS semiconductor are as follows:

Zn: 152 252 2P% 352 3P° 452 4¢1° ; S: 18% 252 2P5 352 3P4
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Generally, the electronic band structure of a semiconductor is composed of a VB and CB
separated by a band gap (Eg). For ZnS, the VB is essentially formed by the 3P orbitals of sulfur.
Thus, the CB is composed of an overlap of the 4S and 4P orbitals of zinc. This difference in the
structure induces differences in the optical and electronic properties. Indeed, the band spacings
are not the same for the two structures (wurtzite, zinc blende), so the bandgap widths differ.
The zinc blende (ZnS cubic stable phase) gap is of the order of 3.65 eV at room temperature,
allowing vertical transitions between the valence band and the conduction band, as well as
radiative transitions [63], Figure 1.12(b) [64].
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Figure 1.12: a) ZnS crystal structure [65], b) Calculated electronic band structures of ZnS
[64].

1.7.2 Electrical and Optical properties

ZnS is an n-type semiconductor device. Many researchers attribute this to interstitial zinc
atoms and, therefore, the non-stoichiometry of the composition. ZnS crystals can be doped with
Mn, Al, In, etc. Gives n-type behavior. The high conductivity of the pure sulfur layers is due to

the high concentration of carriers (electrons) [44].

Zinc sulfide has a wide gap energy with good transmittance and a significant refractive
index of 2.35 at A=632 nm. Its transmittance is excellent in the visible and near-IR regions, and
low in the lower wavelengths (Ultraviolet range). The high ZnS transmittance of about 90% in
the visible wavelengths leads to the conclusion that the ZnS films are actually efficient

transmitting and anti-reflective materials. Thus, the absorbance is low in the visible and near-
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infrared regions but high in the UV region, with an enhanced absorption observed close to 360
nm [62].

1.8 Semiconductors Applications
1.8.1 Gas sensors application

As sensors play a fundamental role in monitoring environmental pollution, metal-oxide-
semiconductor-based gas detectors detect changes in conductance caused by the adsorption of
gases and subsequent surface reactions. As technology advances, environmental concerns are
growing, and there is a need to detect various types of pollutants and toxic gases, such as carbon
monoxide (CO), CHas, H2S, ozone (Oz), ammonia (NHs), etc. A gas sensor transforms
quantitative or qualitative information into an electrical signal representing a chemical
interaction or process between the analyzed gas and component. Semiconductor sensors consist
of a layer that is sensitive to the gases to be detected. Therefore, the principle of gas detection
on a semiconductor material is based on the oxidation and reduction reactions between oxygen
and gas molecules, leading to variations in the electrical resistance of the material. The materials

most used as detectors are oxide semiconductors [56].

The porous layers of ZnO were established as gas-sensing devices for the first time.
Doping these metal oxides with noble metals such as platinum (Pt) and palladium (Pd) was
discovered to be successful in enhancing their sensory abilities. Other metal oxide SC materials,

like as WOs, are employed as gas sensors to keep an eye on environmental contaminants [66].
1.8.2 Solar cells

Generally, thin-film solar cells consist of two semiconductors: n-type (negatively charged
with electrons) and p-type (positively charged with holes) semiconductors. Solar cells using p—
n junctions were prepared by depositing multiple SC layers in succession. These thin-film solar
cells typically include a substrate, transparent conductive oxide (TCO: generally n-type SC with
high transparency in the visible range and good electrical conductivity), a window layer with
high transmittance, an absorber layer with high optical absorption, and a top contact layer made
of either Al or Au. A scheme of a typical p-n solar cell is shown in Figure 1.13, where a p-n
junction forms a depletion zone that creates an electric field. This electric field drives negative
charges to one side and positive charges to the other side of the system, which limits the

recombination of electron-hole pairs and enhances the performance of the solar cell [40].

24



Chapter I. Background and Literature Review

In brief, sun cells are semiconductor-based technologies capable of converting sun energy
into electrical energy. This change is caused by the photovoltaic effect of the material utilized,
which allows the energy of the photons received to be captured and used to discharge charge

carriers from the valence band to the conduction band [56].
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Figure 1.13: a) Operating principle p-n heterojunction of a photovoltaic cell, b) general

schematic of the photovoltaic thin layer structure [40].

1.9 Photocatalytic Activity Application

This method is use light and SCs. It is non-toxicity or secondary pollution causes. In 1972,
Fujishima and Honda first reported the production of hydrogen by water splitting using an n-
type TiO2 semiconductor photocatalyst [67]. The photocatalytic activity of the photocatalyst
dominates the performance of the photocatalytic process. The ideal photocatalyst should have
a lower recombination rate, safety, improved charge separation, higher visible light efficiency,
and good stability. In addition, it is possible to use semiconductor photocatalysts for

sterilization, air purification, wastewater treatment, etc [44].
1.9.1 Photocatalysis principle

Photocatalysis is the process of using a semiconductor photocatalyst to convert organic
matter into carbon dioxide and water by capturing sunlight or any incident light. This process

can eliminate environmental pollutants through light-induced redox reactions known as
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photocatalysis. When the surface of the photocatalyst is exposed to photon energy equal to or
greater than the band gap energy, it agitates electrons from the VB to the CB, resulting in the
formation of electron-hole pairs in both bands. The formation of positive holes in the valence
band leads to the oxidation of pollutant or water molecules, producing hydroxyl radicals. Those
excited electrons reduce the adsorbed oxygen on the photocatalyst. In the conduction band,
excited electrons have a strong reduction ability to react with dissolved molecular oxygen in

water or adsorbed oxygen on the surface of the photocatalytic material.
1.9.2 Mechanism of Semiconductor Catalysis

In the photocatalytic process, incident light interacts with the photocatalyst, causing (on
a femtosecond time scale) the generation of electron-hole pairs (e /h*) if the energy is equal to
or greater than the bandgap (Eg) of the semiconductor material. The bandgap is an energy
barrier between the valence band (VB, the highest energy band occupied by electrons) and the
conduction band (CB, the lowest energy band occupied by electrons). The photocatalytic
mechanism involves the generation of hydroxyl radicals (*OH) and superoxide anions (¢O2").
Among these, * OH has a high oxidation potential and acts as a major oxidizing species. Both
*OH and *O7" act as oxidants that degrade organic compounds. After mineralization, the organic

pollutants yielded less harmful CO2 and H2O as reaction products [44],(Figure 1.14).

In the case of organic contaminants, *OH free radicals react with organic pollutants and
convert them into non-hazardous forms. The exciting and reducing agents are the photon energy

required to excite the electrons, which results in h*vg and e cg.
Photocatalyst + hv — hjg + ecp (1.7)
Hydroxyl radical formation
h* + H,0 --0H + H* (1.8)
h* + OH™ - OH (1.9

Superoxide radical anions and hydroperoxide radicals are produced when oxygen is reacted

with

0,+e” - 0, (1.10)
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-0; +H* - -HO, (1.11)
HO, +- 0, - HO; + 0, (1.12)
*2HO, » H,0, + 0, (1.13)
H,0, + hv —-20H (1.14)

Degradation of organic pollutants by hydroxyl radicals [68].

Energy Level

Figure 1.14: Schematic of the photocatalytic degradation mechanism of pollutants on the ZnO

surface [69].
1.9.3 Photocatalysts types

There are two types of photocatalysts based on mobility: mobilized photocatalysts (in
powder form) and immobilized photocatalysts (thin films). The immobilized photocatalyst is
cost-effective and easily recycled after washing compared to powdered photocatalysts owing
to recycling and aggregation difficulties due to the higher powdered photocatalyst loading.
Thin-film photocatalysts have several advantages over powder photocatalysts, such as a
relatively favorable price due to reduced material usage, avoidance of costly recycling and
recovery after degradation, less physical impairment, comparatively better long-term
performance, and easy incorporation into various devices by simply adjusting their hardware
properties and enabling miniaturization of devices. Many researchers have reported the

synthesis of immobilized photoelectrodes [44].

An ideal photocatalyst must possess the following properties:
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* Reduced recombination.
» Improved charge separation and charge transport.

1.9.4 Factors affecting photocatalysis degradation process (1 %))

The photocatalytic degradation performance is largely influenced by several parameters,

including the following factors:
1.9.4.1 Effects of pollutant concentration

In general, the degradation rate decreased with an increase in the pollutant concentration
while maintaining a fixed quantity of catalyst. This can be rationalized on the basis that as the
pollutant concentration increases, more organic substances are adsorbed on the photocatalyst
surface, while fewer photons are available to reach the catalyst surface; therefore, less « OH is

formed, resulting in a lower degradation [44].
1.9.4.2 Effect of catalyst-specific surface area

The degradation of the dye is affected by the size and quantity of the particles, which are
inversely proportional to the specific photocatalyst surface area. The photodegradation of the
dyes increased with increasing catalyst loading. Increasing the amount of catalyst led to an
increase in the number of active sites on the surface of the photocatalyst, thus causing an
increase in the formation of numerous *OH radicals, which can participate in the decolorization

of the dye [44].
1.9.4.3 Temperature influence

It is often change in the photocatalytic system is not necessary, almost a process of photo
activation and most photon reactions are insensitive to slight changes in temperature. The
increase in the reaction temperature was proportional to the increase in the photocatalytic
activity. Conversely, when the reaction temperature is above 80 °C, charge carrier
recombination is preferred and adsorption is disfavored [70]. The optimal temperature is
generally between 20 and 80°C. In this area, increasing the temperature activates photocatalytic
decomposition. For example, an increase in temperature from 12 °C to 57°C increases the rate
of decomposition of 4-chlorophenol (Hofstadler et al. 1994 [71]). At low and high
temperatures, the reaction rate decreased. Therefore, the photocatalytic reactor devices must be
cooled [72].
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1.9.4.4 Wavelength effect and light intensity

The "photo" prefix in the "photocatalysis" word is reverting to light. Without light
irradiation, the process can be categorized as a catalytic process. Hence, the existence of light
is necessary for the photocatalytic activity process and the degradation rate is directly

proportional to the irradiation intensity [73].

Photocatalyst SCs with wide band gaps (ZnO, ZnS) may require excitation energy in the
UV region (leading the electrons to jump from the VB to the CB and leave holes). The
wavelength and intensity of the ultraviolet light irradiation source affect the pollutant

degradation in an aqueous solution using these catalysts in a photocatalytic reactor [74].

Solar energy is expected to emerge as an alternative cost-effective light source because
of its abundance and non-hazardous nature. Usually, solar photocatalytic degradation reactions

can be performed directly using solar illumination [74].
1.9.4.5 pH Effect

The photodegradation of dyes is affected by the pH of the solution. The variation in the
solution pH changes the surface charge of the photocatalyst particles and shifts the catalytic
reaction potential. Consequently, the adsorption of the dye on the surface was impaired, thereby
causing a change in the reaction rate. Depending on the pH of the solution, the surface of the
catalyst has a positive, negative, or neutral charge. The case of zero catalyst surface charge is
called the Zero Charge Point (PHPZC) or Isoelectric Point (IEP) [44,70]. Several studies have

investigated the influence of pH on photocatalytic degradation.

Neatly, points of zero charge (PZC) are defined as pH values for which one or more of the
surface-charge components are equal to zero at specified conditions of temperature and aqueous
solution composition. This does not mean that there is no charge, but that there are equal
amounts of negative and positive charges. The emphasis on pH is due to the large range of
proton concentrations in solutions and the fact that the complexation of H" and OH™ at the
surfaces of particles strongly affects the adsorption of other cations and anions [75]. For
example, N. S. Jyothi et al [76] . Found the PZC of the ZnO film to be maximum at pH=8.1.
Therefore, above this PZC, the surface of the ZnO is negatively charged, and hence a strong
Coulombic charge interaction occurs between the surface of the catalyst and the MB (cationic)

dye molecules.
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1.9.5 Advantages of photocatalysis

Among the many advantages of photocatalysis [44,70], citing the

e Photocatalysis is a destructive and non-selective technology

e A potential for total mineralization through the formation of H20O, and CO:..

e Can operate at ambient temperature and pressure

¢ Non-toxic, low requirement, and active in various physical forms

e Effective with low pollutant concentrations

e Does not require high energy consumption.

e Exhibited considerable degradation efficiency without involving complex technologies

e An effective cheap beneficial and green technology (by using solar light).

1.9.6 Enhancing and improving Semiconductor-photocatalysis

The excitement of SCs by irradiation creates e-h pairs that can take role in a chemical
interaction. The faster recombination of the photogenerated e—h pairs always weakens the
photodegradation process. For enhancing it, the photo-generated pair recombination must be
reduced, which was improved by divert methods: adding surface defects, doping SC, coupling

this SCs heterojunction structure, etc.

As was mentioned before, doping or coupling SCs can make the band gap be moved
through suitable to shift VB up or CB down. In addition, intermediate energetic states can be
introduced for effective absorption under visible and solar-light irradiation. Moreover, SC thin
films, particularly modified structures. They improved the photocatalytic activity under various
light source types. Furthermore, in view of energy and environmental audits, the use of
hazardous UV irradiation is discouraged; accordingly, many visible-light-active photocatalysts
satisfying energy band requirements have been developed. Enhanced photocatalysts have
shown improved capabilities under visible/solar irradiation. Moreover, natural solar light
irradiation energy is considered an excellent choice because it is a renewable, friendly, and

plentiful source of energy.
1.10 Application of photocatalysis to the treatment of water polluted by Organic dyes

Here, we are interested in the degradation of dyes in polluted water using photocatalysis.
In view of their widespread use in industry (textiles, cosmetics, etc.), we chose to study the

degradation of dyes in an aqueous medium.

30



Chapter I. Background and Literature Review

1.10.1 Organic dyes

They are generally complex compounds that are resistant to different processes such as
the action of detergents or exposure to light. Until the 19th century, most dyes came from
natural sources, such as plants and insects, and were generally produced on a small scale. The
discovery of the first synthetic dye, "mauveine”, in 1856 marked the beginning of the era of
synthetic and large-scale dye manufacturing. Synthetic dyes are widely used in various
industries, such as textiles, pulp and paper, leather tanning, food processing, plastics, cosmetics,
rubber, and printing [44]. On the other hand, the washing of tinted or printed textile
articles/fabrics produces a large volume of liquid effluents laden with these dyes and pigments
in variable proportions (10-60 %), causing a waste of dyes per year, and chemical products and
auxiliaries such as phosphates and nitrates, which have direct effects on aquatic fauna, flora,
and human health [77].

1.10.2 Classification of dyes

There are several ways to classify dyes based on their chemical structure, ionic charge,
and applications. Also classifies dyes based on their ionic charges and provides chemicals. The
chemical classification of dyes revolves around the chemical structure and, more specifically,
the nature of the chromophore present in the dye molecules. Dyes are classified into the

following main types (Table 1.1).
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Table 1.1: Classification of dyes, depending on their chromophores [44].

Azo dyes

belong to the (-N=N-) group consisting of azo

chromophores, which form bonds between alkyl and/or /
aryl groups. Depending on the number of N N
chromophores whether the dye is monoazo, diaazo, or /

polyazo. It is known for its binding properties with

cellulose fibers and is therefore widely used in dyeing.

Anthraquinone dyes

i Among the most commonly used dyes in the industry,
[/IW | T after azo dyes. It is composed of a chromophore with
=~ = a nucleus and carbonyl bonds, on which one part is

o added and the other hydroxyl or amine groups [77].

Triphenyl methane dyes

Generally obtained from diphenylmethane or
triphenylmethane, which are derivatives of methane,
where substituted phenyl groups replace the hydrogen
atoms and each group carries at least one oxygen or
nitrogen atom in the para position with respect to the O
methane carbon. Thus, diphenyl-methane is used for
coloring paper, jute,...and leather.
Xanthene dyes
O Xanthene dyes are rarely used in dyeing because of
~ = . .
their strong fluorescence when excited under
= = ‘ ultraviolet light. These dyes are composed of a pyran

ring in the center surrounded by two benzene rings.

Indigo dye

The indigo colors tend to be the names of the indigo of

H
N
the base mole of this family. The chromophore of the O — O
molecule was composed of released molecules and N

their bonded carbonyls (>C=0).

Nitro and Nitroso dyes

i These colors present a nitro (—-NO2) group in the ortho

NO; position by reporting to a group of electrons (hydroxyl
or amine groups). These nitrite components contain
anionic or discrete pigments, with limited yellow and
brown nuances.
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1.10.3 Contaminated dyes Examples

Congo red (CR) is one of the most commonly used azo dyes. It contains a double azo bond (-

N=N-) and is a diazo-benzidine-based anionic dye. Maximum absorption wavelength at A= 498

nm. CR is both toxic and carcinogenic. The complex aromatic molecules of CR offer

physicochemical stability, which makes biodegradation difficult. Therefore, the presence of CR

dye in water is extremely undesirable, even at low concentrations, because of health concerns.

[78].

Figure 1.15: Structure of the Congo red dye.

Crystal violet (CV) belongs to the class of triphenylmethane dyes. The maximum absorption

wavelength was close to 583 nm. It is employed as a bacteriostatic agent in medicine and is the

major ingredient of the Gram stain. CV is used as an external skin disinfectant in both humans

and animals. It is frequently used as a purple dye in cotton fabrics and printing inks. The dye

can permanently harm the eye cornea and conjunctiva and is responsible for unpleasant

photosensitivity. The product contained a cationic dye, which has been shown to be hazardous

to mammalian cells in several studies. It can be absorbed through the skin in dangerous

amounts. All the aforementioned negative impacts led us to investigate how to remove it from

wastewater [79].

HBC\N/CHB

)
Hs CHs

Figure 1.16: Structure of the Crystal violet dye.
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Methylene blue dye

In this work, methylene blue MB was chosen as the main model for organic dyes. MB
(C16H18CIN3S) is a cationic [80], bright greenish-blue organic dye with a maximum absorption
wavelength of A= 664 nm. One of the artificial colors used extensively as colorants is MB.
Additionally, the food, cosmetics, and pharmaceutical industries consume large amounts of MB
for their production. In reality, the safe use of MB, in accordance with clinical advice or
prescription, has been shown to have some therapeutic effects, in contrast to consumption
through contaminated water. However, the release of MB dye can cause many health risks and

requires effective removal prior to industrial discharge [81].

H3C I ~CHj3;
R
CH, CH,

Figure 1.17: Structure of the Methylene blue dye.
1.11 Literature review of ZnO thin films photocatalyst

The energy of the occupied photon must be equivalent to or greater than the forbidden bandgap
of the selected semiconducting photocatalyst in the photocatalytic mechanism to excite e into the
CB and produce charge transporters. Among metal oxide photocatalysts, ZnO has a larger
negative CB potential, making it the best contender for restricting water and CO2. Usually, pure
ZnO Eg requires irradiation in the ultraviolet region. Under natural sunlight irradiation, ZnO is
excited merely by the energy of UV light, which accounts for only 5% of the total sunlight
irradiation. Thus, ZnO is not photocatalytically active at longer wavelengths, except when the
synthesized ZnO thin films exhibit native defects, which can make them efficient, even under
visible irradiation. Consequently, the ZnO band structure may be altered through doping, the
creation of nanocomposite materials, and heterojunctions with other semiconductors. These
modifications can significantly improve the light-harvesting potential of ZnO, resulting in

improved photocatalytic performance [82].
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1.12 Advances in ZnO photocatalysis strategies

The significant improvements in the ZnO thin films are described. They are:

v Doping with cationic dopants like Al, Co, In, Ag, Li, and Cu.

Tabel.1.2: The degradation efficiency of enhanced ZnO films has been reported by literature

. inati i Degradation time/effici
Dopant Deposition tec. ;Ielttamlnatlon %rg;rrwi:nant egradation timeretneiency ref
P pure enhanced
Al Sol-gel on . 0 . 0
(6%)  glass sub. UV 15w MB/ 8ppm  380min/ 60% 380min/ 80% [83]
Al Sol-gel on . Phenol/ . 0 . 0
(2%)  glass sub. Sunlight 10ppm 300min/40%  300min/80%  [32]
'(A%I%) Spray pyrolysis UV 7 W MO/ 5h /90% 3h /90% [84]
Al Spray pyrolysis UV 9 W MO/ 10 180min /60%  180min /90%
(25%)  Spray pyrolysis  Sunlight MO/ 10 180min /60%  180min /100% (8]
é% ) SPraypyrolysis LED17W - 50mI/A0ppm 2.7% 45.1% [86]
Spray pyrolysis . .
. on PEI substrate Uuv 100W CV 210min/86%  210min/91,3%
(1%) Spray pyrolysis
on PEI substrate Sunlight CcVv 210min/78%  210min/85%
[19]
Spray pyrolysis . .
. on PEI substrate uv 100W CV 210min/86%  210min/85%
(1%) Spray pyrolysis
on PEI substrate Sunlight CcVv 210min/78%  210min/88.5%
Li Spray method UV RhB 90min/20% 90min/86% 2]
(2%)  Spray method UV MB 90min/27%  90min/43%
DSIOUM:  150min/7a%  150min/95%
electrochemical .
" UV Ighit
Cu deposition on [26]
30W
ITO DOMOUM:  150min/67%  150min/81%
CRI0UM, 9 5omin/a0%  150min/67%
25ml
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v Development of photocatalytic degradation by the coupling of ZnO thin films with other
phases such as heterogeneous p-n nanocomposite (coupled CuO-ZnO) or multilayer
(Zn0/ZnS, ZnO/AZO/Zn0O).

Table.1.3: Coupled ZnO photocatalysts has been reported by literature.

Degradation

Dopant Deposition lumination Organic time/efficiency ref
tec. setup contaminant
pure enhanced
Spray
Coupled CuO  Pyrolysis . ] 0
7506-710 on glass Sunlight MB/50 ml 3h/99% [87]
sub.
spin Visible light 40 ml/ i 0
ZnO/AZ0OIZn0O coating 750 W 30mg/| 3h/95.2%  [5]
spin 100 W
Al-ZnO/ZnS cgating mercury 20 ml 60min/25%  60min/98% [33].
lamp
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Chapter I1.

Film Growth Processes & Characterization
Tools

This chapter initially presents a brief description of the thin film growth mechanism.
Additionally, a detailed description of the thin film deposition methods and

physicochemical characterization tools that were used in this work will also be presented.



Chapter II. Film Growth Processes and Characterization Tools

I11.1 Thin Films Formation

The concept of the thin film formation process is the solubility relaxation phenomenon.
The atomic process of film growth in the deposition time permits the doping and alloying of
films. This enables the production of custom materials with desired characteristics, which adds

a new development in the domain of material technology [35].
11.2 Mechanism of thin film formation

Thin films can be synthesized on substrates through various methods, including physical
approaches such as irradiation with energetic species or photons for evaporating source
materials, as well as chemical methods involving thermal evaporation and chemical
decomposition of dissolved precursors. Each technique for depositing thin-film materials

typically involves three main steps [78]:

e Creating suitable ionic, molecular, and atomic species.
e Transfer or deposit of created elements to the substrate.
e Condensing on the same substrate to form the solid deposition, this step often

passes through nucleation, coalescence, and growth.
11.2.1 Nucleation stage

Nucleation is a process that accompanies the changes in the matter’s state and involves the
appearance, inside a specific environment, of transformation points from which a novel
substance or chemical structure grows. Species that reach the substrate lose their component
normal to the substrate due to their velocity and are physically adsorbed on the substrate surface.
These species are not in thermodynamic equilibrium with the substrate and move over their
surface. Therefore, they interact with each other and form clusters. These clusters, also known
as nuclei, are unstable and tend to desorb, depending on deposition conditions. They began to
expand when they collided with other adsorbent species. Once the clusters reached a threshold

size and crossed the nucleation barrier, they became thermodynamically stable [53,88].
11.2.2 Growth stage

Up until they achieve the maximal nucleation density, the nuclei increase in size and
quantity. The average size of the nuclei and the nucleation density, called islands, depend on
certain parameters that strongly relate to the deposition technique such as the energy and rate

of the flowed species, activation energy, thermal diffusion, substrate temperature, topography,
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and nature of the substrates. The nucleus may expand perpendicular to the substrate through the
surface diffusion of the adsorbed species or perpendicular to it through the direct flow of the
incident species. Generally, the lateral growth was much more significant at this stage than the
perpendicular growth; this can also depend on the deposition conditions. The last step in the
film-forming process is the coalescence stage. To obtain a uniform film and cover the surface
area of the substrate, the formed islands begin coalescing with each other to form larger island
agglomerations, which can enhanced by increasing the surface mobility of the adsorbed species.
Moreover, surface mobility can be improved by increasing the substrate temperature.
Furthermore, the spice agglomeration or larger islands still grow but may leave holes and
channels in the substrate (making defects and voids in the depositing film network). This stage
involves the transition of the film structure from a porous network type to a discontinuous island
type. The holes and channels in the film were closed and covered to create a continuous film
[53,78].

11.2.3 Growth Modes

When material B is deposited on support A, this film growth is experimentally a non-
equilibrium Kinetic process, in which the rate-limiting steps affect the net growth mode. Three
growth modes were observed. These modes are named according to their original investigators
as follows:

Layer-by-layer, or two-dimensional (2D) growth mode, where material B deposits an
atomic layer after the atomic layer on A, is commonly referred to as the Frank-Van der Merve
(FM) growth mode. In this case, the film atoms were more strongly bound to the substrate than
to each other [89].

Island, or the three-dimensional (3D) mode of growth, where material B grows in 3D
islands directly on the A surface. This mode is called the VVollmer-Weber (VW). In this case,

the film atoms were more strongly bound to each other than to the substrate [89].

The layer-plus-island or mixed mode is called the Stranski-Krastanov (SK) growth
mode. SK represents a mixed case between FM and VW growth, which starts with 2D growth
and then becomes 3D after a certain critical thickness. All these modes are presented in Figure
11.1[89].
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adsorption
FvdM l desorption

Figure 11.1: Schematic representation of film growth modes on the substrate [53].

11.3 Thin Film Deposition Techniques

Thin films are generally deposited to provide particular characteristics, such as electrical,
optical, morphological, and structural properties, that meet the needs of specific applications.
The desired properties are determined by the structure of the resulting film, which is highly
dependent on the deposition method, film material, and substrate. Generally, thin films can be

produced based on two technological groups:

e physical deposition methods

echemical deposition methods

The most commonly used thin-layer deposition techniques resulting from these two groups of

categories in the following diagram (Figure 11.2):
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Figure 11.2 Diagram of thin-film deposition techniques.

As we can see from the diagram represented in Figure 11.2; the thin layers used in this study
were produced and deposited using spray pyrolysis/sol-gel chemical methods. Therefore, spray

pyrolysis and sol-gel (spin coating) processes will reviewed in this section.

Notably, regardless of the method used to prepare the thin film, the film was always embedded
in the support on which it was constructed. Thus, a thin layer of the same material of the same
thickness can have substantially varied physical characteristics depending on whether it is
formed on a monocrystalline silicon substrate or an amorphous insulating substrate like glass
[36].

11.3.1 Spray Pyrolysis Technique (SPT)

STP is a common process. It consists of Spray and Pyrolysis " Spray " is the English name,
which means spraying liquid (perfume, deodorant, insecticide, etc.). "Pyrolysis" means heating
the substrate [36]. Spray pyrolysis has been considered in research to produce thin or thick
layers and ceramic coatings. In contrast to several other thin-layer deposition methods, SPT is
an extremely simple, cost-effective, easy-to-deposit film of various compositions, and no high-
quality substrate is required. Spray pyrolysis has been easily used for the fabrication of dense

or porous layers and mono-or multilayer films [53].
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Typically, the SPT is composed of an atomizer, a precursor solution, a heating substrate above
a heating plate (required to trigger the chemical interaction between the compounds), and a
temperature regulator. The deposition of thin layers by this chemical method occurs by spraying
a metal salt solution onto the preheated substrate (Figure 11.3). Droplets that reach the substrate

break down on the surface and chemically react to form deposits.
In typical, the systems utilized to create a spray fall into two groups [36].

» The pneumatic spray method sprays liquid into fine droplets under the action of gas
pressure.

« Ultrasonic spray method, atomization of the solution generated by ultrasonic waves.
In this case, the droplet size is very small and uniform (homogeneous).

11.3.1.1 Principle of the spray pyrolysis technique

Using an ordinary pneumatic system or an atomizer with an ultrasound generator, fine
droplets of a solution containing various parts of the substance to be deposited were sprayed.
These systems can transform solutions into jets of very fine droplets with tens of microns (pum)
diameters. The jet reached the surface of a hot substrate at a temperature sufficient to
decompose the product dissolved in the solution and activate a reaction capable of producing
the desired material. At these temperatures, some reaction products can be removed
immediately; therefore, only the compounds remain on the substrate. Film formation by spray
pyrolysis can be described as follows:

« At the exit of the nozzle, the formation of droplets with a certain average size.

» Decomposition of the precursor solution on the substrate surface.

The changes in the droplets after their formation can be summarized as follows: changes

in temperature, speed, size, and composition caused by evaporation [36].
11.3.1.2 Spray pyrolysis process

The deposition of thin films by spray pyrolysis (Figure 11.3) can be performed in three
steps.

e 15t stage: atomization of the precursor solution.
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e 2"d stage: transport of the generated aerosol.

¢ 3"dstage: decomposition of the precursor on the substrate.

Nebulizer

Mist transport

Air flow tube
Air compressor

spray solution

Temperature
controller

Substrate

Hotplate

Figure 11.3: Schematic diagram of spray pyrolysis equipment.
a. Atomization of the precursor solution

This is the 1% step in the pyrolysis spray process. The aim was to create droplets from a
precursor solution and launch them toward the hot substrate surface with a certain initial speed
(spray flow). Typically, air-blast or ultrasonic methods are used in this step of the spray process
[53].

b. Transport of the aerosol generated (Spraed solution)

After the created droplet (in aerosol form) leaves the atomizer, it moves toward a substrate
at a starting velocity set by the atomizer in an effort to obtain as many droplets as possible to
the surface. As the aerosol is transported, it undergoes physical and chemical changes, as shown
in Figure 11.3 [53].

c. Decomposition of precursor

The final step of the spray process. When a droplet hits the substrate surface, many
mechanisms can occur simultaneously: remaining solvent evaporation, droplet spreading, and

salt decomposition. Divert models exist for the precursor solution decomposition. The
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temperature of the substrate depends on the temperature. Viguie and Spitz proposed the

following processes (Figure 11.4) [90].

Process A: At lower substrate temperatures, the direct projection of liquid droplets onto the

substrate evaporates and leaves a dry precipitate in which decomposition occurs.

Process B: At higher temperatures, the solvent evaporated completely during transport and
before the droplets reached the substrate surface. Subsequently, the dried precipitate hit the

substrate and decomposed.

Process C: At even higher temperatures, the solvent evaporates as the droplets approach the
substrate. At this moment, the precipitate formed after decomposition dissipates and sublimates
(goes directly from the solid to the gaseous state). The vapor then diffuses into the substrate

and can cause a heterogeneous reaction.

Process D: At the highest temperatures, the precursor (metal compound) evaporates before
reaching the substrate, so that solid particles form after the chemical reaction in the gas phase.
Figure 11.4 represents a schematic of the four processes that can occur during droplet
breakdown [36,53].
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Figure 11.4: Description of films deposited by Spray pyrolysis method [91].
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11.3.1.3 Spray pyrolysis parameters

Before each elaboration of the thin films. The choice of the precursor (salts or organometallic
source material) is required. The precursor type influences 3 parameters: temperature (which
should be enough to cause the source sol to break down), concentration (which limits the
maximal concentration in the solution), and type of solvent (which limits the options for salts
because some solvents may not dissolve them). Thus, the ideal spray settings typically vary
significantly depending on the precursor type. The main spray parameters are as follows [53]:

e Substrate temperature (to achieve high adhesion layers).
e Solution flow rate.

e Type of source salt (nitrate, acetate, chloride, etc.)
eSolvent.

e Deposition period.

e Spray nozzle diameter.

o Nozzle-substrate distance.
11.3.1.4 The advantages of the SPT
STP is a relatively easy technique with several advantages.

e Speed and simplicity of film preparation.

e Several products can be used simultaneously, particularly as stimulants.

e The layer prepared using this technique was of good quality. No annealing temperature
was required after deposition, and the films were neither amorphous nor of poor quality.

e This is a cheap and economical technology. It can be industrialized [36].
11.3.2 Sol-Gel Technique

The sol-gel process is a so-called gentle chemistry method. The name sol-gel is a contraction
of the term "solution-gelation”, and it is among the chemical techniques used for the preparation
of thin-film deposits of transparent and conductive oxides. This method is implemented under
mild chemical conditions with temperatures significantly lower than those required for other
conventional synthesis techniques. These conditions usually allow the association and coupling

of new families of organo-mineral hybrid molecules to be formed by organic and mineral
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species possessing new properties. This process can be used in various fields such as
encapsulation and the development of hyper-porous materials, but its main application is in the
production of thin film deposition [36]. It is one of the simplest and purest techniques for
fabricating thin films on metal or glass substrates. The formation of a thin film by sol-gel
involves three steps: (a) preparation of a precursor solution, (b) deposition of sol on the substrate
using the appropriate method and (c) heat treatment of the deposited film. The sol-gel technique

involves two methods for depositing the sol onto a substrate:

+ Spin coating: This technique uses centrifugal and adhesive forces to create a
homogeneous coating by placing the sol on a horizontal disk that rotates evenly.
The rotational velocity, material viscosity and concentration affect the film
thickness.

+ Dip coating: This entails the quick drying of the substrate after it has been
submerged in the prepared sol. A consistent and high-quality film can be produced

by maximizing the number of cycles, soaking time and drying time [44].

Spin

Dip

i’

Figure 11.5: The two sol-gel techniques for depositing the sol onto a substrate [92].
11.3.2.1 Sol-Gel principle

This technique involves the production of a solid material from a liquid solution, through
chemical reactions at a temperature close to ambient temperature (20-150°C). These
mechanisms are based on the transformation of a stable liquid solution (Sol) into a solid material
(adry gel called a xerogel) via an inorganic polymerization process. The time it takes for "sol "
to turn into "gel " is called freezing time (or freezing point) [36]. Depending on the nature of
the precursors used. We distinguish between two synthesis methods type:

The inorganic approach involves dissolving metal salts in an aqueous solution, such as nitrates,

sulfates, chlorides, or acetates.
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Metal alkoxides in organic solutions are the most commonly utilized precursors in the

organometallic approach [43].

In both cases, the reaction is initiated by hydrolysis (addition of water to the alkoxides pathway
and modification of the pH of the inorganic pathway to form hydroxides) to form gels composed
of molecules called hydrogels, whose chemical nature corresponds to an aqueous oxide: MOX,
nH20 [36].

11.3.2.2 Sol-Gel process

In the sol-gel method, the chemical mechanism usually decomposes in two stages:
hydrolysis and condensation. Each gel obtained was linked to the appropriate materials.

+ Hydrolysis

The hydrolysis of substances is the decomposition of water due to H* and OH ions coming
from the dissolution of water. Therefore, substitution of the —OH ligand by the —OR ligand
occurs. This interaction is accompanied by the consumption of water and the release of alcohol,
namely, the hydroxyl group (R-OH), as shown in the following chemical reaction:

M — (OR),, + H,0 > HO —M — (OR),_, + R — OH

The goal was to generate reactive M—OH functions. This involves the conversion of
alkoxides functional groups to hydroxyl functional groups. The obtained solution is called a sol
[36].

+ Condensation

The groups (HO-M (OR) n-1) generated during hydrolysis react with each other to give

a water molecule (reaction below).
(OR)p,.1—M —0OH + HO —M — (OR),—; » (OR).y =M — 0 — M (OR),._, + H,0

Either with a molecule of the alkoxide M (—OR) giving an alcohol molecule (as follows

reaction at room temperature.):
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(OR),—1 —M —OH + HO — M — (OR),_,
- (OR)y—y —M — 0 —M (OR),_, + R — OH

The leads to the creation of bridges M—O-M, or each O atom forms a bridge between 2
metal atoms, corresponding to the gradual creation of a gel with increasing viscosity. Solvents

and unreacted precursors may be present in this gel [36].

Because the hydrolysis and condensation reactions have similar procedures, the factors
affecting the hydrolysis also affect the condensation reaction mechanism and kinetics, and as a
result, the properties of the gel that is produced [43]. These reactions gradually lead to the
formation of (M-O), polymer chains (polycondensation) and eventually stabilize. The sol can
then be deposited on a substrate to form a thin film using deposition techniques, such as dip
coating or spin coating. The progressive evaporation of the solvent present in the deposited film
increased the concentration of the reactive species, thereby activating hydrolysis-condensation
reactions. The inorganic polymerization then continues until a three-dimensional oxide network
is formed, called a “gel” or, if all the solvent has evaporated, a "xerogel”. This sol — gel —
xerogel transformation generally lasts only a few seconds. Finally, heat treatment can be carried
out to evaporate or decompose the organic residues and to condense the last hydroxyl groups

to obtain a dense film of pure oxide [93].
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Figure 11.6: The schematic diagram of sol-gel method [94].

Dense thin film

In the remainder of this chapter, we present in detail the sol-gel technique used, which is

the spin-coating technique, because of its importance in our current research.
11.3.2.3 Spin-Coating

It is one of the sol-gel methods for coating thin layers. The material to be formed into a
layer will be a coating solution that will be applied to the substrate surface after being first
dissolved in an appropriate solvent. Subsequently, the substrate was rapidly rotated to create a
thin homogeneous layer [44]. Spin coating is an inexpensive, quick, and easy-to-use method.
One of the advantages of spin coating is that it produces uniform and continuous films. The
deposited film had a high optical quality and purity. Nevertheless, it needs flat substrates since
big substrates are hard to spin quickly enough to produce a thin layer, and the spin coating does
not function with uneven substrates [44].
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11.3.2.4 The process of the Spin-coating technique

Figure 11.7 demonstrates the spin-coating procedure. This simple approach usually consists of

4 steps.

1. Centrifugation: a high speed (thousands of rotations per minute) was applied
to the substrate.

2. Deposition: this process involves depositing a residual solution made up of
inorganic or organic components on the substrate's surface.

3. Inthe spinning stage: centrifugal forces encourage the drop sol radial diffusion
at fast rotation, helping a thin layer form on the substrate.

4. Evaporation: is the drying process that creates a thin layer by evaporating the

solvent for a few minutes at a certain temperature [44].
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Figure 11.7: Schematic of spin coating process.

I1.4 Characterization tools

When manufacturing or using fabricated thin-film materials and devices, it is important to
illustrate the different properties or characteristics of the synthesized films and novel materials
according to the characterization process. The latter includes the crystalline structure,
morphological surface, compositional, optical, electrical, etc. This section describes the various
analytical tools used to characterize the deposited thin films in this study. We will see through
a few theoretical surveys the main information they can provide for the characterization of our

layers.
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11.4.1 X-Ray Diffraction

Structural analysis plays an important role in determining the growth-correlated
properties of semiconductor structures. X-ray diffraction is used to determine several structural
parameters, such as identical phases (qualitatively), lattice structure parameters, preferred
orientation, crystallite sizes, lattice strain, and dislocation. It is a non-destructive method used
for crystal phase identification of materials based on their diffraction patterns. X-ray diffraction
needs no specific sample preparation methods, which makes it easier to understand the
structural properties of elaborated materials. A diffraction spectrum was obtained when the
samples were irradiated with a collimated X-ray beam with a wavelength close to the crystal
lattice spacing (A), as illustrated in Figure 11.8 (a). The X-ray peak pattern produced by this
method provides a structural fingerprint of the material (unknown) [95].

) e

Figure 11.8: a) Schematic diagram of X-ray diffractometer [66]. b) X-ray beam interacting
with a sample [95].

The cathode ray tube generates X-rays and monochromatic radiation that is filtered,
collimated, and directed over the sample. X-rays can be considered as electromagnetic wave
radiation, whereas crystals can be considered as a regular arrangement of atoms. X-ray beams
are first scattered by the electrons of an atom. X-ray When an electron is struck, secondary

spherical waves emerge from it [66].

The incoming diffracted X-rays were recorded with a detector as a function of the
diffraction angle 20 and the orientation of the specimen. In most directions, X-ray waves cancel
out one another owing to destructive interference; however, in a few specific directions,

constructive waves were added according to Bragg's law:
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2dsinf =nl (11. 1)
Where

e 0: Angle incidence.
e \:incident beam wavelength.
e d: Interplanar distance.

e n: diffraction order.

This is the basis of Bragg’s law; which connects (d) the interplanar distance of atoms from
which diffraction occurs to (0) the angle at which the incident beam must probe the plane to produce
constructive interference (Figure 11.8. (b)). The crystalline phase structure of the films synthesized
in this work was defined using Cu radiation Ak, = 1.54 A of X-Ray diffractometer using a PANalytical
Empyrean diffractometer (Figure 11.9).

Figure 11.9: X-ray-Diffractometer in the CRAPC Laghouat.
11.4.1.1 Structural parameters

After structural phase identification by X-ray diffraction, we can introduce the main structural
parameters as follows:

TChi "texture coefficient” is an important parameter in the XRD study used to determine the
preferential growth orientation of the grains in the deposited layers, which may give an idea about
the probability of nanocrystallite formation, which should be calculated for every plane from the
diffraction data using Eq.2 I1. 2 [96]:
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-1
IRKD [pr—1 g 1CRKD (1. 2)

TChia = Io(hkl) =1 (hkl)

where I(h k 1) is the intensity of the measured (h k I) peak, lo(h k I) is the standard peak intensity
reported in the JCPDS cards for each phase, n is the diffraction number of the peaks, and N is the
number of reflections in the XRD pattern. When TCh = 1, the sample was a randomly oriented

crystallite. In contrast, TC > 1 was more abundant along the crystallites oriented at this plane.

The lattice constants "a, c"; for the hexagonal structure and "a" for the cubic structure can be

calculated using Eq. 11.3 [17] and Eq. 11.4 [97].

1 4 (h2+hk+k? 12
For hexagonal: —_—=- (—2) +=  (1.3)
Akl 3 a c
. 1 hZ+Kk2+1?
For cubic: — = > (1. 4)
dnki a

Where dhw value can calculated by Bragg’s Law: 2dnisin® = ni [98] (A: Kacy = 0.154 nm, 6: %
Bragg angle).

The crystallite size (D¢s) of the samples can estimated by using Scherer’s formula Eq.

11.5 [17]:

_ 0.9A¢cy
Des = oot (I1.5)

Where g is FWHM (full width at half maximum: The width of a spectrum is measured at half
of the height of a spectral peak) and Ac,=1.54 A.

D¢s used to evaluate the dislocation lines' lengths per volume unit (dislocation density)

[97] using Eq. 11.6.

5=— (11. 6)

= 2
DCS

The micro-strain (ems) is an interesting value for deposited films that develop from structural
defects. It can induce the diffraction peaks broadening that is associated with FWHM () and can be

determined as follows [99]:

=_F (I1.7)

8 =
ms  atand
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When D¢s decreases, compression occurs because of the inside surface tension-induced lattice
strain, and the number of crystal borders increases along the layer surface area. Therefore, the lattice
strain weakens when the crystallite size increases due to a lower compression via the grain edges, and
the dislocation lines decrease due to the low number of grain boundaries, which means that the grain

boundary is a trap of dislocations [28,97].
11.4.2 Fourier-transform infrared spectroscopy

The word "infrared” (IR) refers to electromagnetic radiation with wavelengths between
one micron and one millimeter. FTIR is one of the analytical methods for forecasting chemical

identification. It offers useful details on the molecule’s structure [66].

As long as the chemical bonds in the sample are IR-active, that is, they have a dipole
moment that allows them to absorb electromagnetic radiation; the absorption spectrum serves
as "an image" of the chemical bonds that exist in the sample. The analytical method known as
Fourier Transform-Infrared (FTIR) Spectroscopy is used to distinguish between organic and,

in certain situations, inorganic materials [95].

The method is based on the well-known selective IR absorption of a chemical substance,
as illustrated in Figure 11.10 (a), which depicts a block schematic of a conventional
spectrophotometer's parts [66]. Both monochromatic and broad-spectrum IR sources can be
used in IR absorption spectroscopy. A beam splitter splits the incident light split into two light
beams. Then reflected by a fixed and moveable mirror before reaching the sample. The two
light beams that have been reflected join again and experience interference, as illustrated in
Figure 11.10 (a). The analyzed materials are illuminated by recombined light, which also allows
for the detection of transmitted or deflected light. The gathered signal may be used to determine
the transmittance spectrum, and a Fourier transform is applied to the interferogram. Utilizing
the software included in the FTIR instrument, the transmittance spectrum can also be

transformed into the absorption spectrum [95].

After absorbing IR radiation, the molecules of a chemical substance move in a variety of
vibrational modes, giving birth to tightly packed absorption bands known as IR absorption
spectra. In the IR spectrum, band intensities can be expressed as either transmittance (T) or
absorption (A). The distinctive functional groups and bonds present in a chemical compound
provide a fingerprint for its identification, and different bands in the IR spectrum arise
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corresponding to these groups and bonds. When an atom or a group of atoms constituting a
molecule vibrates at a fundamental frequency equal to the frequency of the incident radiation,
the molecule absorbs the radiation. Understanding the relationship between a material's
structure and its electromagnetic response is helpful in determining its characteristics. The
transmission bands in the fingerprint area below 1000 cm™ are often produced by the bands in
the range 300-700 cm™, which correspond to the fundamental vibration of the ions of the crystal

lattice [66].

FTIR analysis in this study was performed using a Cary660 FTIR spectrometer to record
the attenuated total reflectance (ATR-FTIR) spectra (Figure 11.10 (b)).

a) Stofionary mirror

Split beam ] l
Deloyed sphit

beam
—
e
WWWW AAA V-
Pl
= Beomsplitter
IR source l >

Recombined  Moving mirror
beom

Sample

¢

Detector

Figure 11.10: a) Schematic diagram of FTIR Spctrophotometer [95]. b) Cary 660
FTIR spectrometer equipment.
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11.4.3 Surface morphology

11.4.3.1 scanning electron microscopy (SEM)

SEM is a technique used for high-resolution imaging of surfaces and is a fundamental
instrument in many scientific disciplines. by concentrating the electron beam on a specific area

of the material [95]. A schematic of the scanning electron microscope is shown in Figure 11.11

(@).

SEM is a potent microscope that creates a picture of items like broken metal pieces,
foreign particles and residues, thin-film electronic components, biological samples, and
countless others using electrons as opposed to light. Compared to traditional light microscopy's
maximum magnification of approximately 2,000 x, the lower wavelength of electrons allows
for picture magnifications of up to 100,000 x. A tungsten filament cathode-equipped electron
gun emits a thermionic electron beam in a conventional SEM. By utilizing one or two condenser
lenses, the electron beam, whose energy ranges from a few hundred electron volts to 40 KeV,
is focused on a point with a diameter between 0.4 and 5 nm. The last lens commonly deviates
the beam in the x- and y-axes so that it scans in the raster mode over a rectangular section of
the sample. The atomic number, density, and rate of energy decrease all affect the interaction
volume. The exchange of energy between the sample and the electron beam results in
electromagnetic emission, secondary electron emission, and inelastic scattering of high-energy
electrons, all of which may be checked using specific detectors [66]. There must have been
some conductivity in the sample. Thus, non-conducting samples may require electrical contact
by coating with a very thin layer (~ 2-5 nm) of a conductive material, such as iridium or a gold-
palladium alloy. In addition, materials that are exposed to an electron beam must be completely

free of dirt and fingerprints [95].
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Figure 11.11: a) Schematic diagram of SEM [40]. b) The ZEISS EVO 15 SEM equipment.

»

For this work, SEM ZEISS EVO 15, equipped with energy-dispersive X-ray spectroscopy
(EDS) (Figure 11.11 (b)), did the SEM images of the obtained thin films, The EDS technique
is described as follows.

11.4.3.2 Energy Dispersive Spectroscopy

In order to analyze samples, energy-dispersive spectroscopy (EDX or EDS) is frequently
employed in conjunction with SEM technology. It is an analytical method used to determine
the elements of a sample. Its characterization skills are largely attributable to the fundamental
idea that every element has a different atomic structure, which makes it possible to distinguish
one element's characteristic X-rays from another in a distinctive manner. When the electrons
from the electron beam hit the electrons of the inner orbital of the atom of the specimen, they
produce distinctive X-rays. The impact force drives the electron out of the atom's orbitals and
into the "free" state. To correct this, the ionized atom adjusts, and electrons from higher orbitals
start to move to lower orbitals, releasing energy in various forms, including X-rays. The energy
difference between the two levels is equivalent to the energy of the released X-ray photons. The
solid-state detector subsequently converts the X-ray energy emitted by the electron into signals,
which are then processed into an X-ray energy spectrum. Therefore, the identification of the
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atom from which the X-ray was generated may be determined by measuring the energies present
in the X-rays released by a specimen during electron beam bombardment. The concentrations
of various elements in the material were determined using the characteristic X-rays from each
element. Because each of these peaks is specific to each atom, they represent a separate element.
The concentration of an element in a specimen is indicated by its peak height in the spectrum.
There are a few points to consider when using EDS. EDS is a volume analysis rather than a
surface analysis. This is significant when analyzing thin films, as the depth is often wider than
the thickness of the deposited layer. This implies that components of the substrate are observed
and must be accounted for. In addition, it is important to carefully assess the peaks produced
by the EDS [95].

11.4.3.3 Atomic Force Microscope

Characterization by Atomic Force Microscopy (AFM) is a non-destructive method for
analyzing the topography of a given sample. From there, we can obtain additional information
to the SEM, such as the morphology of the surface through a 3D view and the roughness of the
surface analyzed [50]. Contact between the surface of the material to be studied and a
nanometric probe is the foundation of the AFM principle, as shown in Figure 11.12 (a). The
mode of operation of the atomic force microscope is essentially based on scanning or rubbing
the surface of the sample with a tip fixed on the arm of a flexible lever. The tip-lever system
can be moved in the X, Y and Z directions. A laser diode was used to measure the deflection of
the lever. The laser beam emerging from the diode is focused on the end of the lever. Then, the
latter reflected toward the photodetector. As a result, the deflection of the lever causes
movement of the reflected beam [50].

The tip of the probe was fixed under a flexible or cantilever microlever with a
predetermined rigidity. The tip creates a three-dimensional picture of the substance under

analysis by scanning the surface and following the topography of the sample.

Historically, the contact mode was the first operating mode created for AFM. The lever arm's
tip, which is connected to the end, sweeps the surface while staying in constant contact with it.
The fundamental disadvantage of this method is its significant frictional force. The tip or

observed sample may be damaged as a result of these pressures [95].
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The non-contact mode is used when the tip produces an attractive force with the sample,

rather than contacting it.
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Figure 11.12: a) Schematic diagram of AFM [95]. b) APE Research A100 AFM equipment.
It is feasible to assess the roughness of the sample from the topological image.

=% RMS roughness, in roots. Rms or Rg: Root mean square of height deviations over

the evaluation length and measured with respect to the mean line [95]:
N _A
Rq = VERED (11.8)
Where:

e Zi: The height value for the scan surface at point i.
- . . o . . N (z.
e 7: The arithmetic average height in the scanned region. (Z = %)

e N: total number of points in the scanned region.

In this thesis, the surface topography images and roughness values of the deposited films were
determined by use an atomic force microscopy (APE Research A100 AFM; Figure 11.12 (b)).
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11.4.4 Optical Characterization
11.4.4.1 UV-Vis Spectrophotometer

UV-visible spectroscopy is a non-destructive optical analysis technique that enables the
measurement of the optical transmittance of a material and the determination of the bandgap
energy (Eg) of the film. It involves photons with wavelengths in the ultraviolet (100 nm-400
nm), visible (400 nm-750 nm), and near-infrared (750 nm-750 nm) ranges. 1400 nm), which is
based on the transition of electrons, atoms, or molecules from the ground state to the excited
state via the excitation of electromagnetic waves. The spectrophotometer consists of a source
consisting of two lamps that provide an emission continuum over the entire UV-visible

wavelength range.

¢ A deuterium lamp (D) emits wavelengths of 180-400 nm (ultraviolet).
e A tungsten lamp (W) that allows waves from 400 to 800 nm (visible) was

selected.

The monochromator can select the wavelength by moving it to scan the spectral range. The
photon beam of the selected wavelength passes through a mirror that moves synchronously with
the monochromator, and the beam passes through the sample and reference. Finally, the

amplifier compares the output intensity to the emission intensity. As shown in Figure 11.13 (a).

The experimental measurements in this work were carried out by a UV-Vis spectrophotometer
(Cary 100 UV-Vis; Figure 11.13 (b)) [36].
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Figure 11.13. a) Schematic diagram of UV-Vis spectrophotometer [95] . b) Cary 100 UV—Vis

equipment.
11.4.4.2 Optical constants
11.4.4.2.1 Absorption coefficient

The electronic transitions between the CB and VB in the materials begin at the absorption
edge because it corresponds to the least energy variation between the highest maximum of the
VB and the lowest minimum of the CB. The optical absorption of the materials and their
coefficient of absorption, a, are directly related. Determining the absorption properties of
glasses and deposited thin layers is essential, particularly when it comes to the optical material
properties that are being explored for potential applications. Some of the energy of light that

strikes thin films is reflected, some is absorbed, and the remainder is transmitted [66].

The optical absorption coefficient in thin films is a function of their structural properties, and it
varies according to the layer thickness and wavelength. The Beer-Lambert law was used to

obtain the absorption coefficient values from the Absorbance or Transmittance spectra [100] :

Abs
th(cm)

a = 2.303 (11.9)

Abs: is the absorbance, th: thickness of the deposited film.

To learn more about the optical gap energy, the absorption coefficient is used.
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11.4.4.2.2 Determination of the bandgap width

Several methods can be used to determine the energy gap of a semiconductor, depending
on whether it is in the form of a thin film. The absorption spectrum of a sample is usually
recorded in transmission mode. The optical gap was determined by applying the Tauc model in

the high-absorption region [101]:
(ahv)? = C(hv — Ey) (11. 10)

Where A constant, hv is the photon energy (in eV), and the value of n depends on the type of
transition between the valence and conduction bands. The values of n allowed were 2 for a
direct transition allowed (such as ZnQO) and 1/2 for an indirect transition allowed (such as CuO).
By extrapolating the curve to the energy axis, the optical gap can be derived from the square
curve of the product of the absorption coefficient and the photon energy (4v) as a function of
the photon energy. We extend the linear part of a2 up to the x-axis (i.e. a2 = 0), and we obtain

the value of Eg (Figure 11.14)
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Figure 11.14: Estimated of Eg4 of the thin film using the Tauc method.
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11.4.4.2.3 Urbach Energy

Typically, in absorption near the band edges, an electron via the highest point of the VB is
excited into the minimum of the CB through the gap energy. At the transition time procedure,
if these electrons are disorganized, the density of their states p (hv), (hv: photon energy), and
tailing into the energy gap. This tail of p (hv) growing into the gap energy is known as
the Urbach tail, as demonstrated in Figure 11.15. Therefore, the absorption coefficient
a(hv) tails off in exponential mode, and the energy associated with the corresponding tail is
called the Urbach energy [66]. Thus, the width of the tails of the localized states in the gap
region is attributed to defects or trap state levels within the bandgap, and the absorption
coefficient follows an exponential relationship with the energy [32]:

hv—Ep
Ey

a=Cexp/( ) (1. 11)

Where C is a constant, hv is the incident energy, and Eu is the Urbach energy, which is obtained

by taking a linear fit (slope) by plotting In (a) vs. hv.

Urbach tails

Ideal material Material with defect

Figure 11.15:Urbach tails description [66].
11.4.5 Thickness measurement

Film thickness is the most common and significant factor in the investigation of sample

characteristics. The film thickness was determined using various techniques.
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+ Weight difference method

The thickness of the deposited thin film can measured using the weight difference
technique (Eq. I1. 12), which is easy and practical [66].

th = i—’: (nm) (1. 12)

Where

e p denotes the bulk density of the material.

e Am is the difference in the substrate mass before (cleaned substrate) and after (substrate
+ thin film) the deposition.

e Sisthe deposited surface.

+ SEM micrographs

In this case, the film thickness can be directly estimated by SEM observation of the edges
or cross sections of the samples. Usually, in cross-sectional SEM, the sample needs to be cut.

(See the example in Figure 11.16).

619.7nm 473.5nm-  607.6nm

Figure 11.16: SEM cross-section image (show the direct thickness estimated)[102].
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Chapter I11.

Synthesis & Characterization of pure,
Doped, and Co-doped ZnO Metal Oxide
Thin Films

This chapter aimed to synthesize pure ZnO, Al-doped, and Al, Ni co-doped ZnO thin layers
by spray pyrolysis method. The obtained were investigated using structural, morphological,
and optical characterization tools. The pure and doped ZnO thin films also were tested in

the photocatalytic degradation activity for MB dye under UV light irradiation.



Chapter I11. Synthesis and Characterization of Pure, Doped and Co-doped
Zn0O Metal Oxide Thin films

III.1 Introduction

A lot of studies are extensively proved the exclusive properties of nano-layers that belong
to the SC materials, due to their unique properties which are being used in a several applications
[1,2] such as gas sensors [2], antimicrobial [3], antibacterial [4] and photocatalytic degradation
of organic dyes [5]. Since photocatalysis shows significant degrading efficiency without needing
complicated technology, it is a viable, affordable, and advantageous method of dealing with
polluted wastewater [13,14,31]. Additionally, thin films have a number of benefits over powder
nanoparticles in the photocatalytic procedure, including ease of use, controllability, and
avoidance of expensive powder cleaning and recycling after each degradation [9]. In general,
doping ZnO thin films can increase or improve their photocatalytic activities. Therefore, the
present chapter's study's object is synthesizing undoped, doped, and co-doped ZnO thin films by
spray pyrolysis. The obtained films were analyzed by the characterization tools mentioned in
Chapter Il. Then they were tested in the photocatalytic activity by using MB as a pollutant

organic dye.
IIL.2 Thin films Elaboration
I11.2.1 Preparation of the substrates

The films were prepared on inexpensive and helpful common glass substrates (7.5 cm x 2.5 cmx
1 mm). The substrates were cleaned in an ultrasonic ethanol bath for 15 min. Then they rinsed

with distilled water to remove any pollutants on their surfaces.
I11.2.2 Preparation of thin films by spray pyrolysis

This section uses nanocrystalline films of pure ZnO, Al-doped ZnO, and (Al, Ni) co-doped
ZnO (labeled as Z, to Z4) were prepared on glass substrates. Figure III.1. Shows the Spray
pyrolysis equipment used in this study. The films were prepared at the LRPPS laboratory in the
physical department of Ouargla University.
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Figure III.1: Spray pyrolysis equipment used in LRPPS laboratory (Inset shows the obtained
pure ZnO film).

Typically, solutions were produced by using an appropriate amount of zinc acetate
dihydrate (Zn (CH3COO)22H20) as a starting ZnO precursor to generate thin layers via spray
pyrolysis. First, 0.1 M of the precursor was dissolved at 80°C in DW: Ethanol: Methanol with a
molar ratio: of 5:3:2 respectively. Following that, acetic acid drops were applied to it.

To obtain the doped and co-doped samples, were added to the prepared precursor solutions
of 2 wt% of aluminum acetate (Al (OH)2 (CH3COO)) as Al source (the sample labeled as Z1).
For the co-doped, there was an addition to the solution amount of 2, 3, and 4 wt% to the ZnO:Al
solution from the source and nickel chloride hexahydrate (NiCl..6H20). The co-doped layers are
labeled as Z2, Z3, and Z4 respectively. The solutions were then sprayed at 450°C onto a glass
substrate that had been prepared previously. With a ~8 min deposition period, a 0.5 mm nozzle
width, and a distance (nozzle—substrate) of approximately 35 cm, the flow rate reached 5 ml/min.

Notably, the conditions for all the films grown by spray pyrolysis were the same.
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e Characterization of films
After the preparation of the films, they should be analyzed using the previously mentioned

characterization tools (Chapter. 11). The physical properties of the samples are discussed below:

II1.3 Results and Discussion

At first, the film thickness measurements were performed by the weight difference method using
(Eq I1.12) with p=5.61 g/cm3 for zinc oxide in its bulk form. The “’th’’ values for the obtained
samples are listed in Table I11.1.

II1.3.1 Optical Characterization

The transmittance and absorbance spectra of the film measurements between 300 and 800
nm in wavelength are displayed in Figure IIL.2 (a, b). As we can see the transmittance and
absorbance change oppositely. The films have a high transmittance in the visible range. They
were transparent in 400-800 nm, with average T% ranging between 81~ 79 %. In addition,
Figure II1.2 (a) The Z, Z1, Z2, Z3 and Z4 Owing to the doping effects, the films vary slightly
near the UV absorption edge, moving toward shorter wavelengths near 370 nm. This

phenomenon is mainly attributed to the Burstein—Maoss effect [103].

Tauc Equation (Eq. II.10) was used to estimate the Eq of Samples and a is estimated by
(Eq. 11.9).

Figure III.3 (a-e) demonstrates the optical gap value estimation using the Tauc plot in the
absorption edge zone. It is evident from the figures (Figure II1.3 (a-e)) that the bandgap values
ranged from 3.22 to 3.28 eV for the obtained samples. The Z1 result shows that the doped ZnO
by Al is augmented by the optical band gap. Unlike the doped by Ni displayed a remarkable

decrease in its Eg value, which was associated with an increase in the addition of Ni.

The Urbach energy was also obtained by taking a linear fit (slope) by plotting In () vs hv. The
results obtained are 0.256, 0.154, 0.226, 0.230 and 0.238 eV for Z, Z1, Z2, Z3, and Z4,
respectively, which increased with the decrease of the Optical gap (Figure IIL.3 (f)). This
increase can be attributed to the narrowing of the Eg of intrinsic ZnO (3.37 eV).
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Figure IIL.2: a) Transmittance spectrum, b) Optical Absorbance spectrum of as-
deposited thin films (ZnO, Al:ZnO, Al:Ni: ZnO).
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Table I11.1: Optical parameters of as-deposited Z, Z1, Z2, Z3 and Z4 films.

c e Eu
Thin films T (%) |EQ (V) (mev) th (nm)
ZnO pure (Z) | 810 | 3.22 | 0.256 | 282
2% Al-ZnO (Z1)| 80.6 | 3.28 | 0.154 | 208

206 Al 2% Ni- ZnO (Z2) | 79.6 | 327 | 0.226 | 114
206 Al 3% Ni- ZnO (Z3) | 79.4 | 324 | 023 | 184
206 Al 4% Ni- ZnO (Z4) | 79.0 | 323 | 0.238 | 117

I11.3.2 by X-Ray Diffraction study

It is extremely necessary to use XRD to determine the crystalline nature and phase of the
produced samples. Consequently, X-ray diffraction was used to examine the structural
crystallinity in the different resultant films, scanning a 26 (diffraction angle) between 10° and
70°, as seen in Figure II1.4 (a). As we can see from Figure II1.4 (a), the films prepared by the
spray pyrolysis indicate specified reflections. at 20 = 31.8°, 34.5°, 36.3°, 47.6°, 56.6°, 63.0° and
68.1° matching with (100), (002), (101), (102), (110), (103) and (112) planes, respectively,
according to the wurtzite hexagonal ZnO structure (JCPDS no. 1-70-2551) [104]. Low doping
concentrations in ZnO did not result in any aluminum-related peaks in the XRD patterns,
suggesting that aluminum did not alter the ZnO polycrystalline structure. Unless Ni which is
indicated in the Z4 sample may be due to the presence of 2 wt% of Al in crystalline lattice
structure and with the addition of Ni. The Z4 pattern contains a very small peak detected at 26 =
42.7° matched with (200) plane correspond to the cubic NieZnsO (JCPDS no. 1-075-0273) [105].

Furthermore, the XRD analysis demonstrated the excellent crystal structure of the sprayed layers.
II11.3.2.1 Structural parameters

The crystallite sizes (D¢s) of the samples were estimated using Scherrer’s formula (Eq.
11.5). As we can see in the films Z, Z1, Z2 and Z3, D¢ is decreased with an increase in the doped
concentration, which indicates that the doped amounts occupied interstitial sites in the ZnO
lattice structure. In the Z4 layer, the D is increased, and Ni is well substituted for Zn?* in the
unit cell due to the presence of the Al with small ionic radii AI** (0.53 A°) and the matching of
ionic radii of Ni?* (0.69 A°) as compared to Zn?* (0.74 A°) at the same tetrahedral fold

coordination [105].
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Figure II1.4: a) The X-Ray diffraction patterns of as-sprayed films, b) the corresponding
JCPDS cards pattern.
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D¢s of the sprayed films have been estimated using (Eq. 11.6). The micro-strain (ems) was

calculated using the following relation (Eq. 11.7).
Figure II1.5 displays Dcs, ems, and 8. It also shows the opposite correlation between them.

TChk (texture coefficient) is also an important parameter in the XRD study used to know
the growth preferential orientation of the grains in the deposited layers that may give an idea
about the probability of nanocrystallite formation, which was calculated for every plane from the
diffraction data, using (Eq. 1. 2). Figure III.6 shows that the preferred orientations along the
plane (002), that considerably higher TChi values than the resting planes of the samples (TC <1).

All the structural parameters have been measured and listed in Table 771.2.

Table I11.2: Structural parameters of as-deposited Z, Z1, Z2, Z3, and Z4 films.

0
Samples fé)' hk TC (:?:;) ( 1‘3_3) " r%so/: )
Z 34.58 002| 4.69 29.16 4.17 11.75
Z1 34.58 002| 4.55 28.21 4.31 12.56
Z2 34.58 002| 3.98 23.48 5.18 18.12
Z3 34.58 002| 3.63 |20.84 5.83 23.01
Z4 34.58 002| 4.21 |26.98 4.52 13.73
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Figure I11.6: Variation of the texture coefficient values for pure and doped ZnO thin films.

72



Chapter I11. Synthesis and Characterization of Pure, Doped and Co-doped
Zn0O Metal Oxide Thin films

I11.3.3 ATR-FTIR analysis

ATR-FTIR spectroscopy can be employed as an additional analytical technique for XRD
investigations. As seen in Figure II1.7, FTIR investigations were carried out in the transmission
mode between 400 and 4000 cm™. In the fingerprint area, metal oxides often exhibit absorption
at particular wavenumbers [19]. The pure and doped ZnO layers samples reveal the vibration of
Zn-0 stretching at approximately 418, 442, 459, 523 and 552 cm™ [106-109], as illustrated in
Figure I11.7 spectrum. For each sample, it observed a broad absorption band located around 911+
6 and 764 cm™ characteristic absorption bands between 1240 and 660 cm™' corresponding to the
glass substrates [110]. In addition, for the Z4 sample which is co-doped by 2% of Al and 4% of
Ni, observed the stretching vibrations of the Ni—O bonds at 520 cm™ [111]. The absence of Ni-
and Al- in the Z1, Z2 and Z3 transmittance spectra further confirms that the Al and Ni ions were

completely doped with the regular lattice sites of ZnO.
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Figure I11.7: ATR-FTIR spectra of sprayed films.
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I11.3.4 Surface morphology

The surface morphologies of the thin films were determined by SEM, are shown in Figure
I11.8 and Figure II11.9. The SEM micrographs revealed notable variations in the surface
morphology based on the top surface. The SEM micrographs appear a remarkable roughness with
a disorganized granular structure along the surface, which was crack-free. As observed in Figure
II1.8 (a, b) for Z and Z1 SEM micrographs, the presence of aggregates along the film network
structure. The nanograin agglomerations decrease by Al doping. Z and Z1 SEM show also some
nanorice-like scattered along the surface of the scanned area. Z and Z1 types of nanostructures
exhibit nanoagglomerations of grains with several shapes. Thus exhibit a greater surface-to-
volume ratio than that of the smooth layers. Additionally, the presence of the nanoporous
morphology in Z and Z1 can augment the photocatalytic activity rate.

Figure II1.9 displays the results of SEM images of Z2, Z3 and Z4; they have homogeneous
and uniform grain distribution on the surface with a spherical shape overlapping. In Z2 and Z3
samples, the grain sizes became smaller with increased Ni doping concentration, indicating that
appropriate Al and Ni doping content could improve the Zinc Oxide surface morphology of thin
films. However, the presence of aggregates or big grains on the layer can affect its homogeneity
but it may display a rough texture that helps dye adsorption during photocatalytic processes. The
histogram distributions of the grain size of the samples (Figures I71.8 and II1.9) display average
grain size confirming the D¢s measured by the XRD study with a slight difference, this lateral can

attributed due to the Dcs was measured for only the high intense peaks (002).
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Figure I11.8: SEM surface with the histograms of grain size of as-sprayed films a) Z, b) Z1.
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As shown in Figure II1.10, EDS was used to verify the chemical elements of the pure and doped
ZnO samples sprayed on a glass substrate. To verify the existence of the fabricated components
Aluminum, Zinc, Nickel and Oxygen were detected in this study. Additionally, because of the
glass substrate, the EDS spectrum also revealed the presence of Silicon, Oxygen and Calcium
[98] and the Au peak generated from the Au electrical contact. The presence of glass substrate

elements also has been observed in the FTIR study.
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Figure II1.10: EDS spectra of undoped and doped of as-sprayed films.
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I11.4 Tested of thin films in the photocatalytic activity
I11.4.1 Experimental protocol (Photodegradation test)

The photocatalysis tests were evaluated by measuring the photodegradation of pollutant
methylene blue (MB) solution under UV irradiation. A sample of 1.5 x 2.5 cm? dimensions was
horizontally immersed in an 8 ml MB volume solution of initial concentration 2.5 X
107> mol /L. The irradiation source was by a mean of a Philips germicide lamp (G15T8/15W)
emitting UVC light (A=254 nm) which was fixed at a distance of 10 cm above the non-transparent
glass cell containing the film and the MB solution, settled on a magnetic agitator to ensure the
whole contact between the solution and the surface film. A magnetic stirring in the dark for 20
minutes was sufficient to achieve the adsorption-desorption equilibrium. To follow the evolution
of photocolorization of the pollutant, the concentration spectra of the MB were recorded, after
each 30 min of UV irradiation, 3 ml of MB solution was analyzed and this volume was sent back.
The concentration was determined by registering the absorbance at A = 664 nm of the MB. The
procedure's efficiency was determined using Eq. III.1 [2]:

Dye degradation rate % = (%) X100 = (%) x 100 (II.1)
1

1

Where C;, At are the concentration, absorbance at actual measurement, respectively. C, A

are initial concentration, absorbance values, respectively.

I11.4.2 Photocatalytic degradation

The organic pollutant used in this study was an aqueous MB solution, and its purpose was
to examine the degradation behavior of the pure and doped films. UV-vis at the max absorbance
during the procedure was used to quantify the dye's evolution, as demonstrated in Figure II1.10
(a-e). The MB absorption peak (Amax) = 664 nm, in line with the MB molecules. The rate of
degradation increased with increasing duration of exposure to light. After 120 min, the
photocatalytic degradation efficiency nearly vanished (n%) by ~84% for pure ZnO. The
degradation of the doped samples reached only 26% for the Al-ZnO, and decreased to 23 and
22% for 2%:Al- 3%:Ni-ZnO (Z4) and 2%:Al- 2%:Ni-ZnO (Z3) samples, respectively. The
degradation efficiency of the Z4 compared to Z3 and Z2 is increased to 46% after 120 min.
Figure I11.10 (f) shows that the pure one exhibited high efficiency. In this case, doping with Al
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did not augment the photocatalytic performance, which may be due to the larger optical band
gap, which may demand a large photon energy for the catalyst exciton, and the Eg of undoped-
ZnO may also exhibit a native defect, which makes it narrower than the intrinsic one (3.37 eV).
Nevertheless, the high Ni concentration in the AZO film narrows its Eg and increases the
degradation rate. However, in this case, the opposite effect on the photocatalytic degradation
performance can be attributed to several parameters that should be fixed from the starting
conditions (synthesis conditions) next time. Moreover, our co-doped films can work with extra

performance with other organic dyes that have other properties (such as anionic dye).
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II1.5 Conclusions

This work demonstrated a simple cost-effective spray pyrolysis method to fabricate pure
ZnO, Al-doped ZnO, and Al-Ni: co-doped ZnO on a glass substrate. The coated films were
characterized by typical techniques. XRD study demonstrated the existence of high ZnO
crystallinity with Wurtzite structure preferentially oriented along the planes (002) perpendicular
to the surface of the substrate. SEM characterization indicated the presence of aggregates along
the film network structure. The EDS mapping confirmed the existence of Al and Ni elements
in the sprayed doped and co-doped films. The optical study of the sprayed layers have been
reported that the Eg value of Al- ZnO is larger than the pure and decreases with the second
doped by Ni. The results indicate that pure ZnO exhibits a high photodegradation efficiency
(~84%) against MB within 120 min under UV light. This work is suggested for cost-effective
synthesis of pure ZnO film by spray pyrolysis for efficient photocatalytic activity at first.
Second, the doped and co-doped ZnO films have a good optical and structural characterization
that can suggested for other optoelectronic applications. Furthermore, this section leads us to
the conclusion that the selection of SC thin films for use as photocatalysts affects both their
native quality and the conditions under which they are synthesized, both of which affect the
final physical attributes of the samples. In general, doping ZnO thin films can increase or

improve their photocatalytic activity.
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The goal of this chapter is to create ZnO:Al/ZnS/NiO heterojunction multilayers using
spray pyrolysis and low-cost spin coating as photocatalysts for the degradation of organic
dyes. Tools for structural, morphological, and optical characterization were used to

examine sample characteristics.



Chapter I'V. Doped and Coupled ZnO for Enhancing Photocatalytic Activity

IV.1 Introduction

Thin-layer SCs have been improved under a variety of light sources (UV and sunlight)
when used as photocatalysts. Multilayer structures, which have two or more layers of
SC structures, are alternate semiconductor-deposited films developed for optoelectronic
applications [31,112] due to their superior optical and electrical properties compared with those
of typical monolayers [9], whereas few studies exist on photocatalytic applications [31]. Indeed,
from the above chapter, we concluded that the selection of photocatalyst SC thin layers is not
only based on their intrinsic characteristics but also on the elaboration and growth
film conditions, that influence their obtained characteristics. Moreover, the enhancement of these
semiconductors forbids the challenging aspects of photocatalytic performance that weaken the
process. Therefore, the object of the present chapter study toward the synthesis of Al-ZnO as a
signal layer and Al-ZnO/Zn0O, Al-ZnO/ZnS/NiO as multilayer thin films. To our knowledge, this
is the first study on the role of AI-ZnO/ZnS/NiO in the photocatalytic activity of organic dyes
under visible and solar light irradiation. The main idea of doping ZnO and coupling it
simultaneously is to enhance its photocatalytic degradation performance. Thus, the doped Al-

ZnO was coated with ZnS and NiO to improve charge separation.
IV.2 Elaboration of thin films (Thin Films Preparation Protocols)

This section uses thin films Al-ZnO monolayer, Al-ZnO/ZnS bi-layer, and Al-
Zn0O/ZnS/NIO tri-layer (labeled as Z, ZS, and ZSN, respectively) were deposited on glass

microscope lamella as substrates (3.6 cm x 2.5 cmx 1 mm).
IV.2.1 Signal-layer Preparation by Sol-gel

First, it was necessary to clean the substrates before they were coated, with ethanol and deionized
water in an ultrasonic bath for 15 min to remove any contaminants on the surface of slide

substrates.

We made a Z layer as the first bottom layer by a spin-coating sol-gel technique using a
0.1M aqueous solution of zinc acetate dihydrate (Zn (CH3COO).. 2H20). Aluminum acetate (Al
(OH)2(CH3COO0)) was added as an aluminum source, with a concentration chosen 2wt% to the
previous solution. The precursor solution was prepared by dissolving the required amount of zinc
acetate in absolute ethanol (C2HsO) used as the solvent whereas monoethanolamine (MEA:

C2H7NO) was used as the stabilizer. The molar ratio of the precursor and the stabilizer (MEA)
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was kept at 1:2.The solutions were stirred for 2 h using a magnetic stirrer at 75°C to get a clear
and homogeneous transparent sol, this sol was aged for 48 h. The sol was then dropped on the
substrate and then it was coated for 25 s using a spin coater with 1500 rpm at ambient
temperature. and then each coating was followed by subsequent drying at first at 200 °C for 10
min to evaporate the residue solvents in the film, the same procedure (spin-dry) was repeated 6
times to obtain the film with the desired thickness. At last, the final coated films were annealed

in the tubular furnace for at 500°C for 90 min then let cool to room temperature.
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Figure IV.1: a) descriptive diagram of the stages of deposition of the thin layers by spin
coating, b) a tubular furnace was used for annealing in the CRAPC Ouargla.

IV.2.2 Multilayer Preparation by Spray Pyrolysis

In the next step; to obtain ZS and ZSN multilayer, the 2" and 3™ upper layers (ZnS and
NiO films) were coated by the spray pyrolysis technique. Typically, elaborated independently in
the appropriate amount of thiourea (SC (NH2)2) with zinc acetate dihydrate (Zn (CH3COO)z.
2H20) and nickel chloride hexahydrate (NiCl..6H20) were employed as starting precursors.
First, using a 0.1M solution of zinc acetate (Zn (CH3zCOQ).. 2H20) and 0.1 M of thiourea (SC
(NH>).) dissolved in ultrapure water and some drops of acetic acid added in the solution to
prevent solution deposition, were mixed for 30min with a magnetic stirring at 80°C (Molar ratio
of Zn?* to S% kept 1:1). On the other hand, NiO solution was obtained by dissolving nickel
chloride in double distilled water with a molar concentration of 0.1 M. The solutions were left in
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a magnetic stirring for 30 min at 80°C. Then, the fabrication process of ZnS over the prepared Z
layer was by spraying the mixture of ZnS precursor solution onto a preheated substrate (Substrate
+ Al-ZnO as bottom film) for good quality polycrystalline films at a fixed T= 450°C, the spray
flow rate of 5ml/min. The distance between the nozzle and the substrate was ~35 cm, with a
nozzle diameter of 0.3 mm and the spraying time varied between ~8 min. The last step was to
coat a NiO layer on the top of the ZS bilayers thin film, in the same manner. Notably, the

conditions for all the films grown by spray pyrolysis were the same.

%)
Layer? ﬂ
*ﬁz .)

Spray pyrolysis
5ml/min

Analysis — > Application

Figure IV.2: descriptive diagram of the steps of deposition of the thin layers by spray
pyrolysis.

IV.3 Results and Discussion (Characterization of thin films)

IV.3.1 Structural analysis by XRD

It was essential to use XRD to clarify the nature phases of the produced films. Thus,
utilizing XRD means with 20 (diffraction angle) checking from 20° to 70°, the crystal structures
of single Z, multilayer ZS, and ZSN layers were analyzed, as seen in Figure IV.3 (a). As shown
in Figure IV.3 (a), the Z monolayer prepared by the spin technique indicated well-defined peaks
at 20 = 31.9°, 34.5°, 36.4°, 47.6°, 56.9°, 63.0° and 68.2° corresponding with (111), (002), (101),
(102), (110), (103) and (112) planes, respectively, identical to the ZnO wurtzite hexagonal
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structure (JCPDS no. 1-75-576) [113]. Confirming the presence of the just Zinc Oxide phase in
the XRD pattern (low doping concentrations in Z), the presence of several peaks suggests that
the film is polycrystalline in nature. The ZS XRD exhibits the most intense peak, 28.7° of (111)
plane of the zinc sulfide cubic phase (JCPDS no. 1-080-0020) [106], which is a high-intensity
peak in the typical diffraction pattern of cubic ZnS with high crystallinity. Similarly, the NiO
phase was found in the ZSN pattern has two additional peaks at 260= 43.2° and 62.7°, matching
(200) and (220) planes of cubic-NiO (JCPDS no. 47-1049) [20]. Furthermore, the XRD study

confirmed the good crystalline quality of the single- and multilayer samples.
IV.3.1.1 Structural parameters

The crystallite sizes (Dcs) of the three phases were estimated using Scherrer’s formula (Eq.
11.5) to estimate the dislocation density were using (Eq. 11.6). The micro-strain (ems) is related to
FWHM (B) and can be calculated using (Eq. 11.7).

When D¢s decreases, the lattice strain caused by internal surface tension causes compression, and
as the surface area of the film grows, so does the number of crystal edges. As a result, when the
crystallite size increased, there was less compression from the grain borders, which weakened
the lattice strain. Additionally, because there were fewer grain barriers, there were fewer
dislocation lines, indicating that the grain boundary was a trap for dislocations [97,98].
Accordingly, Figure IV.3 (b) displays the opposite correlation between Dcs, ems and & for every

structural phase. All these structural parameters were calculated and are listed in Table 7V.1.

Table 7v.1: Structural parameters of mono- and multilayer samples.

Samples| phase | structure |20 (°)| hkl

Dcs €ms 0 (1014 RMS
(nm3) | (103) |lines/ m?) | (AFM)

31.94 | 100

Z ZnO | hexagonal | 34.60| 002 | 184 | 6.625 29.543 | 12.07
36.42 | 101

ZS ZnS cubic 28.78 | 111 | 109 | 13.389 | 84.451 | 10.66
43.14 | 200

SZN NiO cubic 154 | 4.507 42.004 | 21.36
62.73 | 220
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Figure IV.3: a) The XRD. of mono, multilayer samples, b) Structural parameters

dislocation density (6x1014)

86



Chapter I'V. Doped and Coupled ZnO for Enhancing Photocatalytic Activity

IV.3.2 ATR-FTIR study

For XRD investigations, an ATR-FTIR spectrophotometer can be employed as an
additional analytical technique. As seen in Figure IV.4, ATR investigations were carried out in
the transmission mode between 400 and 4000 cm™. In the fingerprint area, metallic oxides often
exhibit absorption at particular wavenumbers. In the fingerprint area, metallic oxides often show
absorption at particular wavenumbers [19]. The Zn—O stretching vibration is seen in the Z signal
layer sample at around 418, 442, 459, 523 and 552 cm™ [106-109]. The bilayer ZS exhibited
typical ZnO absorption peaks at 416, 460, and 480 cm™. Furthermore, it displays 2 additional
peaks around the peak reported in the literature [114,115] at 555 and 605 cm™, which are
attributed to ZnS's stretching vibration mode. The vibration peaks of the ZSN multilayer film
were found at 416, 440, 555 and 599 cm™, where the NiO stretching mode was found [116].
Broad absorption bands returning to the glass substrates between 914 and 764 cm™ were seen for
all samples [110]. Notably, the FTIR results validated the XRD results.
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Figure IV.4: ATR-FTIR spectra of monolayer, bilayer and multilayer Samples.
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1V.3.3 SEM micrographs

The surface morphologies of the deposited layers were SEM analysis, and are displayed in
Figure IV.5 (a—C). Significant alterations in the surface morphology were observed in the SEM
micrographs, in accordance with the top layer deposition. Sol-gel ZnO:Al (Z)'s SEM micrograph
shows an intriguing surface with a wrinkled root-like network dispersed throughout the surface
that is free of cracks. The Z micrograph shows that these wrinkles are neither symmetrical nor
have certain orientations. The quick drying that occurs after every coating layer during the
deposition process causes a wrinkle-like network structure. Furthermore, X. Li et al. [99]
investigated the soft and wrinkled surfaces observed in pre-annealed layers, which were slowly
and rapidly annealed, respectively. The same wrinkle morphologies for pure and Al-ZnO films
have been observed in other studies. [98,117,118] using the sol-gel technique. Compared with
smooth thin films, these types have a larger surface-to-volume ratio. Figure IV.5 (b) displays the
micrographs of the sprayed Zinc Sulfide on the ZnO:Al (ZS) at various magnifications. This
demonstrates that the ZnS, due to its good cohesion with the Z layer, ZS displays a smooth and
packed morphology with a disk-like form of various sizes along its surface. ZnS morphology
resembling a disk was observed in Ref [97]. Figure IV.5 (c) displays a micrograph of the surface
morphology of the upper layer of ZSN and NiO deposited on top of the ZnS layer. Nonuniform
surface structures were observed, and the sprayed NiO precursor solution exhibited low adhesion.
Low adherence was detected in the sprayed NiO film, and surface morphology was seen. Non-
homogeneous overlapping was observed in the nickel oxide over the zinc sulfide layer, together
with nanoparticle agglomerations with different-sized and shaped grains. In addition, the nickel
oxide layer has a void and a cracked nature. The existence of nanovoids on the film
morphology may influence its adherence and uniformity; nevertheless, it may also have a rough

surface that allows dye adsorption in photocatalytic uses.

As shown in Figure IV.5, EDX was used to verify the elements of the Z, ZS, and ZSN
films deposited on the glass substrates. To verify the existence of the peaks of coated element
(Aluminum, Zinc, Nickel, Sulfide, and Oxygen), and they were found actually exist.
Furthermore, because of the glass substrate, the EDX spectrum reveals the existence of (Silicon,
Oxygen, and Calcium) [98] and the Gold (Au) peak that results from the Au electrical contact.
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Figure IV.5: SEM micrographs with the cross-sectional and EDX of a) monolayer, b) bilayer

and c) multilayer Samples.
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The direct measurement of the layer width of the Z, ZS, and ZSN films acquired by the
cross-sectional micrographs is also shown in Figure IV.5 (a-c), which indicates an increase in
thickness from the signal- and multilayer samples. The thicknesses average of the Z, ZS, and

ZSN layers are 736 nm, 1.3 um, and 1.78 um, respectively.
1V.3.4 AFM Analysis

AFM analysis yielded surface topography and roughness data. Significantly, as the
Scanning electron microscopy results indicate, surface roughness affects how well thin-film
samples operate photocatalytically. The 2- and 3-D AFM images spanning a 5 x 5um2 scanned
region are shown in Figure IV.6. The surfaces of the samples showed agglomerations of varying
sizes, as well as various surface topographies. Unlike the other films, granular forms in
surface topography of the monolayer was observed (Z). Contrary to the earlier SEM images,
which this revealed no distinct crystal grain boundaries in zones with wrinkles or smooth

surfaces.

Moreover, the three dimensional Z film topography exhibited a granular distribution, as
shown in Figure IV.6 (a), with some grains aggregates growing preferentially the c-axis
(perpendicular the film surface). The morphological results published by M. A. Bouacheria et al.
[98] were similar to the Atomic-FM and Scanning-EM results for ZnO: doped-Al. The
topography of the ZS layers showed thick grain aggregations covering the surface with a disk-
like structure over each other to produce ellipsoidal particles with various sizes (see the 3D
topography in Figure IV.6 (b)). Figure IV.6 (c) displays the NiO spraying layer on ZS bilayer
for the trilayer ZSN film. It exhibits island-like grain formation development, which is a sign of
nanocrystals agglomeration with some gaps between the agglomerated grains. Table IV.1 lists
the average surface root-mean-square (RMS) roughness values for each sample.
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Figure IV.6: The AFM images of a) monolayer, b) bilayer and ¢) multilayer Samples.
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IV.3.5 Optical study

The films' transmittance spectra, which were evaluated between 300 and 800 nm in
wavelength, are displayed in Figure IV.7. The films exhibited high transmittance in the 400—700
nm visible range. In this area, ZnO:Al (Z) film had an average transmittance of 85%, making it
extremely transparent. The aforementioned ZnS and NiO depositions, with typical values of 75%
and 65%, respectively, decreased the transmittance of the film. Furthermore, Figure IV.7 (a)
shows little variation among the Z, ZS, and ZSN layers in the ultraviolet region at the absorption
edge. This variation moved toward shorter wavelengths at approximately 370 nm and was mostly
linked to the Burstein—Moss effect [103]. Tauc equation was used to estimate the Eq of Samples.

Figure IV.7 (b) depicts the Tauc plot in the absorption edge area used to determine the
optical gap values. Figure IV.7 (b) demonstrates that the bandgap measurements for Z and ZS
were 3.26 and 3.15 eV, respectively. Z-film results matched findings published by other
researchers [119]. Because of the hybrid band that results owing the ZnS phase being added upon
Zn0, ZnO:Al/ZnS (ZS) displays a notable drop in its Eg value [22]. On the other hand, trilayer
ZSN film displays two absorption band values in its direct band gap at 3.15 and 3.52 eV,
respectively, which correspond to the n-ZnO/n-ZnS and n-ZnS/p-NiO junctions. A literature
study [25] described an Eg finding for a core-shell n-ZnS/p-NiO junction that was comparable.

This double bandgap enables absorption in various electromagnetic ranges.

The Urbach energy was also obtained by taking a linear fit (slope) by plotting In (a) vs. hv.
The results obtained are 0.161 and 0.322 eV for Z and ZS, respectively, which increased with the
decrease of the Optical gap (Figure IV.7 (c)). As the same with Eg, we estimate two values for
ZSN film 0.312, which is associated with ZS the bi-layer film, and 0.357 eV for the ZSN tri-
layer Sample. This increase can be attributed to the narrowing of the Eg (3.52 eV) of intrinsic
NiO and ZnS which them in the range of 3.6-4 eV for NiO [120], of 3.54-3.72 eV for the cubic

structure of ZnS [11] also because of the coupling of NiO with the zinc sulfide phase.
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Figure IV.7: a) Transmittance spectra of the mono and multilayer samples (Inset display
the band-edge absorption zone), b) Tauc plot of the mono and multilayer samples, ¢) Variation

of Eg and Eu of signal and multi-layer thin films.
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IV.4 Application of thin films in the photocatalytic activity
IV.4.1 Experimental protocol (Photodegradation measurement)

In order to study the photocatalytic activity, the developed films (15 cm?) were used to
break down 25 ml aqueous solution of 5 mg/l MB (C16H1sCINsS) dye, which is utilized as a
typical dye contaminant with a pH ~ 6. The photodegradation of MB was carried on in May 2022
in Ouargla, Algeria, utilizing two distinct irradiation sources: sunshine and a 1000 W Halogen
lamp exposing it as a visible light source, for 75 minutes. The samples were then immersed in a
dye solution. The beaker solution was placed ~20 cm from the lamp and completely covered the

films. Figure IV.8 illustrates a schematic of the photocatalytic reactor with a visible-light lamp.

Additionally, crystal violet (CV) and Congo red (CR) dyes have been employed as
pollutants under similar MB photocatalytic process conditions but just under sunlight. To reach
equilibrium, dye adsorption was carried out for 30 minutes in the dark before irradiation. The

photodegradation was determined by recording the dye solution absorbance (Amax). The

efficiency was measured via the efficiency equation (n%= (%) x 100 = (%) %X 100).
1 1

QL= Ventilation

=y

—

Halogen lamp

Photocatalyst
thin film

‘Water bath

-

20 cm

Figure IV.8: schematic of the photocatalytic reactor with a visible-light lamp.
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1V.4.2 Mechanism of photodegradation behavior

Because of the trapping of -e-h+ pair in radiationless relaxation that might lead the SC to
revert to its inactive state even after exposure to photon energy excitement [121], pure
SC layers have never worked well as photocatalysts in previous studies. This reduces the
photodegradation efficiency. Consequently, cationic or anionic dopants should be added to
these semiconductors to increase their photodegradation activities. Extra energy levels appear
in the bandgap because dopants generally occupy a variety of lattice sites, including the
semiconductor's surface, lattice crystal, or interstitial sites. Additionally, by coupling these
semiconductors to one another, they can form a heterojunction that significantly contributes to
the reduction of e-h pairs via the hybrid bond that is formed [122]. ZnO:Al, ZnO:Al/ZnS, and
ZnO:Al/ZnS/NIO (ZSN) samples were investigated in this work as MB photocatalysts in the
presence of visible light. For the remainder of the investigation, trilayer ZSN was selected to
examine its photocatalytic ability with the influence of pH (MB), stability/reusability (MB),
with 3 organic contaminants (MB, CV, and CR), under a natural light source, as well as
its decomposition mechanism (MB). Due to its twofold hybrid bandgap, visible/solar light
illumination can increase the absorption efficiency of visible light for photocatalytic activities.
The mechanism underlying the photocatalytic interpretation of the ZSN photocatalyst is
proposed as illustrated in Figure IV.9. Under light exposure, electrons were excited from the
Valence-B to the conduction-B, which will leave holes in the Valence-B of Nickel-O, Zinc-S,
and Zinc-O:Al, respectively, in the studied ZSN trilayer sample. The electrons that are
generated migrate freely via the conduction-B of zinc-O:Al to the valence-B of zinc-S. While
holes are gathered in the valence-B of zinc-O:Al in the ZSN multilayer, the electrons produced
from the conduction-B of ZnS move to the valence-B of NiO, resulting in the collection of
electrons in the conduction-B of NiO. Superoxide (+O2") anion radicals were created when
electrons collected on the Nickel-O surface interacted with molecules of oxygen in the
surrounding air. *OH hydroxyl radicals were created from the oxidation of water molecules by
the collected holes in the valence-B of ZnO:Al. The resultant hydroxyl radicals, *OH and O
, are strong oxidants that may efficiently attack the surrounding organic molecules and
transform them into H>O and CO> [24,123]. Under visible light illumination, the following
oxidation process may be the mechanism of reactions for ZSN multilayer on organic

contaminants such as MB [23,32]:
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Figure IV.9: Proposed schematic photodegradation mechanism of multilayer photocatalyst

under visible irradiation.
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To enhance comprehension, Figure IV.10 provides a full clarification of the possible
photocatalytic decomposition pathways of MB produced during the photocatalysis operating
period. Prior research has revealed that Cl—ions have the potential to ionize when MB is dissolved
in water [124]. In the beginning, an OH-MB molecule that has been hydroxylated may develop.
This is accomplished by *OH radicals, which weaken MB compounds. In the next stage of the
photocatalytic process, the MB molecules are demethylated by attacking the N—CHjs link to
generate CH20O + Hy, followed by the generation of CO2 and H20 in the oxidation steps [125].
Furthermore, the C-S+=C bond can be broken by *OH radicals, producing a C-S(=0)-C bond
[125], requiring the middle ring to be broken by heteroatoms of S and N. *OH radicals swap
nitrogen groups to release the NH radical, which then oxidizes to produce NO®* ions and NH**
cations [126]. Sulfur undergoes simultaneous hydrolysis, oxidation, and conversion to SO4> .
The MB organic dye was broken down into inorganic compounds, including SO4%> and NOs”ions,

water and tiny species.

97



Chapter I'V. Doped and Coupled ZnO for Enhancing Photocatalytic Activity

N
N
H3C\ & /CH3
N S* N
| Cr |
CH3 CH3 (] OH
OH
N . Ny
s H,C. z .CH
H,N g* NH, SN s* N©T3
! |
Ring breaking CH; CH;
NH, HO
H,N 570
2 (“) “OH HO NH,

sO0%, NO3; CO, H,0 CrI

Figure IV.10: Suggested MB decomposition pathway.

1V.4.3 Photodegradation under visible light

The MB dye solution was used as an organic contaminant to study the degradation ability
of the mono and multilayer deposited films. Figure IV.11 (@) illustrates how the dye's evolution
was monitored using UV-vis absorption at the highest absorbance in the procedure time. The

primary absorption peak, which corresponded to MB molecules, was found at Amax= 664 nm.
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With increasing exposure time to visible-light irradiation, the rate of MB degradation increased.
The photocatalytic rate (n%) was found around 96% for the ZSN and ~ 93% for the Z and ZS
samples, it almost completely disappeared after 50 minutes. After 75 min, the ZSN rate
degradation efficiency enhanced to 99.81%. As may be shown in Figure IV.11 (b), every sample
had exceptional efficiency. However, as Zinc-O:Al and Zinc-O:Al/Zinc-S films were previously
studied in earlier research, ZSN was selected for the remainder of the photocatalytic analysis
[32,33,83]. Furthermore, the best photocatalytic performance was demonstrated by ZSN.

0,8

o
»
1

_O
~
|

0,0 -

300 450 600 750
Wavelength(nm)
Figure IV.11: UV-visible spectra of MB solution under visible lamp.
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Figure IV.12: Photodegradation efficiency curves of MB with vis-irradiation using mono and
multilayer photocatalysts.

+ The photocatalytic degradation kinetic rate constant (k) of MB dye was determined via the slopes
of the plots of In (Ci/Cy) vs. irradiation time (Figure IV.13), employing the first-order model
from Eq. 1V.6 [26]:

In< = kt (IV.6)

t

where the beginning concentration, the dye concentration during the process, and the rate
constant are denoted, respectively, by Ci, Cy, and k. The correlation coefficients were R?~0.94
and 0.97 for the Z and ZSN, respectively, k values have been found to be 0.06844 min for the
Z and 0.07638 min™! for the ZSN. The ZSN trilayer thin film had a greater R? and k degradation

rate, indicating its improved discoloration ability.
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Figure IV.13: Photodegradation kinetics of MB by Z and ZSN as catalysts.

+«  The stability and reusability of the ZSN photocatalyst for MB degradation under
visible irradiation for 50 minutes are shown in Figure IV.11 (d). After five iterations of the
experiment, the photocatalytic performance slightly decreased with each iteration, reaching
about 90% decomposition toward the end. This demonstrates clearly that the photodegradation
of MB was slightly decreased (~6%), that is thought to offer real-time, long-term stability for
useful industrial photocatalytic applications. As a result, the ZSN photocatalyst sample under

investigation showed a high stability against MB.
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Figure IV.14: Recyclability of ZSN photocatalyst with MB under visible illumination.
1V.4.4 pH Effect

Solution pH plays a significant role in the photocatalytic procedure[127] because it
manages interactions in the degradation time of organic pollutants [128]. Thus, the pH must be
optimized to achieve the best degradation efficiency. All tests used the ZSN multilayer in 60 min
under vis-light to assess the impact of pH on dye degradation. Figure IV.15 illustrates how
NaOH and HCI modify the pH values. This indicates clearly that dye degradation slowed at lower
pH values. The photodegradation rate of the ZSN improved when the pH of the MB solution was
raised from six. Under vis-irradiation, the MB degradation value was greater in the pH range of
6-10 than it was at acidic pH=two. The sample showed greater photodegradation performance
in the intermediate and alkaline regions as compared to the basic, neutral, and acidic regions.
This might be related to the higher availability of OH- ions compared to the acidic medium as
well as the creation of more OH radicals by combining with holes (h+) produced by the radiation-
excited electronic (e —) catalyst. Additionally, this can be related to the cationic nature of the MB
dye [76].
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Figure IV.15: The photodegradation efficiencies of various pH levels.

IV.4.5 Photodegradation efficiency under natural irradiation

MB, CV, and CR pollutants were chosen as targets for the second photodegradation operation
step to evaluate their capacity for photodegradation under natural light. Furthermore, the dyes'
maximum absorbance was measured throughout the visible range; Figure IV.16, illustrates this;
the MB, CV and CR organic dyes were found to have the highest absorbances at A = 664, 583,
and 498 nm, respectively. A variation in the maximum absorbance was noted to determine the

rate of photocatalytic efficiency.

103



Chapter I'V. Doped and Coupled ZnO for Enhancing Photocatalytic Activity

0,6
8 664
_ b, b, nm
g 04 498 nm 583 nm ‘
=
P
=)
7]
]
< 02-
0,0 - T T T )
400 500 600 700
Wavelength(nm)

Figure IV.16: CR, CV, and MB UV-visible absorbance spectra.

Similar conditions were employed in the initial step during the photocatalytic studies under
visible light. The UV-vis spectra Figure IV.17 (a-c) and degradation percentage (Figure IV.17
(d)) of the 3 dyes are displayed. For all three organic dyes, the absorption maxima at Amax
gradually diminished with time. It was found that the photocatalytic efficiencies for MB, CV,
and CR were 90%, 85%, and 65%, respectively, over the 90-minute illumination period under
solar radiation, and that for MB, the rate was 83% in just 60 min. CR is a more challenging
decomposition dye than MB or CV. This is explained by the fact that their structure contains a
large number of benzene rings in addition to two azo bonds (N=N), each of which has a high
bond energy of 4.33 eV [26,125]. This accounts for the relatively poor rate efficiency of only
75.76% over 4 hours of exposure to solar radiation, as opposed to 1.5 hours at n=65%. Even at
the lowest value in this instance, the first-order kinetic value (k) of CR was 0.00425 min't with a
small correlation coefficient (R?= 0.63). Table IV.2 lists the Kinetic rates (K) and R? values.
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Table IV.2: 1%, time, k, and R? values of mono and multilayer of photocatalytic degradation

performance.
Sample| pollutant ght ra’i ?r?]?ila)nt’ R \ézlue de t (min)
source
ZSN 0.0764 97 |95.99
Z | methylene = 0.0684 93 193.26| 50
zs | Blue 2 0.0523 04 |93.16
ZSN MB . 0.0259 98 |90.12
ZSN CcVv ff 0.0106 96 |85.48 | 90
ZSN CR z 0.0043 63 |65.42
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Figure IV.17: a-c) UV-vis curves of a) MB, b) CV, and c) CR under sunlight using ZSN

photocatalyst sample, d) Degradation rate of dyes under sunlight using ZSN photocatalyst

sample.
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Table IV.3: Reported degradation efficiency of coupled ZnO photocatalysts against methylene blue
(MB) in literature.

Photocata- Synthesis Light Dye Catalyst n for MB/ Year
method amount dose time Ref
lyst source
ZnO/AZO/Zn on glass visible light 750-W 30 mg/L thin 95.2%/ 180min 2019
O_mu_ltllayer su_bstrateg by  lamp s0mL  films (24 [5]
thin films spin coating )
cme)
Zn0/ZnS on Ni foam both 300 W 5mg/L thin film 53.8%/50min 2021
nanoarrays substrate by [22]
hydrothermal UV & 13.30 W. ) S0 mL
ultrasonic sonication
Al-ZnO/ZnS ultrasonic 100 W mercury lamp 10mL  1mg 98%/ 60 min 2019
sol-gel MB in [33]
10mL
DW

ZnO:Al/ZnS sol-gel & spray visible light halogen 10°M  thin films 93%/ 50 min this

: ) >

multilayer  pyrolysis lamp 25mL (13.5cm?) work

CdS/Zn0O thinon FTO sunlight 20 mg/L thin films 91%/240 min 2018

films substrate using ) [129]

SILAR 20mL  (9cm?)

NiO-CdS chemical methodsimulated sunlight ~ 3mg/ 0.03g 95%/120 min 2022
. lamp (Ultra-Vitaulux, 300mL [15]

nanocomposit 300 W, Osram)

es ’ 70 mL

Zn0/ZnS/g- thermal 300W simulated solar 10 mg/L up to 75%/ 60 2018

CsNg decomposition, light lamp min [16]

chemical
precipitation

ZnO:Al/ZnS/ sol-gel & spray visible light halogen 10°M  thin films ~96%/ 50 min this

: ) : ) 0
NiO pyrolysis light 25mL (13.5cm?) &_99,8/0/75 work

multilayer min
ZnO:Al/ZnS/ sol-gel & spray sunlight 10°M  thin films 90%/ 90 min this
: ) 2
N|O_ pyrolysis 25mL (13.5cm?) work
multilayer
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IV.5 Conclusions

This study presented an easy and cost-effective methods involving spin coating and spray
pyrolysis techniques for producing Al-doped Zinc-O and then coated by Zinc-S and then by
Nickel-O as upper layers to get Al-ZnO, Al-ZnO/ZnS, and Al-ZnO/ZnS/NiO multilayer samples
and studied their structural, morphological, optical and photocatalytic properties. The
successfully prepared films were confirmed by XRD and additional FTIR analyses, which
revealed the characteristic presence of only Zinc-O, Zinc-S, and Nickel-O phases in the system
of the obtained films. This indicates that the hexagonal wurtzite structure has a preferential
orientation along the (002) plane in the Al-ZnO signal layer and that the bilayer Al-ZnO/ZnS is
responsible for shifting the most intense peak for the typical cubic ZnS structure. Additionally,
the multilayer Al-ZnO/ZnS/NiO exhibited an additional peak related to NiO. Further,
morphological SEM analysis revealed that while for photocatalyst samples, AFM shows
beneficial surface roughness, which causes it to be greater than the smoothed volume ratio; the
increase of different phase layer coats on top of one another deteriorates the density and adhesion
of the topmost layer, thereby impacting its uniformity network structure. The sample included an
Al trace, as shown in the EDX mapping study. According to reports on the optical properties of
thin films, Al-ZnO films have a high transparency of 85%, but the Al-ZnO/ZnS/NiO multilayer
has a low average transmittance of 65% and substantial absorption properties. Furthermore, the
UV-visible absorption revealed that linking Al-ZnO/ZnS reduces the band gap of Al-ZnO (3.26
eV) to 3.15 eV, whereas Al-ZnO/ZnS/NiO shows extra absorption values (3.52 eV) because of
the NiO layer. With very little observable reduction after the fifth cycle, the obtained findings
show that Al-ZnO/ZnS/NiO displays a high degradation rate (~96%) against MB within 50 min
under vis-light, enhancing its stability and reusability in real-time industrial applications.
Additionally, when solar radiation, a free, renewable energy source, was used instead of visible
light, the photocatalytic activities of Al-ZnO/ZnS/NiO demonstrated a sufficient degradation rate
against MB, CV and CR, which were 90%, 85% and 65%, respectively. This study is expected
to pave the way for low-cost synthesis of doped and linked metal oxides as multilayer thin films,
resulting in more stable and rough photocatalyst capabilities and more absorption bands for

effective water treatment applications.
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In this thesis, we were interested in the preparation of deposits of thin layers of pure, doped,
and Co-doped ZnO and coupled ZnO (multilayer) on glass substrates by chemical methods. To
study the effectiveness of metal oxide thin-film semiconductor applications, particularly their

function in photocatalytic activity applications.

We used an easy and simple chemical method called spray pyrolysis to prepare thin layers
of pure and doped ZnO. Can be used to easily obtain nanocrystalline thin films. No annealing
temperature was required after the deposition, and the films were neither amorphous nor of poor
quality. Thin layers of doped ZnO were coupled with other metal sulfide and oxide phases (ZnS
and NiO). The film-doped ZnO was coated using the sol-gel spin coating technique. The samples
were then dried to remove solvents, and the entire process, from coating to drying, was carried out
six times. The prepared thin films were subsequently subjected to a heat treatment by annealing at
500 °C.

The resulting films were characterized by XRD, FTIR, SEM/EDS, AFM and UV-vis
spectroscopy. The SEM results revealed uniform nanostructure films with small spherical shapes
and aggregates in undoped and Al-doped ZnO and slight variations in diameter for (Al, Ni) co-
doped ZnO for the spread samples. Moreover, SEM analysis of the multilayer samples indicated
that the deposition of different nanocrystalline films above one another could deteriorate the
adherence of the upper layer, which can influence its homogenous shapes. XRD and FTIR analyses
confirmed the growth of the deposited phases of the crystalline thin films. In addition, EDS
mapping analysis demonstrated the existence of the deposited materials, particularly dopants that
are difficult to detect by other analyses. The optical characteristics of thin films have been reported
in high-transmittance films in the visible region, which can be decreased by the addition of layers

to multilayer films.

First, the sprayed thin films of undoped and doped Zinc-O were tested for photocatalysis
against MB under UV light irradiation. Nevertheless, its opposite effect is due to Al, which

increases Eg from 3.22 t0 3.28 eV.

On the other hand, the multilayer thin films were elaborated for the first time to enhance the
photocatalytic degradation rate of MB organic dye under visible light irradiation. The
photodegradation was studied at different time intervals (0—75 min). It exhibited a high
photocatalytic rate (~96%) against MB in 50 minutes under visible irradiation, investigating its
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stability and reusability, with only a slight decrease seen beyond the fifth cycle, which is thought
to offer real-time, long-term stability for useful industrial photocatalytic uses. ZnO:Al/ZnS/NiO
multilayer sample was used for the photocatalytic degradation under sunlight irradiation. Their
photocatalytic activity was evaluated using three dyes, which showed good degradation rates under

90 min of irradiation.

This study also demonstrated the mechanism steps of multilayer photocatalysts and suggested the

MB degradation pathway.

The results obtained at the end of this study turned out to be interesting both in terms of
investigation and perspectives. Thus, the results confirm the real possibilities offered by
nanocomposite films in the field of technical applications in general and photodegradation

applications.

There are many prospects as this work continues in several directions, for example, by applying
deposited ZnO/ZnS/NiO films to the photodegradation of several other dyes with the possibility
of adding other chemical constituents, such as H20-, to accelerate the reaction degradation. This
thesis suggests opening the door for cost-effective synthesis of doped and coupled multilayer thin
films to obtain more absorption bands and rough and stable photocatalyst properties for efficient
water treatment applications using sunlight, particularly Ouargla sunlight, which has been

investigated in several studies.
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Abstract

Function semiconductor metal oxide photocatalysts, particularly as thin films mono or
multilayer films were demonstrated in this work by synthesis of undoped, Al-doped, and (Al, Ni)
co-doped ZnO by spray pyrolysis on a glass substrate in the first part. In the second part, the
preparation of multilayer films: Al-ZnO as a bottom layer using spin coating and then sprayed
by ZnS and then by NiO as upper layers using spray pyrolysis to get Al-ZnO/ZnS, and for the
first time Al-Zinc-O/Zinc-S/Nickel-O multilayers and studied their several properties. X-Ray D,
FTIR (ATR), and SEM with EDX, AFM, and UV-vis spectrophotometer characterized the
resulting films. Structural XRD study confirmed the high crystallinity ZnO wurtzite structure
preferentially oriented along the planes (002) and the successful preparation of the deposited
phases in multilayer films. SEM results revealed uniform nanostructure films with small
spherical shapes and aggregates in undoped and Al-doped ZnO and slight variations in diameter
for (Al, Ni) Co-doped ZnO for the spread samples. Moreover, The SEM examination of the
multilayer films suggested that the deposition of multi-nanocrystalline films over each other
could damage the cohesion of the top layer, which influences its uniformity. EDX mapping
demonstrated the existence of the deposited materials, particularly dopant traces. Moreover, The
optical characteristics have been reported that all the ZnO pure and doped films are transparent,
and have a high average transmittance of 85%, while the multilayer exhibits a low one of 65%.
The photocatalytic rate of the multilayer (Zinc-O:Al/Zinc-S/Nickel-O) under vis-light was ~96%
efficiency against MB after only 50 min. It improved its stability with slightly reduced observed
after the fifth cycle. Further, under sunlight, the degradation reached 90, 85, and 65% for MB,
CV, and CR, respectively, in 90 min. This work demonstrates the effective degradation of organic

contaminants using a constructed ZnO:Al/ZnS/NiO heterojunction photocatalyst.

Keywords: pure ZnO, Co-doped ZnO, multilayer thin films, ZnO:Al/ZnS/NiO, spray

pyrolysis, visible irradiation.
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