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Abstract

Undoped, doped, and co-doped zinc oxide powders with different concentrations of
bismuth and gallium were prepared by the chemical sol-gel method using zinc acetate, citric
acid, bismuth nitrate, and gallium nitrate as precursors and ethylene glycol as a solvent. The
effect of doping on zinc oxide powders' structural, morphological, and optical properties was
studied. The powders were characterized using various techniques such as X-ray diffraction,
scanning electron microscopy, UV-Vis spectroscopy, and Fourier Transform Infrared
spectroscopy. the results obtained using the X-ray diffraction technique showed that all the
prepared powders have a hexagonal crystalline structure with good crystallinity and
nanocrystalline size. A blue shift was observed in the UV-visible spectra of gallium-doped zinc
oxide powders compared to those doped with bismuth and co-doped with bismuth and
gallium. In addition, the results of UV-visible spectroscopy showed that doping zinc oxide
powders with gallium led to a significant increase in the band gap energy while doping with
bismuth and co-doping with bismuth and gallium showed a decrease in the band gap energy.
Infrared spectral analysis showed a specific association with zinc oxide in all samples. The
antibacterial activity of the prepared powders was tested against different types of bacteria.
The results showed that pure, doped, and co-doped zinc oxide nanoparticles exhibited strong
antibacterial activity against a wide range of bacteria, including Gram-negative Escherichia
coli, Klebsiella pneumoniae, and Enterobacter aerogenes, as well as Gram-positive Listeria
monocytogenes. These findings demonstrate the remarkable effectiveness of zinc oxide in
inhibiting bacterial growth. The prepared samples were subjected to voltage-current testing,
and the results showed that the type of doping has a significant impact on the electrical
behavior of variable zinc oxide resistance. Doping zinc oxide with bismuth led to a
remarkable increase in breakdown voltage, indicating an improvement in resistor lifetime.
While doping with gallium led to an increase in current leakage. Dual doping of zinc oxide
with bismuth and gallium showed promising results, providing a balance between high
breakdown voltage and severe current leakage.

Keywords: ZnO, Sol-Gel, Nanopowder, Bi: ZnO, Ga: ZnO, Antibacterial activity, 1-V

characteristics.
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Résumé

Des poudres d'oxyde de zinc non-dopées, dopées, et co-dopées avec différentes
concentrations de bismuth et de gallium ont été préparées par la technique sol-gel chimique en
utilisant de I'acétate de zinc, de I'acide citrique, du nitrate de bismuth et du nitrate de gallium
comme précurseurs et de I'éthyléne glycol comme solvant. L'effet du dopage sur les propriétés
structurales, morphologiques et optiques des poudres d'oxyde de zinc a été étudié. Les poudres
ont été caractérisees par différentes techniques telles que la diffraction des rayons X, la
microscopie électronique a balayage, la spectroscopie UV-Vis et la spectroscopie infrarouge a
transformée de Fourier. Les résultats obtenus par la technique de diffraction des rayons X ont
montré que toutes les poudres préparées ont une structure cristalline hexagonale avec une bonne
cristallinité et une taille nanocristalline. Un décalage vers le bleu a été observé dans les spectres
UV-visible des poudres d'oxyde de zinc dopées au gallium par rapport a celles dopées au
bismuth et co-dopées au bismuth et au gallium. De plus, les résultats de la spectroscopie UV-
visible ont montré que le dopage des poudres d'oxyde de zinc au gallium entrainait une
augmentation significative de I'énergie de la bande interdite, tandis que le dopage au bismuth
et le co-dopage au bismuth et au gallium entrainaient une diminution de I'énergie de la bande
interdite. L'analyse spectrale infrarouge a montré une association spécifique avec I'oxyde de
zinc dans tous les échantillons. L'activité antibactérienne des poudres préparées a été testée
contre différents types de bactéries. Les résultats ont montré que les nanoparticules d'oxyde de
zinc non-dopées, dopées et doublement dopées présentaient une forte activité antibactérienne
contre un large éventail de bactéries, y compris Escherichia coli, Klebsiella pneumoniae et
Enterobacter aerogenes a Gram négatif, ainsi que Listeria monocytogenes a Gram positif. Ces
résultats démontrent I'efficacité remarquable de I'oxyde de zinc dans I'inhibition de la croissance
bactérienne. Les échantillons préparés ont été soumis a des tests de tension-courant, et les
résultats ont montré que le type de dopage a un impact significatif sur le comportement
électrique des résistances variables en oxyde de zinc. Le dopage de I'oxyde de zinc avec du
bismuth a entrainé une augmentation remarquable de la tension de claquage, indiquant une
amélioration de la durée de vie de la résistance. Alors que le dopage avec du gallium a entrainé
une augmentation des fuites de courant. Le double dopage de I'oxyde de zinc avec du bismuth
et du gallium a montre des résultats prometteurs, Trouver un equilibre entre une tension de

claquage élevée et une fuite de courant importante.

Mots-clés : ZnO, Sol-Gel, Nanopoudre, Bi: ZnO, Ga: Zn0O, , Activité Antibactérien, 1-V

caractéristique.
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Introduction
Research background

Nanoscience and nanotechnology have garnered a significant attention since its inception
in the early of 1990s. During this period, innovative advancements have revolutionized the
characterization of materials at the nanoscale and provided a novel understanding of their
properties. Subsequent decades witnessed intensive research focused on the physical and
chemical properties of nanomaterials, alongside the development of innovative preparation
methods. This culminated in the transformation of nanoscience and nanotechnology into the

preeminent interdisciplinary frontier.

Research in this field encompasses a broad spectrum of disciplines, including physics,
chemistry, materials science, mechanics, microelectronics, biology, and medicine... The recent
rapid growth of nanoscience and nanotechnology has significantly impacted socioeconomic

development, scientific and technological progress, and even our daily lives [1].

Nanomaterials hold immense promise for a wide range of applications. Among various
nanomaterials, zinc oxide (ZnO) stands out as a unique intrinsic semiconductor with a large
direct bandgap (3.37 eV) and a high exciton binding energy (60 meV) at room temperature,
along with excellent chemical stability [2]. Due to these remarkable properties, ZnO finds
applications in ultraviolet (UV) light emission, piezoelectric devices, chemical and gas sensors,

transistors, solar cells, catalysts, varistor, and antibacterial...

Doping zinc oxide with suitable elements can improve its structural, optical, and electrical
properties, and thus expand its range of applications. Among these elements, Bismuth and
gallium are the focus of much new research due to the significant modification they cause in

their physical and chemical properties [3, 4].

Scientists have developed numerous methods to create nanoparticles with precise control
over their shape, size, and structure. This fine-tuning enhances the properties of these
nanomaterials. It's no wonder there are so many techniques for ZnO nanoparticle synthesis.
These techniques include ball milling [5], co-precipitation [6], the sol-gel process [7], and
hydrothermal synthesis [8]. The chosen method depends on the desired application.

However, each method has its advantages and disadvantages. Notably, some methods

require specialized equipment and conditions.
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Research aims

The first goal of this research is to attain an optimization of structural, morphological,
and optical properties of undoped ZnO, Ga-doped ZnO, Bi-doped ZnO, and co-doped ZnO: Ga,

Bi nanopowders, which are elaborated by chemical sol-gel method.

The second goal is to study the effect of the elaborated samples in the biological field as

antibacterial behavior, and in the electronic field as varistor devices.
Structure of thesis

This thesis is divided into four chapters organized as follows: In the first chapter, we will
provide a bibliographic study of zinc oxide. The second chapter contains different steps of the
chemical sol-gel method and states for the synthesis of undoped and (Bi, Ga) doped ZnO
nanopowders. It illustrates experimental setups, the characterization method, computational
details, and materials used in the experiment.

In Chapter 3, we discuss the different results obtained, which is divided into 4
subchapters: the first subchapter presents the thermal study of the formation of pure zinc oxide
and an overview of its structural properties, The second one displays the results and discussions
on bismuth-doped zinc oxide. The third subchapter discusses the results of the gallium-doped

Zn0, and the last one interprets the results of co-doped zinc oxide: Ga, Bi.

Chapter 4 focuses on translating the scientific results obtained in the previous chapter into
practical applications, which enhances the potential for utilizing the improved properties of zinc
oxide in various fields. This chapter investigated the antibacterial activity of all previously
prepared samples against different types of bacteria. In addition, we evaluate the potential of
using these samples in the field of electronics, particularly in the manufacturing of varistors.
This was achieved by studying the electrical behavior (current-voltage) of the prepared zinc

oxide samples.

The manuscript ends with a general conclusion retracing all the significant results

obtained.
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I.1. Introduction

The first chapter provides a comprehensive overview of zinc oxide, specifically
emphasizing its current advancements in terms of fundamental aspects such as crystal
structure, electronic band structure, electrical, and optical properties. We will also examine
the several manifestations of ZnO, followed by an investigation into doping, categorized by
type and methods employed. At the end, this chapter examines the various applications of zinc

oxide.

Zinc oxide (ZnO) is a long-standing semiconductor that has garnered significant interest
since 1935. Recently, the scientific community has regarded ZnO as a 'future material’ due to
its several intriguing and innovative features that need additional research and development.
The material possesses various unique characteristics, such as its ability to function as a
semiconductor, piezoelectric substance, luminescent material, and UV absorber. Additionally,
zinc oxide exhibits catalytic, ferrite, photoconductive, and photochemical properties.
Moreover, as an oxide, it offers several advantages, including non-flammability and non-

explosiveness in the event of a fire, as well as being generally inert to the human body.

Figure I. 1: A natural form of Zinc oxide “Zincite”.

The material ZnO is commonly called "Zincite" in its natural state (Figure I.1).
However, it may also be artificially produced in a solid form. This broad direct bandgap 11-VI
semiconductor exhibits color variations based on its impurities and its adherence to

stoichiometry.
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ZnO has very interesting electromechanical properties, allowing it to be used on a large
scale as a transparent semiconductor in acoustic devices and microwave delay lines. Due to its

low cost, extensive research has been conducted on ZnO [1].

I.2. General properties of ZnO
1.2.1. Crystallographic properties

Zinc oxide is a semiconductor that belongs to the II-VI group. It crystallizes in a
hexagonal wurtzite structure at normal pressure and temperature, as it shown in figure (1.2)
and belongs to the space group P63mc. The ZnO molecule has a hexagonal structure resulting
from the formation of ionic bonds, and each zinc ion (Zn*?) is surrounded by a tetrahedra
composed of oxygen ions (O2). The tetrahedral coordination represents a covalent bond with
sp3 hybridization. The ionic radius of both the anion and the cation influences the stability of
the wurtzite structure. This structure is formed when the anions come into contact with the
central cation. If the radius of the anion surpasses a certain threshold or if the cation is
exceedingly small, the potential energy of the system increases, and it becomes unstable. This
occurs because the anions repel each other and are no longer in contact with the central cation
[2]. The genesis of this condition arises from the subsequent deliberations over the hexagonal

compact (H.C) structure weave:

R*+R =3¢ c=2al?, (1.1)
8 3
2R" <a (1.2)
With.
\F—1s“—i=>o.zz4s$ (1.3)
2 R R

As the H.C structure derives from the C.F.C structure, we have;
+ +
V212 0.414 2 (1.4)

So the tetrahedral site's stability domain is provided by;

0.224 <= < 0414, (1.5)
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Where R* and R" are the radius of the cation and the anion respectively. According to
the bibliography [2], the ionic radius of Zn?* in a tetrahedral site is about 0.60A, and that of
0% is about 1.38 A, so the ratio Rzo/Ro~ 0.4 is located in the stability range, hence the

stability of the wirtzite structure of ZnO. The lattice parameters of Zinc oxide under standard

temperature and pressure conditions are (a=b= 0.325 nm; c= 0.521 nm; and the ratio c/a=

1.633) [3].

Figure 1.2: ZnO’s wurtzite crystal structure. One unit cell is outlined (dashed line) for

clarity [4].

Table 1.1: Summary of the characteristics of the crystal structure of ZnO [5].

Lattice

Hexagonal wurtzite

Distance between Zn*2 and O2

(The nearest neighbors)

Along the C axis: d=1.96 A

For the other three axes: d=1.98
A

lonic radius for Covalent bond
tetrahedral

coordination

Zn neuter=1.31 A; O neuter =
0.66A

lonic bond

Zn*?=0.60 A; 02=1.38 A

Zn*2=0.70 A; 0=1.32 A

(Pauling 1)
crystal radius for tetrahedral coordination Zn**=0.074 A
0%=1.24 A
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Since ZnQO's unit cell is completely neutral, the distribution of cations and anions may adopt
configurations as identified by crystallography. This allows for the complete termination of
some surfaces with cations or anions, producing either positively or negatively charged
surfaces. We refer to it as polar surfaces. There are four frequent surfaces in wurtzite ZnO: the

non-polar (1120) and (1010) faces, and the polar Zn (0001) and O (0001) terminated faces
(Figure 1.3).

(a) c-axis (b)
Polar Zn?" face .1 ...... @ _-[1100]
[0001) /
....... N
) (11201 [0110] (1350
L@@ | |<
0002 PoAait o - =
(0002]—— 1@ ™ S (1010)- __ [1100]
T @zn?
[2110]- - »[2110]
" 11001” " ~[1010
[1010)—2Z . [1100} [ ]
f;v
o | N3
Polar O2- face > _ ¥ [0110) [1120]
[0001] [1210]

Figure 1.3 : Unit cell (a) and crystal atomic plane (b) of ZnO hexagonal wurtzite

structure [6].

Zinc oxide can also crystallize in two structures;

» Rocksalt phase B1

The Rocksalt or Rochelle salt (NaCl) structure obtained at relatively high pressures

metastable phase forming at ~10 GPa and cannot be epitaxially stabilized, the group of space
Fm3m [7] (Figure 1.4).
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Figure 1.4: The Rocksalt structure of Zinc Oxide [8]

The Bravis lattice is cubic with centered faces, the base comprises a zinc atom and an oxygen

atom separated by half a cube diagonal, the atoms having the following position;
11 1 1 11
Zn: (Ol 01 0); (El EJO); (El 0: E)’ (Or E; E)

111
2'2'2

0:(.3.5): (0,0,5); (0,5.0); 5 ,0,0)

» Zinc blende phase B3

In thid phase, ZnO has a cubic structure and can be seen as two CFC structures offset
from each other by a quarter of the cube diagonal. This structure is obtained by placing the Zn

atoms on one of the CFC and O atoms on the other one [9]. The coordination of the atoms are:
11 1 1 11
Zn: (0,0,0); 5,3.0% (5, 0,5) (0,5,3)
CGrdQedCodGeD

The bravais lattice is face-centred cubic (cfc) with four ZnO molecules per conventional
lattice [10]. As shown in figure 1.5.



Chapter | Overview of zinc oxide

Figure 1.5 : The zincblende structure of Zinc oxide, the shaded orange and blue spheres

denote Zn and O atoms, respectively [8].

1.1.2  Electrical properties

e Electrical band

Semiconductor science gives wide attention to the band structures, which are important
elements in characterizing the potential use of the material, such as defining the width band
gap and deciding the proper type of dopant. Zinc oxide is a semiconductor with a direct band
gap (Eg= 3.37eV at room temperature), i.e. its conduction band maximum and its valance
band minimum at the I point at the Brillouin zone as shown in figure 1.6.a. The minimum of
the conduction band is formed by the empty 4 s states of the Zn?* or the antibonding sp3
hybrid states. The maximum of the valence band is originated from the occupied 2p orbitals
of the O%~ or from the bonding sp3 orbitals [11, 12].
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Figure 1.6 : (a); Band structure of Zinc oxide[13], (b); Schematic band gap of ZnO at the
point considering the crystal-field and spin-orbit splitting of the valence band [14].

The ZnO valance band has been experimentally divided into three band states A, B, and
C by spin-orbit and crystal-field splitting. This splitting is schematically represented in
(Figure 1.6. b). The A and C sub-bands are known to possess I'7 symmetry, whilst the middle
band, B, has I'9 symmetry [15].

Electrically, Zinc oxide is a group A"BY' semiconductor with a band gap of about 3.3
eV, which allows it to be classified as a wide band gap semiconductor [16]. This band gap
value can vary depending on the preparation method and the doping level, between 3.30 eV
and 3.39 eV [17, 18].

A high conductivity (> 5.103 Q1.cm™) is possible in n-type ZnO, due to intrinsic
defects, dopants (Al, In, Ga, B, F), or in combination [19]. It is reported that the electrons
mobility, in ZnO thin films, is typically in the range of 20 to 30 cm?%V.s. Additionally, the
greatest mobility found in ZnO single crystals is in the order of 200 cm?/V.s. [20].

10
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Table I. 2: Summary of the electrical characteristics of the of ZnO semiconductor [21].

Properties Characteristic
Electron concentration 10%electron.cm-®
Holes concentration 10 cm?3
Exciton binding 60 meV
Electron effective masse 0.24 mo, mo=9.11x1031 kg
Hole effective masse 0.59 mo, m0=9.11x10"3! kg
The molibility of n type 200 cm? vtst,
The molibility of p type 5-50cm2vl st
Static dielectric constant (es) 7.9
Point of zero charge (Pzc) 8-9 Ph

1.2.3. Piezoelectric properties

Among the semiconductors crystallizing in a tetrahedral lattice, ZnO exhibits the
strongest piezoelectric coefficients, with greater electromechanical coupling than that of other
semiconductors [23].

This makes it technically an interesting material, for example for the production of
piezo transducers. In a piezoelectric crystal, the electrical polarization is generated by the
presence of stresses. Due to the symmetry of ZnO in the wurtzite phase, the stress torsor has
only three independent components (es1, es3, and e1s), which allows the piezoelectric torsor to

be described in terms of the stress tors as follows:

11
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Exx

Eyy
Pex 0 0 0 0 e 0\,
P,, =<0 0 0 e O 0) e (1.6)
Pzz €31 €31 €33 0 0 0 xy

EZ.X'
with Pii being the piezoelectric torsor and &ij the stress torsor. Stress along the c-axis or

perpendicular to this axis results in a resulting piezoelectric field oriented along the c-axis
as well [24]:

Pz = €33&, + €31&) (I?)

The term in el5 corresponds to torsional stresses which are generally neglected. It is
therefore expected that a non-polar (i.e. not c-axis oriented) ZnO sample does not exhibit
piezoelectricity (which is an advantage for the realization of heterostructures). Due to the
low symmetry of the wurtzite structure of ZnO, a spontaneous polarisation field is also

expected to be c-axis oriented, although it has never been directly measured [25].

1.2.4.  Optical properties

The optical properties of ZnO have been studied by different experimental techniques

such as optical absorption, reflection, transmission, photoluminescence, etc.
I.2.4.a. Optical absorption

The absorption coefficient and refractive index of ZnO depend on the quality of the
material. Due to its large gap, this material can pass up to 80% of visible light when it is of
good crystal quality. This makes it a transparent material in the visible range with a refractive index
of 2 for a bulk sample [26]. Its absorption coefficient is quite large (2.5 x 10° cm*) from 3.3 eV (near
the gap) and it is almost zero (< 10° cm™) for low energies [27]. Thus, doped ZnO belongs to the

family of transparent conductive oxides (TCO).

1.2.4.b. Photoluminescence

The photoluminescence (PL) bands can be observed for ZnO between the near UV and
Visible range, figure I. 7 shows the typical PL spectrum of a single crystal ZnO obtained at
4.2 K [16]. The high energy (UV) part, also called 'band edge’, concerns the excitons, while

the low energy (visible) region, called the 'green band', corresponds to defects linked to deep

12
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level emissions from deep levels such as zinc interstitials, oxygen vacancies, etc [28, 29]. The

visible region can also include bands emitting in the blue [30], yellow [31], and red [32].

(o0 b T=42K ]

10"k DAP | -

' DA P-E, '

2L .
10 DA P-2xE_,

—_
(]
o

PL Intensity (a.u)

1x10"

1)(10_55' Lo g

SEENENEENE RN RN AR AR AN FEE N N R RN AN N AN ENE AR AR AN NN P RN
21 22 23 24 25 26 27 28 29 3.0 31 32 33 34
Energy (eV)

Figure 1. 7 : Photoluminescence spectrum of a ZnO layer [15].

The region of the PL spectra between 2.9 and 3.45 eV corresponds to the band edge
luminescence is found. It is primarily split into two sections: a high energy initial section and
a low energy second section The first part is related to the intrinsic emission of the material. It
is associated with the recombination of electrons from the conduction band with the holes of
the valence band and includes most of the excitonic transitions, free and bound. The second
part of the band edge, with lower energy, represents the emission of extrinsic recombination.
This emission is associated with defects or impurities in the material and also contains the

phonon replicas of excitonic transitions [33].

1.2.5. Chemical and catalytic properties

The pure Zinc oxide is white powder, it has crystalline thermochromic property which
causes it to transition from white to yellow when heated in air and returing to white when

cooles. This shift in color is brought on by oxygen loss at high temperatures [34].

13
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In terms of chemistry, Zinc is a very reducing element that reacts with oxygen and other
non-metals to form new materials. When it interacts with acid, hydrogen is liberated. Zinc can
react with environmental elements such as moisture, oxygen, carbon dioxide, etc. For
instance, when exposed to air, it develops a thin layer of impermeable oxide known as white
rust on the surface. On the other hand, ZnO is an amphoteric oxide, meaning it is soluble in
both acidic (in the form of Zn?* anions) and basic (in the form of Zincate Zn (OH)? anions)
solutions. As a result, it dissolves just minimally in clean water, not at all in alcohol, but

extremely well in the majority of acids and alkalis [35].

The chemical creation and surface characteristics of a materials determine its capasity to
be as a catalyst in particular system, the effectiveness of Zinc oxide depends on the way it is
prepared. It is caused mainly by the crystal lattice’s degree of profection and the
semiconducting qualities of Zinc oxide. As well as semiconducting properties (vacancies,

atom in interstitial positions, ect.) [36].

Zinc oxide has extremely promising catalytic characteristics since the redox process is
effective. The powders floating in water play an important function as photochemical
catalysts for the oxidation of phenols, the degradation of organic pollutants (pesticides, dyes,
etc.), the oxidation of ammonia to nitrate, and the oxidation of oxygen to ozone [37].

There are various uses for zinc oxide in the fields of photonics and optoelectronics due
to its physical characteristics.We also reference the work of N. Boulares, who demonstrated
that ZnO was more efficient than TiO2 at removing the pollutant from water: CoH11N2O2Cl,

monolinuron N [37].
1.2.6. The antibacterial properties

Given thier unique physical and chemical properties, Zinc oxide nanoparticles (ZnO
NPs) have been studied for their antibacterial effect, its nanoparticles have a high surface area
to volume ratio and demonstrate a variety of processes that might nigatively impact bacterial

servival.

The nanoparticles of zinc oxide rely on an important method of concentration and
particle length in interacting with the bacterial cell membrane, leading to structural damage

that results in leakage of cellular contents [38].

14



Chapter | Overview of zinc oxide

Furthermore, ZnO nanoparticles have been shown to be efficient bactericidal agents by
inhibiting the growth of methicillin-sensitive strains of S. aureus (MSSA), methicillin-
resistant strains of S. aureus (MRSA), and methicillin-resistant strains of S. epidermidis
(MRSE) [39, 40]. Zinc oxide (ZnO) NPs are highly inexpensive[41] and effective against a
variety of bacteria because of their size dependence [42]. These include pathogens that exhibit
modest toxicity to human cells, such as Klebsiella (a pneumonia agent) [43], Salmonella
enteritidis[44], Listeria monocytogenes [45], Streptococcus mutans, Lactobacillus[46], and E.
coli [47]. They are appropriate for use as coating materials for medical devices and other
products in the textile [48] and glass [49] sectors due to their white colour, capacity to block
UV radiation, and resistance to biofilm development. Furthermore, approval for zinc therapy
has been granted by the food and drug administration (FDA). and nowadays, Zn is available
as a food additive [50]. The activity of metallic nanoparticles as antibacterial agents is
significantly influenced by their generation of reactive oxygen species (ROS) when ZnO NPs
are exposed to light or oxygen, they can produce reactive oxygen species (ROS) such as
superoxide radicals, hydrogen peroxide, and hydroxyl radicals. Bacterial cell death can result
from oxidative stress caused by ROS, which damages proteins, DNA, and cell membranes
[51] (Figure 1.8). Zinc oxide particles can influence the activity of bacteria by releasing zinc
ions (Zn*?), especially when exposed to moisture or in a biological environment. These ions
are recognised for their antibacterial efficiency, since they disrupt bacterial cell processes and
impede enzymatic activity, preventing bacterial survival and growth [52].

ZnO powder  Antimicrobial Activity Bacterial cell

BO: g
.. . Release of ROS > Ejgi H;0, .
. .. > o .' \ +
Release of Zn** Zn*" Zn* * ® |

Direct contact with cell

membrane . \ . /

Figure 1.8 : Hypothesised mechanisms of action of nanoparticles [53].
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1.3. Defects in ZnO

ZnO has a relatively complex structure because of the presence of structural flaws,
despite its simple chemical synthesis. These point defects can be observed as deviations in the
arrangement of zinc and oxygen atoms (Figure 1.9). The most frequently mentioned flaws in
the material are zinc vacancies, referred to as Vzn in the Kroger and Vink notation, which are
zinc atoms missing from the lattice. Additionally, there are oxygen vacancies (Vo), zinc and
oxygen atoms located in interstitial positions, meaning they occupy empty tetrahedral or
octahedral sites in the ZnO structure, denoted as Zn; and O; respectively. Furthermore, there
are cases where oxygen atoms occupy zinc positions (Ozn). Additionally, the inadvertent
incorporation of hydrogen atoms into interstitial sites, referred to as Hi in the ZnO structure, is

recognized as an unintentional extrinsic dopant [54].

Ec

Zn;
T Eg=1.62 eV
Eg=2.28 eV
Eg= 3.06 eV
L Eg= 2.38 eV
Vo
Eg= 3.36 eV
Eg=2.90 eV -
O
== OZn
VZn
Ev

Figure 1.9: Location of the main defects intrinsic in the band gap of ZnO [54].
1.4. Doping of ZnO

ZnO doping is required for its use in optoelectronic devices like as displays, gas
detectors, and photovoltaic solar cells. Doping can be used to achieve electrical qualities (n-
type or p-type), well-defined optical properties (doping with rare earth elements such as Yb,

Tm, Nd, and so on), or magnetic properties.
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Intentional doping can be obtained using two different techniques: 'in-situ’ doping and
‘ex-situ’ doping. The 'in-situ’ method consists of introducing the doping element into the
matrix during the growth of the material. In the 'ex-situ’ method, the doping impurity is
introduced after the material has been made, using either ion implantation or thermal

diffusion.

ZnO with a wurtzite structure is usually an n-type semiconductor, due to the obvious
presence of intrinsic defects such as O vacancies (Vo) and Zn interstitials (Zni). With electron
densities as high as 102 cm=, a value that fortunately has been reduced by molecular beam
epitaxy (MBE) to about 10" cm™ and by hydrothermal growth to below 10'* cm™ [55, 56].

To underline, intentionally n-type ZnO doping is quite simple at attainment compared to
p-type doping. As n-type dopants, group 1l elements B [57], Al [58- 62], Ga [63], and In [64],
rare earth metals (group 111B) Sc and Y [65], group IV elements Si [66], Ge [67] and Sn [68],
and group VII elements F [69], CI [70].

Zinc oxide is usually doped with group Il elements, which have an ionic radius similar
to Zn?* ions (0.074 nm) [71, 72].The ionic radius of aluminium (AI**), indium (In®*") and
gallium (Ga®*") ions are 0.054, 0.080 and 0.062 nm respectively. These elements act as shallow
donors substituting some part of the zinc side giving carrier concentrations higher than 10%°
cm3. Doping ZnO semiconductor with bismuth (Bi) leads to high Seebeck Coefficient of
~500uV/k and a decrease in the electrical conductivity was reported due to the segregation of
Bi ions at the grain boundaries; When n-type ZnO grains (p=0.1-10 Q.cm) are separated by a
p-type intergranular phase (p=10%°-10'2.cm) [73, 74], a double n/p/n Schottky barrier forms
[75].

The doping materials, such as (Bi, Ga, Al, ect), exhibit distinct characteristics in the
microstructure of Zinc oxide, particularly in the growth of the grains, which in turn alters the
sizes of ZnO particles. Additionally, the size of ZnO particles significantly influences the
effectiveness of their antibacterial activity, as smaller particle sizes result in greater

penetration efficiency into the bacterial membrane.
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1.5. Different forms of ZnO

Zinc oxide is the only oxide that possesses a wide range of shapes at the macro, micro,
and nanoscales. It comes in a variety of shapes, including bulk, thin films, nanowires,

nanocolumns, nanoflowers, tripod nano springs, and nano arcs.

The various structures of zinc oxide at nanometer scales are used in various
nanotechnology fields. ZnO is found in structures that are one-dimensional (1D), two-
dimensional (2D), and three-dimensional (3D). In this regard, the 1D structures, such as
wires and combs, needles, springs, and rings, as well as nanorods, tubes, belts, helixes, and
ribbons [76-82]make up the biggest category. In addition, ZnO produced in 2D forms includes
nanoplate/nanosheet and nanopellets [83]. On the other side, 3D ZnO structures include

dandelion, flower, snowflake, and coniferous urchin-like formations [84] (Figure 1. 10).

Figure 1. 10: Different forms of ZnO nanostructures [85].
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|
1.6. Application of zinc oxide

Zinc oxide's exceptional physical qualities make it suitable for use in a broad range of

applications, including electronics, optics, mechanics, cosmetics (sunscreen), and so on.
1.6.1. Thin films

Zinc oxide (ZnO) thin films have a wide range of applications in various fields such as
electronics, optics, energy, and biomedicine. We can name some of its most important and
recent applications:

Photovoltaic cells: ZnO thin films are used as a window layer in solar cells, providing high

transparency and excellent electrical conductivity [86]. The photovoltaic effect describes how
some materials may catch photon energy and excite an electron from the valence band to the
conduction band, resulting in a hole. To prevent recombination of the "electron-hole™ pair, a
device made up of two semiconductors is required—one of type n charged with electrons and
the other of type p with an excess of positive holes (Figure 1.11). The junction between these
p-n semiconductors will create an electric field in the depletion zone, with the goal of moving
negative charges to n side and positive charges to the p one, therefore minimizing electron-
hole pair recombination [87].
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Figure 1. 11: Principle of operation of a photovoltaic cell with a

pn heterojunction [87].
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Gas sensors: ZnO semiconductors exhibit typical n-type properties due to oxygen vacancies
or zinc interstitials serving as native donors. Excess zinc causes the creation of non-
stoichiometric Zn;+sO compounds, resulting in structural disarray. ZnO nanostructures have
excellent gas sensing characteristics because to their oxygen-deficient surface, which quickly
oxidises in the environment at high temperatures to attain ZnO surface stoichiometry (Figure
I. 12). The chemisorption and dissociation of oxygen on defect sites make ZnO very sensitive
to metal oxide semiconductor (MOS) gaseous target chemicals. Along with good gas sensing
characteristics, the paragraph emphasizes the appeal of ZnO nanostructures due to the variety

of possible fabrication procedures [88].

OZ
o

ads

O

In air In CO

Figure 1. 12: CO sensing mechanism of ZnO gas sensor [89].

1.6.2. Zinc oxide powder
Because of its various chemical and physical characteristics, zinc oxide has undergone
significant evolution to meet new uses. Zinc oxide has traditionally been employed as a white
pigment and a key component in rubber manufacture, but its uses have grown dramatically
due to new innovations, particularly in the production of agricultural, medicinal, and ceramic
products. In addition, Zinc oxide's antibacterial qualities have also contributed to its selection
as the preferred material for the intended uses.

Zinc Oxide varistor: zinc oxide varistor is a type of electrical component that is used to

protect electronic devices from transient voltage spikes and surges (Figure | .13). It is a type
of metal oxide varistor (MOV) which is made up of a ceramic material that contains zinc
oxide and other metal oxides. The varistor works by providing a low resistance path for
excess voltage to flow to ground when a voltage surge or spike occurs. When the voltage
across the varistor exceeds its breakdown voltage, the varistor conducts current and limits the

voltage to a safe level, protecting the electronic device connected to it. Zinc oxide varistors

20



Chapter | Overview of zinc oxide

are commonly used in power supplies, surge protectors, and other electronic devices that
require protection from voltage surges and transients. They are typically available in a variety

of sizes and voltage ratings to suit different applications [90].

Figure I. 13 : Different shapes and sizes of ZnO varistors for the protection of

electrical equipment operate at voltages [91].

Varistor are created by forming and sintering ceramic components made of Zinc oxide.
Then, either thick film silver arc or metal sprayed into flames is used to electrode these
components. According to the following schema (Figure 1. 14). ZnO grains with an average

grain size make up the majority of the varistor between contacts [91].
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Figure I. 14 : (a) Shematic of a metal oxide varistor’s microstructure, , (b) ZnO

Grain I-V characteristic [91].

Varistors have three distinct regions of operation. At low voltages, the insulating
barriers between the grains result in a very high and almost Ohmic resistivity, which is called
the pre-breakdown or Ohmic region. At a certain voltage, called the threshold or breakdown
voltage, the system enters the breakdown region in which the empirical relation describes the
current increases abruptly, and the dependence of current on voltage:

I1=Kve (1.8)
The use of log-log scales on the graph of figure 1.15 allows showing the wide range of

voltage-current curve.
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Figure 1. 15 : Typical Varistor V-1 Curve Plotted on Log-Log Scale [92].
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Ebrahimizadeh et al. [93], report that pure ZnO can exhibit non-linear behavior. This
phenomenon is explained by the nanometric size of the powder used: more reactive, the
ceramic is more oxidized at the grain boundaries and the excess oxygen causes the formation
of a potential barrier. The effect of additives on the properties of zinc oxide varistors can be
significant. One of the most important additives used in the manufacture of zinc oxide
varistors is bismuth oxide (Bi20O3). Garino and Rodriguez suggest that the main role of: Bi>Os
would thus contribute to the formation of potential barriers. It presents several crystalline

phases [94]. as well as metastable phases, among which:
- The a phase, monoclinic, is stable up to 720 °C.
- The o phase, cubic, is stable between 720 °C and melts at 825 °C.

- The B-phase, quadratic and metastable, results from cooling of the &-phase or from
quenching from the liquid state. The existence of under-oxygenated  phases has also been

reported.
- The y phase, cubic centered and metastable, is formed by quenching of the 6 phase.

Carlson and Gupta [95] found that small addition of Ga caused a delay in the onset of
the upturn region. However, at higher levels of Ga, the upturn region occurs at lower current

density, and only small amount of Ga are required to generate high nonlinear coefficients a.

Substitution of Ga' ions into zinc lattice sites results in an increase in carrier
concentration. This increases the leakage current by decreasing the resistivity of the grain
boundary. The donor effect on the high current resistivity in the upturn region has been widely
investigated, and it has been shown that the donor ions such as AI**, Ga3*, and In3* can indeed

delay the onset of voltage upturn to higher current density [96].
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Chapter 11 Materials and experimental methods

II. 1. Introduction

The second chapter describes the elaboration method of zinc oxide powder, the
experimental techniques employed in this research, their fundamentals, and the sample

preparation. Finally, the initial characterization of the elaborated powder is presented:

e Experimental methods;
e Samples preparation;

e Techniques for characterization of ZnO Nanopowders.

I1. 2. Experimental methods

As indicated in the first chapter, zinc oxide nanopowder comprises zinc oxide particles
that have been reduced to nanoscale dimensions using different processes such as chemical
vapour deposition, precipitation, mechanical milling, and sol-gel synthesis. Such methods
allow for controlling particle size, shape, and surface qualities, resulting in the material's

performance in different applications.

Every technique has its advantages and can produce various ZnO nanostructures.
This later can appear as simple nanoparticles, nanorods, nanobelts, branched nanorods,
nanowires, ultranarrow nanobelts, hierarchical nanostructures, nanocombs, nanosprings,
nanospirals, nanorings, core—shell nanostructures, nanocages, nanoflowers, and nanotubes,

among other structures [1,2].

o  Synthesis of ZnO nanostructures

The synthesizes zinc oxide nanostructure has been generally recently reviewed using

various technique as shown in figure (II.1).
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Figure II. 1: Various techniques for the production of ZnO nanoparticles.

II. 2.1. Sol-Gel

The sol-gel method is one of the most extensively used techniques for producing ZnO
nanoparticles because of its good homogeneity [3, 4], simplicity of composition control, low
processing temperature, large-area coating, cheap equipment cost, and excellent optical
qualities [5]. Using precursor solutions, this method yields materials used for the synthesis of
glasses, ceramics, and organic-inorganic hybrid compounds. Under mild chemical conditions,
it allows the formation of thin layers made of stacked nanoparticles of metal oxides. The
temperatures at which this procedure is conducted are substantially lower than those of
traditional synthesis techniques. This method has several uses, including encapsulation and

creating very porous materials, but its primary use is in making thin film deposits.

The methodology of the sol-gel technique, which was once referred to as "soft chemistry,"
is to create oxide networks that a sequence can thermally treat hydrolysis-condensation
processes carried out at a moderately warm temperature. Metal alkoxides are being transformed
into a solution by this procedure. Furthermore, the soluble metal species can include organic

components that may be changed based on the applications of soluble metal species.
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The term "sol-gel" is a combination of "solution" and "gelation." Before reaching the gel
state, the system is a liquid form, consisting of a mixture of colloidal oligomers and very small
macromolecules, as well as different partly hydrolyzed monomers, depending on the intensity
of the polymerization reaction. The steady dispersion of colloidal particles inside a liquid is
called a "sol." The size of the solid particles, which are denser than the liquid, must be small

enough that gravity does not overpower the forces responsible for dispersion.

The gel is composed of an oxide network swollen by the solvent, with chemical bonds
maintaining mechanical cohesion and giving the material a rigid and non-deformable nature (a
gel can have elastic behaviour but no macroscopic viscosity). The gel is equivalent to a three-
dimensional network of Vander-Waals bonds. The time it takes for a "sol" to convert into a "gel"

is referred to as the gelation time (or gelation point).

s Inorganic or colloidal route: produced in aqueous solution from metallic salts
(chlorides, nitrates, oxychlorides). Since this method is economical, however difficult to
regulate, it is rarely employed. Nonetheless, it is the primary way of obtaining ceramic
materials.

¢ Metal-organic or polymeric route: metal alkoxides in organic solutions are used. This
technology is quite expensive but provides simple particle size control. The reaction is begun
in both cases by hydrolysis (adding water for the alkoxide pathway and changing the pH to
generate hydroxides for the inorganic route), permitting the creation of M-OH groups.
Condensation follows, resulting in the production of M-O-M bonds. Figure I1.2 depicts both

synthesis methods.
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Figure I1.2 : Sol-gel process.
II. 2.2 Predominant Chemical Reactions

This procedure uses molecular precursors in the solution that, via polymerization
processes, progressively change into a network of oxides. A precursor, usually a metal alkoxide
with the formula M(OR)n, where M is a metal with a valence of n and R is an alkyl chain of
the type (-CnH2n+1), is added to the first solution along with a solvent, and sometimes water and
a catalyst. It's important to remember that the right solvent and catalyst are chosen based on the
chemical composition of the precursor [6]. The predominant reactions can be categorized into

two groups [7]:
I1. 2.2.a. Hydrolysis reaction

The hydrolysis of a substance is its decomposition by water through the H" and OH" ions
originating from the dissolution of water (Figure 11.3). Thus, it is the nucleophilic substitution
of an -OH ligand with an -OR ligand. This reaction involves the consumption of water and the
release of alcohol, specifically hydroxyl groups (R-OH) [8] as shown in the following chemical

reaction:
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e ——
M- (OR), + H,0 - HO- M- (OR),_1 + R- OH

The resulting solution is referred to as a sol.

.: Matériau M, @ : oxygeéne . : carbone, © : hydrogéne

Figure I1.3: Schematization of the hydrolysis process

I1. 2.2.b. Condensation Reaction

The (HO-M (-OR) n-1) groups, generated during hydrolysis, react either with each other,
resulting in the elimination of a water molecule (reaction 2), or with a molecule of the alkoxide
M(-OR), leading to the production of an alcohol molecule (reaction 1). This consequently leads
to the creation of M-O-M bridges where each oxygen atom acts as a bridge connecting two
atoms of the metal M. This process leads to gel formation with increasing viscosity over time.

This gel contains solvents and precursors that have not yet reacted (Figure 11.4) [9].
These reactions occur at room temperature, governed by the following processes:
(OR),_;- M- OH + RO- M- (OR),,_; » (OR),,_;—- M- 0- M- (OR),._; + R- OH (1)

(OR),_1- M- OH + HO- M- (OR),._; - (OR),,_y—- M- O- M- (OR),,_; + H,0 Q)

39



Chapter 11 Materials and experimental methods

@ \asriaun, @ oxygene . “/ : carbone. © : hydrogéne

Figure I11.4: condensation process; a: water production, b: alcohol production
I1. 2.3. The Sol-Gel Transition

Polymeric clusters whose size increases over time are formed during the polymerization
process. When one of these clusters reaches an infinite dimension, essentially the container's
size, the viscosity becomes infinite. This is known as the sol-gel transition point. This point is

illustrated in figure 11.5.

From then on, the cluster continues evolving by incorporating smaller polymeric groups.

Once all the bonds have been utilized, the gel is formed.

transition point

viscosity (n) ceo Etss‘teilni:.l .
SOL G
No —
time

Figure I1.5: Evolution of the solution viscosity and the elastic constant of the gel.
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The tg point corresponds to the time the sol-gel transition is achieved [10]. Figure 11.4
illustrates the mechanical behaviour of the solution as it shows the evolution of the viscosity of
the sol and its Coulomb modulus G (elastic constant) as a function of time. The viscosity

becomes infinite once the gel is fully formed, and the constant G tends to its minimum value.

II. 2.4. Gelation and Gel Structure

The reactions mentioned above lead to gelation and the formation of a gel composed of
M-O-M (or M-OH-M) chains, with its viscosity increasing over time. This gel still contains
unreacted solvents and precursors. The 'gel' phase in the sol-gel process is defined and
characterized by a 3D solid 'skeleton' embedded in a liquid phase. The solid phase is typically
a condensed polymeric sol where particles are interlocked to form a three-dimensional network

(Figure IL.6).

Preparation of the sol

Gelation

* Sol-Gel Transition
- Aging

Figure I1.6: The different stages of sol-gel formation.

The reactions leading to the formation of this material are conducted at room temperature. The

parameters influencing these reactions include temperature, pH, precursor, and solvent.
II. 2.5. Heat Treatment

Once the formulation of the solution is complete, it is possible to prepare the desired
material in various forms, whether they are bulk, thin films, or powder. Gels must be dried for

many applications, i.e., undergo a solvent removal operation.
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II. 2.5.a Gel Drying

Once gelled, the material undergoes drying due to capillary forces within the pores,
resulting in volume shrinkage. The drying process to obtain the sol-gel material requires that
alcohol or water can escape as the gel solidifies. The evaporation occurs through holes and

channels in the porous sol-gel material.
Several drying methods yield different types of materials:

<> Xerogel: classical drying (normal evaporation) reduces the volume from 5 to 10%.
The evaporation of the solvent allows the formation of a xerogel, which can undergo a
moderate-temperature thermal treatment to densify the material. The densification temperatures
strongly depend on the type of material and the desired properties. The drying of the gel
constitutes a delicate step. The solvent needs to evaporate very slowly to avoid the
fragmentation of the xerogel. Thus, achieving a solid material is challenging due to internal

tensions that arise during drying and can lead to material cracking.

<> Aerogel: Drying under critical conditions (in an autoclave under elevated pressure)
results in little to no volume shrinkage. Evacuating the solvent under supercritical conditions
leads to the formation of an aerogel that has not undergone densification. This results in a highly
porous material with exceptional insulation properties. The transition from a solution to a gel,
whose viscosity can be controlled, also allows for the production of fibres and various film

supports through immersion or vaporization.

Xerogels are generally denser than aerogels. From the same solution and depending on
the gel drying method, the final material takes on very different forms: dense or massive
materials (glass or ceramic monoliths), powders, aerogels (supercritical drying), fibres,

composites, porous gels or membranes, and, of course, films or thin layers (Figure I1.7).
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Figure I1.7: Diversity of sol-gel materials and their shaping [11].
I1. 2.5.b Annealing

The thermal treatment, or annealing, is distinct from the drying phase; this phase is crucial
in the material formation process. Annealing serves two main purposes: the elimination of

organic species present in the initial solution and the densification of the material.

Annealing is generally carried out at temperatures ranging from 300°C to 700°C;
conventional annealing will be referred to in the subsequent text and within this temperature
range. These annealing processes will be referred to as high-temperature annealing for higher
temperatures. Gaseous oxygen is often injected into the furnace during annealing to expedite

the removal of carbonaceous species at a given temperature.

If drying occurs at a fixed (limited) temperature for a given solvent, annealing processes
are carried out over a wide range of temperatures and variable holding durations. The second
characteristic of annealing is material contraction. Like drying, this phenomenon is responsible
for the emergence of mechanical stresses in the deposited thin film. Pore closure accelerates
during annealing; a reduction in volume accompanies this contraction. This reduction takes
place within the plane of the thin layer as well as in its thickness. Another source of stress
resulting from annealing is the potential difference in thermal expansion coefficients between
the material deposited as a thin layer and the substrate. The substrate, much thicker than the

layer, imposes its deformation on the thin layer, which, being fixed to the substrate, may develop
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fissures or destructive cracks to release the film's stress. Such defects can render samples

unusable for study or application.
I1. 2.6. Advantages of the sol-gel method

% Versatile: better control of the structure, including porosity and particle size; the
possibility of incorporating nanoparticles and organic materials into sol-gel-derived
oxides.

¢ Extended composition ranges: it allows the fabrication of any oxide composition, but

also some non-oxides, as well as the production of new hybrid organic-inorganic materials,
which do not exist naturally.

¢ Better homogeneity: high purity due to mixing at the molecular level.

% Less energy consumption: there is no need to reach the melting temperature since the

network structure can be achieved at relatively low temperatures near Tg.

¢ Coatings, thin films, monoliths, composites, porous membranes, powders, and fibres.

¢ No need for special or expensive equipment.

I1. 2.7. Drawbacks of the sol-gel method

%+ Cost of precursors.

% Shrinkage of a wet gel upon drying often leads to fracture due to the generation of
significant capillary stresses, making the attainment of large monolithic pieces difficult.

% Preferential precipitation of a particular oxide during sol formation (in multicomponent

glasses) due to the different reactivity of the alkoxide precursors.

% Difficult to avoid residual porosity and OH groups.
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I1. 3. Preparation of ZnO powder

II. 3.1. Used Chemical Precursors

The precursor products are grouped in the following table:

Table I1. 1: The physical and chemical parameters of the chemical precursors used.

BB Molar | melting | Boiling Density
i i Chemical
Chemical Mass | point | Point Form:]la 3
Nature (g/ecm?)
Product (2) °C) °C)
Zn(CH3COO);, Crystal
. . - - 1.735
Hydrated zinc 219.48 2H,0 granules
acetate
tal
Monohydrated )\, , |\ 119 | 135 | cHsOn 0 | SV 1.5
citric acid granules
Ethylene glycol | 62.07 | -12 198 CaHsO Colorless ) )
ylene glyco : - a2 and liquid '
2.83
Crystal
Bismuth nitrate | 485.07 | 33 80 | Bi(NOs)3,5H0| @
granules
. 1
Gallium nitrate | 255.73 | 110 (| CaNO33 Crysta 1.29
xH20 granules

I1. 3.2. The different stages of the synthesised powder

To synthesize nanopowders of ZnO pure using the Sol-Gel method, the following
procedure was employed: Starting with zinc acetate dissolved in ethylene glycol with a
concentration of C; and citric acid also dissolved in ethylene glycol with a concentration of Ca,
both solutions were heated to a temperature of 130°C. The two solutions were mixed once the
temperature of 130°C was reached. Homogeneity and temperature control of the bath, ensured

by thermal contact and magnetic agitation.
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Finally, the gel was placed in a crucible and subjected to calcination in an open-air furnace to
remove any organic components that might be present (such as acetic acid and water).

Ultimately, an excellent powder of zinc oxide was obtained (Figure I1.8).

Bismuth nitrate C3

Zinc acetate+ Citric acid+ Ethylene

Galluim nitrate C4 -
Ethylene glycol glycol

C3+C4

Magnetic Stirring
+ 130°C

!

Transparent and
homogeneous gel

+
doped Zn0 Calcination
powder 500°C
Pure Zn0
powder

Figure I1.8: Organogram of the Sol-Gel presents the Various Steps of Elaborating Pure,
Doped, and co-Doped ZnO powder.

e Calcination Treatment

Calcination is an operation that involves transforming the gel into a powder by removing

all traces of organic functions (acetic acid) and water vapours.

The thermal treatment was carried out in a Nobertherm furnace at a maximum temperature of

500°C, using containers that can withstand high temperatures.

The thermal cycle followed consists of a single stage of 4 hours at 500°C with a ramp-up

and ramp-down speed of 6°C/min (Figure 11.9)
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Figure I1.9: Calcination treatment.
I1. 3.3. Elaboration of doped zinc oxide nanopowder

The preparation of doped zinc oxide nanopowder is divided into three series. The first
series involves zinc oxide doped with Bi, the second involves ZnO doped with Ga, and the last

involves zinc oxide co-doped with both Bi and Ga.

The doped and co-doped zinc oxide is prepared by adding precursors of the dopant element
to the AZ solution under the same conditions mentioned earlier in preparation of pure Zinc

oxide, which are as follows:
- The concentration ratio Ci/C> is 0.06.
- The gelation temperature Tg = 130°C.
- The gelation time = 4 hours.
- Bismuth nitrate and Gallium nitrate were added as the Bi and Ga sources.

The assembly used to prepare pure and doped ZnO nanopowders by sol-gel, as shown in (Figure

I1.10).
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Figure 11.10: Experimental setup used for preparing ZnO nanopowders through the Sol-
Gel method.

I1.4 . Characterization Method for Nanopowders

We characterized the obtained Zinc oxide powders using various methods:
thermogravimetric analysis (TGA) and Differential Scanning Calorimetry (DSC) To study the
thermal effects on the chemical and physical properties. X-ray diffraction (XRD) for structural
study and stress evaluation, scanning electron microscopy (SEM) to observe the morphological
structure, UV-visible spectroscopy for studying optical properties, and infrared analysis for

compositional analysis.

I1.4 .1. Thermal Analysis ATG/ DSC
Thermal analysis measures the changes in a sample's physical or chemical properties
about temperature, time, or environment. This thesis covers thermal analysis techniques such

as thermogravimetric analysis (TGA) and Differential Scanning Calorimetry (DSC).
I1.4 .1.a Thermogravimetric analysis (TGA)

TGA determines the mass reductions in a sample when exposed to heating. This method
measures the changes in the mass of a substance sample in relation to temperature or time.
Thermogravimetry uses a precise balance in an oven where the temperature increases steadily
over time. The data can be displayed as a thermogravimetric curve (TG curve) showing mass

changes in relation to temperature or time or as a derivative thermogravimetric curve.
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The basic thermogravimetry instrument is a precision balance put in an oven with a
temperature set to rise linearly over time. The data might be presented as a thermogravimetric
curve (TG curve), which depicts mass fluctuations as a function of temperature or time, or as a

derivative thermogravimetric curve.

I1.4 .1.b. Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) is a standard characterization technique that
measures the variations in heat exchange between a sample and a reference. During heating or
cooling, the changes that occur in a material are accompanied by a heat exchange: DSC allows

the temperature of this transition to be determined and therefore the heat quantified.

Calorimetric measurements, often known as DSC, give qualitative and quantitative
information regarding physical and chemical changes caused by endothermic or exothermic
processes, as well as heat capacity changes. Any phase transition in the material causes heat
exchange, which corresponds to an anomaly in the DSC signal. It would show a peak in the

presence of latent heat during a first-order phase transition.

e Apparatus
The ATG and DSC measurements were performed on a SETRAMA LABSYSevo
differential scanning calorimeter (Figure I1.11). The sample was heated from room temperature
to 800°C under a flow of argon with a heating rate of 30°C min™'. With a mass of 30 mg, it is

placed in a small crucible made of alumina.

Figure I1.11: Thermal analysis apparatus (SETRAMA LABSYSevo).
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e Identifying the development of activation energy

Activation energy Ea is the energy needed for the creation of one mole of the activated
phase. Researchers have suggested many approximation techniques for determining. which
differ depending on the experimental conditions and their nature. Among the most important of

these conditions are temperature and the techniques used

+ Ozawa method

This method is defined by the following relationship [12].
Ea 1
In(ep) = —1. 0516.7.ﬁ +c (IL1)

Where () is the constant heating rate, (Ea) is the activation energy, (R) is the universal
gas constant, and (Tm) is the peak temperature. The variation of In (¢) as a function of 1/Tm
is linear with a slope of (—1.0516 Ea/R). where Tm is the peak temperature of the mass change

rate curve (DTG) or the longitudinal change rate curve (DSC).

+ Boswell method

This approach can be explained via the following relationship [13].

In (i) =B 1. (11.2)

The variation of In (%) as a function of % is linear with slope of (— %a).

+ Kissenger method

This method allows obtaining the activation energy value from the plot of the function
In (T(p?) versus %for a series of experiments with different heating rates (¢) [14]. The

equation is written as follows:

In (L) = In (RK") — e (11.3)

Tm? E, RTm

The value of In (%) approaches zero, so it can be considered negligible.
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II. 4.2. X-ray Diffraction

X-ray diffraction (XRD) is a technique used in materials science to determine a material's
atomic and molecular structure. To achieve this, a material sample is irradiated with incident
X-rays. Then the intensities and angles of X-ray scattering are measured as the material
disperses them. The intensity of the scattered X-rays is plotted as a function of the scattering
angle, and the material's structure is determined by analyzing the positions and intensities of
the scattered intensity peaks. Beyond measuring the average positions of atoms in the crystal,
information about how the actual structure deviates from the ideal structure, resulting, for

example, from internal stress or defects, can be determined.

This study aims to elucidate the structure of the ZnO samples and measure the crystallite

size, lattice parameter and dislocation density.
II. 4.2. a. Apparatus

The acquisitions use a goniometer 0-20 (BRUKER-AXS type D8) in steps of 2.5 x 107
degrees. The X-ray radiation used is the Ka line from a copper anticathode (ACu Ko =1.541838
A). The apparatus setup is shown in figure I11.12.

Figure I1.12 : Diffractométre de type (BRUKER-AXS type DS8)
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I1. 4.2. b. Principle of X-ray Diffraction Measurements

The X-ray diffraction is performed on a crystal using the Bragg-Brentano goniometer
method. In that case, a diffraction pattern is obtained representing the intensity of lines as a
function of the detection angle 20. Measuring the diffraction angles allows easy access to

interplanar distances and highlights preferred crystal orientations (Figure I1.13) [15].

Figure I1.13: Schematic of X-ray diffraction.

I1. 4.2. c. Determination of interatomic distances and lattice parameters
The interplanar distances of different (hkl) planes are calculated using Bragg's law:

Zdhkl sin Ohkl =ni (II.4)

Where A is the wavelength of the diffracted radiation, n is the diffraction order, dnxi is the
interplanar spacing of the corresponding crystallographic plane, and 6ni is the diffraction angle.
Comparing a diffractogram with JCPDS reference cards allows for determining lattice
parameters. In the case of ZnO (hexagonal lattice), the relationship between interplanar

spacings of the (hkl) planes and crystallographic parameters is as follows:

a

dpp = (LS)

4 2
\/g(hz +k2 +hk)+12‘c‘—2

Comparing the obtained values for the parameters a and ¢ with the theoretical values (ao=3.249

A and co = 5.206 A in JCPDS No. 5-664 datasheet) provides information about the state of

stress in the considered powder.
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The unit cell volume is estimated using the following relation

V3
= _aZ
2

v c (1L.6)

II. 4.2. d. Determination of crystallite size

Infinite extension characterizes a perfect crystal, stretching limitlessly in all dimensions.
However, the inherent finite dimensions of any crystal preclude it from achieving perfection.
This departure from flawless crystalline structure leads to the broadening of diffraction peaks
in materials. Analyzing the peak width yields two key insights: crystallite size and lattice strain.
Lattice strain emanates from the distribution of lattice constants, resulting from imperfections
like lattice dislocations [16]. Figure (II.14) illustrates an example of the XRD result of a

Commercial ZnO sample prepared under the condition of a hexagonal wurtzite structure.
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Figure I1.14: X-ray Diffraction Spectrum (XRD) of commercial ZnO powder.

The analysis of X-ray profiles provides a simple and efficient approach for assessing both
crystallite sizes and lattice strain. However, it was in 1918 that the pioneering researcher Paul
Scherrer introduced the Scherrer equation. This equation aimed to determine the sizes of
nanocrystallites (D) through the utilization of X-ray diffraction (XRD) wavelengths (A)
measured in nanometers. This was achieved by calculating the peaks' full width at half

maximum (FWHM) and the angular value (B) in radians corresponding to all 26 peaks within
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the XRD pattern. Typically, the shape factor 'K' is considered around 0.89 [17]. The average

nanocrystalline size was calculated using Debye-Scherrer’s formula:

p—_K

- Bhkl cos @

(IL7)

where

D = crystalline size.

K = shape factor (=0.9).

A =wavelength of Cux, radiation.

The strain induced in powders due to crystal imperfection and distortion was calculated using

the formula:

_ Bru
E= 2 tand (IL.8)

While the original Scherrer equation encounters limitations due to uncertainties in the
crystallite shape factor (K), researchers have developed a modified version to estimate the sizes

of nanocrystallites more accurately [18].

The standard method was developed in 1953. which is the Williamson-Hall method,
through the past five decades. W-H plots emphasized the plots caused by strain. The peak's
width derived from crystallite size differs from (1/cosf) while the strain differs from (tan6).
This behavioural difference as a function of 20 helps us differentiate between the strain's effects
and the size of the peak expansion. Williamson-Hall's research simplified integral breadth
approaches by deconvoluted sizes and strain-induced development when the width of peaks is

the function of 20 [19-21].

The significance of the broadening of peaks evidences grain refinement and the large strain
associated with the powder. The instrumental broadening (Bnk) was corrected, corresponding to

each diffraction peak of ZnO material using the relation:

ﬁhkl = [((ﬁhkl) 2)Measured - ((ﬁhkl) 2)Instrumental] 1/2 (H-9)
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=
From Equations 7 and 8, it was confirmed that the peak width from crystallite size
varies as ﬁ strain varies as tanf. Assuming that the particle size and strain contributions to

line broadening are independent of each other and both have a Cauchy-like profile, the observed

line breadth is simply the sum of Equations 7 and 8.

kA
Bhkl = D cosd + 4etan@ (II.IO)
By rearranging the above equation, we get
BhrricosO = % + 4&esin 0 (L.11)

The above equations are W-H equations. A plot is drawn with 4sinf along the x-axis

and Pk cosO along the y-axis for as-prepared ZnO nanoparticles.

From the linear fit to the data, the crystalline size was estimated from the y-
intercept, and the strain €, from the slope of the fit, where the strain was assumed to be uniform
in all crystallographic directions, thus considering the isotropic nature of the crystal, where the
material properties are independent of the direction along which they are measured. The

Williamson-Hall plot for commercial ZnO nanoparticles is shown in figure I1.15.
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Figure I1.15 : Williamson-Hall plot for commercial ZnO nanopowders.
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I1. 4.3. Scanning Electron Microscope (SEM)

Scanning electron microscopy (SEM) is a microscopy technique based on the principle
of electron-matter interactions. A beam of electrons scans the sample's surface for analysis,
emitting electrons and X-rays in response. Various detectors enable the analysis of electrons
and reconstruction of a surface image. Scanning electron microscopes are powerful tools for
characterizing materials, providing images of topography, revealing chemical composition, and

more. They offer a very high depth of field.
I1. 4.3.a Apparatus

A scanning electron microscope provides information in the form of images resulting
from the interaction of an electron beam with a microscopic volume of the sample being studied.

The main characteristics compared to those of an optical microscope are:

e SEM enables achieving a resolution on the order of 20 nm.

e Magnification can reach up to 300,000 times.

We used scanning electron microscopy (SEM) with an Energy-Dispersive X-ray Spectroscopy

(EDS) made by “Thermo Fisher Scientific Quattro ESEM” (Figure (I1.16)).

Figure II. 16 : Thermo fisher Scientific Quattro ESEM.
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I1. 4.3.b. Principle of SEM

Scanning Electron Microscopy is based on the irradiation of the sample by a focused
beam of electrons, with an energy ranging from a few keV (5 to 20 keV), and the detection of
electrons re-emitted by the sample. The interactions that occur during the irradiation of a sample

by an electron beam are of several kinds (Figure I1.17).
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Figure I1.17: Diagram of the products of interactions between the electron beam and

material.

The emission of secondary electrons (SE) results from the ionisation of atoms in the
sample by the electron beam and constitutes the primary source of electron contrast. These
electrons, ejected from the atoms by the beam, have low energy (< 50 eV) and, therefore, have
a very short mean free path in the material (10 nm). The image formed by this signal will

provide information of a topogra

phic nature with high spatial resolution; in our case, it is used to observe the samples,

particularly the morphology of ZnO powder as shown in figure II.18.
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Figure II. 18 : SEM image of commercial ZnO powder.

The backscattered electrons constitute the second major source of contrast in electron
imaging (B.S.E.: Back Scattering Electrons) resulting from interactions between the incident
electron and the Coulomb fields of the electron clouds surrounding atoms within the target.
These electrons originate from a larger volume around the point of impact (with a characteristic
size of 100 nm) due to their higher energy. The contrast in the image obtained through the
detection of these electrons is somewhat topographical but primarily atomic or compositional,
as it depends on the number of charges of the atoms present in the irradiated pixel. Indeed, the

backscattering efficiency increases monotonically with the atomic number of the target atoms.

Finally, the irradiated sample also emits photons (across a range from visible light to X-
rays), originating from rearrangements in the electron cloud of atoms after ionization.
Additional information about the analyzed material is obtained by combining the scanning
electron microscope with a specific detector known as the Energy Dispersive Spectrometer

(EDS)

We are interested in our study of secondary electron emission because it primarily
provides information about the morphological structure of zinc oxide samples. We have utilised
image J histogram in analysing the results of scanning electron microscopy, which assists in
illustrating the surface shape and particle size, along with contrast, brightness, and threshold,

thereby revealing high-resolution structural details.
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I1. 4.4. Ultraviolet-visible spectroscopy

A massive semiconductor has an electronic band configuration. Electrons are distributed
according to the valence band and the conduction band. However, semiconductor nanocrystals
exhibit discretization of energy levels [22-25], resulting in the widening of the bandgap.
Consequently, an optical absorption spectrum consists of a set of peaks and absorption bands
specific to the material under study. A qualitative analysis of this spectrum allows the

identification, in our case study, of the presence of semiconductor nanocrystals ZnO [23].
I1. 4.4.a. Apparatus

Ultraviolet-visible spectroscopy or UV-visible spectrometry involves photons with
wavelengths in the ultraviolet range (200 nm — 400 nm), visible range (400 nm — 750 nm), or
near-infrared range (750 nm -900 nm). The powders were pressed to a dimension of 17 mm
diameter and a height of 4 mm under 1 MPa pressure for 2 min. The reflective spectra were

measured in a V-750 spectrophotometer with a scanned rate of 5 nm/s (Figure 11.19).

Figure I1.19: V-750 UV-Visible Spectrophotometer.

I1. 4.4.b. Principle of UV-visible spectrophotometer

Characterisation using the UV-Vis Spectrophotometer technique is crucial as it reveals
the effect of nanoscale grain size on the optical properties of the material, thereby reinforcing

the results obtained from X-ray diffraction (Figure I1.20).
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Figure I11.20: The principle of UV-visible spectrometry [26]

For our samples, which is in the form of powders we dissolved the latter in HCI, as has
been reported in a previous study [27, 28], and resulting solution was placed in 10 mm thick
quartz cuvette. Absorption spectra allow the deduction of the absorption coefficient € by the

Beer-Lambert law [29].

A=axlxc (IL.12)

With: A: absorbance (A=Ln (Io/I)) where lo: initial intensity and I: intensity after passing

through the cuvette (unitless).

o:: absorption coefficient in L.mol!.cm™.

I: length of the optical path in the liquid = width of the cell = 1cm.
C: concentration of the compound under study in mol. L.

Absorption spectra also allow deducing the energy of the band gap Eg using tauc’s plot
[30].

(ahv) = A(hv—Eg)™ (IL.13)

The absorption coefficient of the samples is represented by a, photon energy by hv, and
the absorbance by A, energy band gap by Eg, and a constant depending upon the band gap
nature by m, where m = 2 or 1/2 for allowed direct and indirect band gap semiconductors

respectively.
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II. 4.5. Fourier transform infrared spectroscopy (ATR).

Fourier transform infrared spectroscopy (FTIR) using attenuated total reflection (ATR) is
a powerful instrumental technique used to identify the functional groups of organic and
inorganic materials by measuring the absorption and emission spectrum. The infrared
absorption bands identify molecular components and structures. FTIR spectrometers (Fourier
Transform Infrared Spectrometer) are widely used in organic synthesis, polymer science,
petrochemical engineering, pharmaceutical industry, and food analysis. The FTIR method
collects an interferogram of a sample signal. Then, it performs a Fourier transform (a
mathematical algorithm) on the interferogram to obtain the infrared spectrum and convert the

raw data into the actual spectrum. The infrared spectrum is a molecular vibrational spectrum.

The infrared beam 1is directed towards the Michelson interferometer, which modulates
each beam wavelength at a different frequency. In the latter, a separator separates the incident
light beam in half. These two parts will reflect on mirrors, one fixed and the other mobile. When
the two beams recombine, destructive or constructive interference appears depending on the
position of the moving mirror, as shown in (Figure I1.21). The modulated beam is then reflected
from the two mirrors to the sample, where absorptions occur. The beam then arrives on the

detector to be transformed into an electrical signal.

Infrared
Light Source
|Delector
+—
Sliding| / Beam  Sample
Mirror || /. splitter

Fixed
Mirror =—

Figure I1.21: Principles of infrared spectroscopy.

We use Fourier transform infrared spectrophotometry (FTIR Spectrometer, PerkinElmer.
Spectrum 2000 Spectrometer) to identify surface materials groups (Figure 11.22), with spectra

ranging between 400 and 4000 cm™.
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Figure I1.22: Fourier transform infrared spectrophotometry (PerkinElmer Spectrum.

62



lllllllll

=
2,
a
=
a
=
o
[¢]
w2

References



Chapter 11 References

References

[1] L. Schmidt-Mende and J. L. MacManus-Driscoll, “ZnO - nanostructures, defects, and
devices,” Materials Today, vol. 10, no. 5, pp. 40-48, 2007, doi: 10.1016/S1369-
7021(07)70078-0.

[2] W. Gao and Z. Li, “Nanostructures of zinc oxide,” Int J Nanotechnol, vol. 6, no. 3—4, pp.
245-257, 2009, doi: 10.1504/1INT.2009.022917.

[3] E.A. Meulenkamp, “Size dependence of the dissolution of ZnO nanoparticles,” Journal

of Physical Chemistry B, vol. 102, no. 40, pp. 7764—7769, 1998, doi: 10.1021/jp982305u.

[4] Z. Hu, G. Oskam, R. L. Penn, N. Pesika, and P. C. Searson, “The influence of anion on
the coarsening kinetics of ZnO nanoparticles,” Journal of Physical Chemistry B, vol. 107,

no. 14, pp. 3124-3130, 2003, doi: 10.1021/jp020580h.

[5] S. S. Alias and A. A. Mohamad, “Synthesis of Zinc Oxide by Sol- Gel Method for
Photoelectro- chemical Cells”. 2014.

[6] A. C. Pierre, “Introduction Sol-Gel Processing,” 1998. https://doi.org/10.1007/978-3-
030-38144-8

[71 J. G. Mahy et al., “Eco-friendly colloidal aqueous sol-gel process for tio2 synthesis: The
peptization method to obtain crystalline and photoactive materials at low temperature,”

Catalysts, vol. 11, no. 7. MDPI, Jul. 01, 2021. doi: 10.3390/catal11070768.

[8] C. J. Brinker and G. W. Scherer, “Hydrolysis and Condensation I,” in Sol-Gel Science,
Elsevier, 1990, pp. 20-95. doi: 10.1016/b978-0-08-057103-4.50007-6.

[9] H. Guendouz Hassan. “Elaboration par sol gel et caractérisation de nanoparticules de ZnO
pur et dopé cuivre pour une application en photocatalyse, ” 2022. These de doctorat.
université de jijel.

[10] R, Sebastien. “Microcavités optiques €laborées par voie sol-gel: applications aux ions

terre rare d'Eu3+ et aux nanocristaux semiconducteurs de CdSe, ” 2003. Theése de

doctorat. Université Claude Bernard-Lyon I.

63



Chapter 11 References

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

A. Chladova, J. Wiener, J. M. Luthuli, and V. Zajicova, “DYEING OF GLASS FIBRES
BY THE SOL GEL METHOD,” AUTEX Research Journal, vol. 11, no. 1, pp. 18-23,
Mar. 2011, doi: 10.1515/aut-2011-110104.

T. Ozawa, “KINETIC ANALYSIS OF DERIVATIVE CURVES IN THERMAL
ANALYSIS,” 1970.

P. G. Boswell, “ON THE CALCULATION OF ACTIVATION ENERGIES USING A
MODIFIED KISSINGER METHOD,” 1980.

H. E. Kissinger, “Reaction Kinetics in Differential Thermal Analysis,” 1956.

A. Moustaghfir, “Elaboration et caractérisation de couches minces d’oxyde de
zinc.Application a la photoprotection du polycarbonate.” [Online]. Available:

https://tel.archives-ouvertes.fr/tel-00012168

M. Ahmadipour, M. J. Abu, M. F. Ab Rahman, M. F. Ain, and Z. A. Ahmad, “Assessment
of crystallite size and strain of CaCu3Ti4O12 prepared via conventional solid-state
reaction,” Micro Nano Lett, vol. 11, no. 3, pp. 147-150, 2016, doi:
10.1049/mnl.2015.0562.

S. Kurapati and P. K. Srivastava, “Application of Debye-Scherrer Formula in The
Determination of Silver Nano Particles Shape,” International Journal of Management,

Technology And Engineering, vol. 8, no. XII, pp. 81-84, 2018.

T. Sakae, O. Hiroyuki, H. Nakada, H. Ogawa, T. Tsukioka, T. Kaneda“X-ray micro-
diffraction analysis revealed the crystallite size variation in the neighboring regions of a
small bone mass,” J Hard Tissue Biol, vol. 26, no. 1, pp. 103-107, 2017, doi:
10.2485/jhtb.26.103.

J. Gubicza, G. Ribarik, A. Borbély, and T. Ungér, “Crystallite size distribution and
dislocation structure determined by diffraction profile analysis : principles and practical
application to cubic and hexagonal crystals research papers Crystallite size distribution

and dislocation structure determined by,” J Appl Crystallogr, pp. 298-310, 2001.

J. 1. Anusha Mony, “Fabrication and Analysis of Nanocrystalline Superconductor
YSrBiCuO at Different Calcination Temperatures,” International Journal of Science and

Research (IJSR), vol. 3, no. 12, pp. 2055-2063, 2014.

64



Chapter 11 References

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

V. Mote, Y. Purushotham, and B. Dole, “Williamson-Hall analysis in estimation of lattice
strain in nanometer-sized ZnO particles,” Journal of Theoretical and Applied Physics, vol.

6, no. 1, pp. 2-9, 2012, doi: 10.1186/2251-7235-6-6.

A. L. Efros and al. L. Efros, “Interband light absorption in semiconductor spheres,” Sov.

Phys. Semicond., vol. 16, no. 7, pp. 772-775, 1982.

Y. Kayanuma, “Quantum-size effects of interacting electrons and holes in semiconductor
microcrystals with spherical shape,” Phys Rev B, vol. 38, no. 14, pp. 9797-9805, 1988,
doi: 10.1103/PhysRevB.38.9797.

S. Schmitt-Rink, D. A. B. Miller, and D. S. Chemla, “Theory of the linear and nonlinear
optical properties of semiconductor microcrystallites,” Phys Rev B, vol. 35, no. 15, pp.

8113-8125, 1987, doi: 10.1103/PhysRevB.35.8113.
M. Of and I. T. S. Excitations, “Excited Intrinsic,” Physical Review, vol. 42, no. 3, 1990.

D. Mohamed, “Preparation and characterization of Titanium dioxide and Zinc oxide thin
films via Sol-Gel (spin coating) technique for optoelectronic applications Speciality:

Physics of thin films,” 2019.

H. A. Thabit and N. A. Kabir, “The study of X-ray effect on structural, morphology and
optical properties of ZnO nanopowder,” Nucl Instrum Methods Phys Res B, vol. 436, pp.
278-284, Dec. 2018, doi: 10.1016/j.nimb.2018.10.012.

H. A. Thabit, N. A. Kabir, N. M. Ahmed, S. Alraddadi, and M. S. Al-Buriahi, “Synthesis,
structural, optical, and thermoluminescence properties of ZnO/Ag/Y nanopowders for
electronic and dosimetry applications,” Ceram Int, vol. 47, no. 3, pp. 42494256, Feb.
2021, doi: 10.1016/j.ceramint.2020.10.002.

Beer. “Bestimmung der Absorption des rothen Lichts in farbigen Fliissigkeiten,” Annalen

Der Physik Und Chemie, 162(5), 78—-88. (1852). doi1:10.1002/andp.18521620505

J. Tauc, Optical Properties of Amorphous Semiconductors. In: Tauc, J. (eds) Amorphous
and Liquid Semiconductors. Springer, Boston, MA. https://doi.org/10.1007/978-1-4615-
8705-7 4

65



Chapter 111

Undoped,
doped, and co-
doped

zinc oxide
properties



Chapter I11 Preparation and analytical study of prepared zinc oxide powde

Introduction

This chapter aims to clarify the fundamental characteristics of zinc oxide (ZnO) powders.
The chapter is organized into four parts, each focusing on a specific component of ZnO
modification. In the first part, undoped zinc oxide powder samples were produced and analyzed
thermally utilizing thermal analysis. We monitored the phase changes using several equipment
(DSC, ATG). In order to improve our comprehension, the impact of doping on the different
characteristics of zinc oxide powder has been investigated following an in-depth examination
of zinc oxide production. The second part investigates the effects of Bismuth (Bi) doping on
the characteristics of ZnO, specifically examining how this change alters the material. The third
one examines the distinct properties of Gallium (Ga) doped ZnO and how Ga doping affects
them. And the fourth part of the study examines the synergistic effects of gallium and bismuth
dopants on ZnO. This part aims to thoroughly investigate and compare the properties arising

from both dopants' presence in the material.

The tripartite approach enables a comprehensive analysis of the various alterations made
to undoped ZnO, providing insight into the complex interaction between these dopants and their

impact on the characteristics of the material.

Different characterizations obtain the results of this study: X-ray diffraction to determine
the structural properties of these ZnO powders, Fourier Transform Infrared (FTIR-ATR) to
determine the nature of the different bonds present in the nanopowders, Scanning electron
microscopy (SEM) to examine the morphology and microstructure, and UV-Visible to study the

optical properties.
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Chapter I11 Preparation and analytical study of prepared zinc oxide powder

Introduction

This section focused on investigating the thermal behavior of zinc oxide formation using
advanced techniques, including differential scanning calorimetry (DSC) and thermogravimetric
analysis (ATG). The study involved tracking the structural transformations of the powder before
and after the formation process, as well as determining the energy required to form 1 mole of
zinc oxide. The activation energy for the formation process was calculated using different

computational methods.

I1I1. 1.1. Preparation and analytical study of prepared undoped zinc oxide powder
III. 1.1.1. Preparation of Zinc Oxide Mixture.

To achieve a uniform solution, we have separately solved citric acid powder and zinc
acetate in ethylene glycol, thoroughly mixing them using a magnetic stirrer. Subsequently, we
have combined the two solutions, persistently agitating the combination, and maintain it at a
constant temperature of 130 °C for a duration of 6 hours (elaborated instructions for this
procedure can be found in Chapter 2). For the second step, we subjected the solution to a drying
process in an oven set at 150 °C for 48 hours. Ultimately, we acquired a brown powder, which

was meticulously pulverized for utilization in our study.

I11.1.1.2. Thermal stability analysis of as-synthesized ZnO

To monitor the thermal characteristics and phase changes of zinc oxide powder made
using the sol-gel method, we acquired the required dry mixture for zinc oxide powder creation.
Afterward, it underwent heat treatment using a differential scanning calorimeter, starting from
ambient temperature and reaching a maximum of 700 °C with a rapid heating rate of 30 °C/min
in the presence of argon gas. This was conducted to check the phase changes that occur during
zinc oxide production. Furthermore, an infrared spectroscopy apparatus was employed before
and after to subject the dry mixture to various temperature gradients. The acquired results are
illustrated in figure (III.1), where the DSC indicates that the powder experiences a sequence of

endothermic and exothermic heat-absorbing transformations.

The thermal event recorded by TGA and DSC revealed three distinguishable zones when
the sample heated from room temperature up to 700 °C (Figure III.1). The process started with
slight weight loss (2.5 mg) beginning from 30 °C to offset 200 °C associated with a large
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endothermic curve (Tmax = 93°C), this is due to the evaporation of moisture and the release of
acetate water [1]. Larger weight loss (21 mg) later occurred in zone B (280—410 °C)
accompanied by the asymmetric of two shoulders exothermic effect observed at this
temperature range (Tmax(1) = 345 °C, Tmax (2)= 410° C. ), this may be attributed to the
removal of leftover organic (acetate, CO»)[2]. During the decomposition of zinc acetate, the

zinc oxide phase is formed in the thermal field [410- 580 °C].
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Figure II1.1: TG-DSC pattern of sol-gel synthesized ZnO.

To confirm the DSC results, which showed the production of a crystalline phase at 500
degrees, we hypothesized that this is due to the creation of zinc oxide. Using X-ray diffraction
research, we examined a sample of the dry mixture at a temperature of 25 °C and compared it
to another sample that underwent heat treatment (DSC) up to 500 °C. We observed from figure
II1.2 that there is no distinct peak science on the first sample. The materials are amorphous.
However, the second sample showed a well-defined pattern of ZnO with intense peaks at
31.820, 34.4560, 36.2507, 47.5469, and 56.7316 20 degrees; all the diffraction peaks are well
matched with hexagonal wurtzite structure, as indicated by the standard JCPDS data No. 00-
036-1451 [3]. These peaks confirmed the composed of pure zinc oxide on the prominent

exothermic peak of 500 °C.
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Figure III. 2: X-ray diffraction patterns of ZnO before and after DSC heat

treatment.

On the other hand, to validate the findings of ATG, which showed a significant weight
reduction that we interpreted as the volatilization of some molecules, we performed a prompt
infrared spectroscopic examination before and following thermal treatment. The test findings
are depicted in figure II1.3, before the ATG heat treatment, the absorption peak is around
3452.62, 2949.2569, 2331.4824, 1725.14874,1164.5761, 1038.73327, 855.6891, 501.04 cm™!
which are due to the vibrations of O-H, C-H, O=C=0, (X-COOH) carboxylic acid, C-O, CH3,
C-C, and Zn-O respectively [4- 6]. However, these characteristic peaks of our first raw sample
disappeared after the heat treatment (500 °C), indicating that the organic molecules had been

removed completely.

69



Chapter I11 Preparation and analytical study of prepared zinc oxide powder

100.8

98,4 | I I ?

o ) &)

11

96,0 | (@)
93,6 |

X
(@)
O
O

Precurseur mixture

100.,8 =

Transmitance (%)

95,2

89,6

84,0 =
| ZNO Powder

" " " " "
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm)
Figure III. 3: FTIR-ATR spectra of ZnO before and after ATG heat treatment.
ITI.1.1.3. Activation energy

Figure I11.4 was constructed based on the differential scanning calorimetry (DSC)
curve of the ZnO mixture obtained at three different heating rates (5, 10, and 20°C/min). We
designated Tm as the highest recorded temperature, which signifies the occurrence of the Zinc
oxide phase. Subsequently, we graphed the function Y as a function of the reciprocal of the
temperature inverse (1/Tm) for the resulting phase. They function relates to the equations of
Kissengre, Ozawa, and Boswell (II.1, 2, and 3), respectively. The values of these calculation

methods are gathered in the table (I11.1).
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Figure III. 4: Curve of temperature changes in the form Curve of temperature changes
in the formation of zinc oxide phase as a function of three different heating rates (®=15,

10,and 20 °C/min).

The observe graph indicated that the temperature at which zinc oxide forms increases

with the increasing heating rate.
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Table I11.1. values calculated by the three methods (Ozawa, Boswell, and Kissenger).

Ozawa
@ (°C/min) Tm (°C) Tm (K) 1/Tm Ln (D)
5 487 760.15 1.3x10° -2.48
10 498 771.15 1.29x1073 -1.79
20 504 777.15 1.28x1073 -1.09
Boswell
® (°C/min) Tm (°k) 1/Tm (K) ®/Tm Ln (®/Tm)
5 760.15 1.3x107 6.577X107 -9.11
10 771.15 1.29x107 12.96 X107 -8.43
20 777.15 1.28x107 25.74 X107 -7.75
Kissenger
@ (°C/min) Tm (°k) 1/Tm (K) ® /Tm? Ln (®/Tm?)
5 760.15 1.3x107? 8.65x10° -15.75
10 771.15 1.29x107 1.68x107 -15.08
20 777.15 1.28x107 3.31x10° -14.41

72




Chapter I11 Preparation and analytical study of prepared zinc oxide powder

101 Ozawa) 7. Boswell
129 8,0
1,44
8,2
-1,6 ~
c £ 8,4 4
S [
=4 ~ Equation y=a+bx
S 184 S 5
- Zarbx & Plot
Equation y=a c.86 Weight No Weighting
Plot 8 7907 Intercept 79,92167 + 4,841
-2,04 Weight No Weighting Slope -68,5+3,75278
Intercept 878683303 Residual Sum of Squar  0,00282
Slope 69,5+ 0,2886 -8,84 |pearsonsr -09985
2,24 |Residual Sumof Squ  166667E-5 R Square (COD) 099701
Pearson's r -0,99999 Ad. R Square 099402
24 R-Square (COD) 0,99998 9,0 -
5% |adi RSquare 0,99997
[ ]
2,6 T T T T T 9,21 r r r r .
1,280 1,285 1,290 1,295 1,300
1,280 1,285 1,290 1,295 1,300
1000/Tm (K R
K 1000/Tm (K™
14,44 Kissinger
-14,6
-14,8 4
<«
£-15,0 4
I: Equation y=a+b*x
A Plot B
=-15,2 4 Weight No Weighti
- Intercept 71,32667
Slope -67 £ 0,57
154 Residual Sum of Squ 6,66667E-
Pearson's r -0,99996
-15,6 4  |R-Square (COD) 0,99993
Adj. R-Square 0,99985
-15,8
T T T T T
1,280 1,285 1,290 1,295 1,300

1000/Tm (K'Y)

Figure I11. 5: Variations in linear functions Ln(®), Ln(®/Tm), and Ln(®/Tm?) are

dependent on the slope of the temperature affecting the formation of zinc oxide phase.

After drawing a chart illustrating the changes in the previous linear function In(®),
In(®/Tm), and In(®/Tm?) by reversing the temperature dependence for the hexagonal zinc
oxide phase as illustrated in figure III.5, we then calculated the activation energy from the slopes
of these functions and compared it with the activation energy equations. The activation energy

values for this phase are summarized in table (II1.2).
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Table III. 2. Activation energy values for the formation of zinc oxide.

Method R? Ea (KJ/mol)

Ozawa 0.9998 549.470

Boswell 0.9970 565.352
Kissenger 0.9999 557.038
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Chapter III Zinc oxide doped with Bismuth

Introduction

In this part, we discussed the effect of dopant with bismuth atoms on Zinc oxide powder
prepared with sol-gel method and calcined at 500°C. The doping concentration of Bismuth (Bi1)
systematically altered from 0 to 8% to investigation its impact on the structural, morphological,
and optical characteristics. employing various analytical techniques such as X-ray diffraction
(XRD), scanning electron microscopy (SEM), UV-Visible spectroscopy (UV-Vis), and Fourier-
transform infrared (FTIR) spectroscopy.

I11.2.1. Structural characterization
I11.2.1.1. X-ray diffraction

The x-ray diffraction data presented in figure III. 6 provides a detailed understanding of
the structural characteristics of both undoped (as reference) and Bi-doped ZnO nanopowder
after being sintered at a temperature of 500 °C. The XRD patterns display diffraction peaks that
closely align with the hexagonal wurtzite structure of ZnO, as indicated by the standard JCPDS
data No. 00-036-1451 [7]. The diffraction peaks seen at ZnO: 6% Bi and ZnO: 8% Bi samples
are denoted by an asterisk, indicating their extra presence. The authors concur with the primary
diffraction patterns seen in the a-Bi203; monoclinic structure, as documented in the JSPDS data

No. 00-001-0709 [8]
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Figure III. 6: X-ray Diffraction patterns of undoped ZnO and Bismuth-doped ZnO

nanopowders.

It is important to note that the presence of a secondary phase may be due to the solubility
limit of bismuth in zinc oxide, as the ZnO structure can only accommodate a finite amount of

this dopant. An excess of bismuth causes the production of a-Bi2O3 as a secondary phase [9].

The intensity of the diffraction peaks decreases as the concentration of bismuth inside the
zinc oxide matrix increases, as seen in figure III. 7. The observed occurrence could be related
to the replacement of bismuth (Bi1) atoms, possibly caused by the migration of zinc (Zn) atoms

into the interstitial regions of traditional zinc sites.
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Figure I1I. 7: Enlarged patterns view of pure and Bi-doped ZnO nanopowders for a

variation of the (101) peak intensity.

In the previous chapter, we discussed the procedure for determining the entire lattice
strains (a, ¢) and the volume of the unit cell (v) for the hexagonal wurtzite structure (chapter II,
equations 5 and 6). Table (III.3) displays the lattice parameters, demonstrating a direct
relationship between the doping concentration and the lattice parameters 'a' and 'c' values.
Specifically, an increase in doping concentration results in an elevation of these parameters.
The positioning of bismuth atoms inside the ZnO matrix is a well-recognized phenomenon
attributed to the dissimilar dimensions of the two atomic species. This arrangement is consistent

with the larger ionic radius of bismuth (0.103 nm) compared to zinc (0.072 nm).

However, the crystallite size is crucial in establishing the scales of dimensions. The
Williamson-Hall model is used to determine the average crystallite size (D) and micro strain

(¢) of both pure and Bi-doped ZnO (equation 11, chapter II).
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Table I11.3. Characteristics of structural parameters for undoped, and Bismuth-

doped ZnO nanopowders.
W-H plot
Sample a(A) c(A) c/a v(A3) Dw.u €(10* | Sw-n(nm?)
(nm) %)

ZnO 3,2465 | 5.2052 | 1.6033 | 47.5101 24.8 8.1983 | 0.0016141
ZnO: 3% Bi | 3,2495 | 52101 | 1.6034 | 47.6427 11.65 | 4.8200 0.0074
ZnO: 6% Bi | 3.2512 | 5.2098 | 1.6024 | 47.6898 18.69 | 2.3832 | 0.00286
ZnO: 8% Bi | 3,2504 | 5.2096 | 1.6027 | 47.6645 17.793 | -0.303 0.00315

The experimental samples exhibit a range of mean crystallite diameters, varying from
11.65 to 24.8 nm. All the collected samples exhibit grain and particle sizes within the
nanometric dimension range. Table (III.3) shows that the pure ZnO nanopowder has a
noticeably greater crystallite size of 24.8 nm. The ZnO treated with Bi exhibits a reduced
average crystallite size compared to the ZnO without any doping. The addition of bismuth ions
may cause a disturbance in the crystal lattice, leading to this alteration. The phenomenon can
be attributed to the Zener pinning mechanism, which limits the movement of grain boundaries
[10]. Figure I11.8 (a) shows the W-H plot, and (b) shows the variation of average crystallite size
(D), micro-strain (g), and dislocation density (d) as a function of dopant Ga and Bi

concentration.
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Figure III. 8: (a) Graphs of (Bxcos0) against (4xsin0) for ZnO samples, (b) Changes in

average crystallite size (D) and micro-strain (¢) across ZnO samples.

I11.2.1.2. Fourier transformation infrared (FTIR-ATR) analysis

Figure II1.9 shows the FTIR-ATR spectra of undoped and doped Zinc oxide nanopowder

prepared by sol-gel method across the 5004000 cm™ range with varying Bi concentrations (0,

3, 6, and 8%). The infrared analysis confirms the presence of ZnO nanopowders, as previously

indicated by the X-ray diffraction (DRX) results; the ZnO bond is evident in all samples, falling

within the 464-500 cm™' range. Notably, the ZnO bonds exhibit a shift towards higher wave

numbers in all nanopowders. This observation can be attributed to the incorporation of Bi ions

into the ZnO host lattice, potentially perturbing the Zn-O bonding, leading to variations in bond

lengths and vibrational frequencies [11-14]. Additionally, the peaks at 3719 cm™! are attributed

to O-H bending vibrations. Furthermore, the peaks around 2347 cm™! are associated with CO»,

which may have been absorbed from the surrounding environment [15]. A small pic associated

to (Bi)2COs is indicated at 1353.27 cm™ [16,17].
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Figure I11. 9: Fourier-Transform Infrared Spectroscopy (FTIR) of undoped ZnO and
Bismuth-doped ZnO

I11.2.2 Morphological characterization
I11.2.2.1. Scanning electronic microscopy (SEM)

Scanning Electron Microscopy (SEM) is a widely used analytical tool in laboratories for
assessing the physical characteristics of materials, encompassing their structure, shape,
dimensions, and size distribution, particularly at micro and nanoscales. In figure I11.10, SEM
images of pure and Bismuth-doped Zinc oxide nanopowders with varying concentrations (0, 3,
6, and 8 %) are presented. The images reveal that the ZnO samples exhibit a granular surface
morphology with spherical-shaped grains. These images demonstrate that the grain size
decreases as the doping concentration rises according to its magnification, confirming that
introducing bismuth as a dopant impedes the growth of ZnO grains. This trend corresponds
with the alterations observed in crystallite size as determined by XRD analysis [18]. Numerous

studies have corroborated the previous findings [19-21].
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Figure 111.10 : SEM images of undoped and Bismuth doped ZnO nanopowders with

particle size distribution histogram.

I11.2.2.2. The compositional properties

Figure III. 11 displays the energy dispersive spectrum (EDS) for undoped zinc oxide and
zinc oxide doped with Bi at concentrations of 3%, 6%, and 8%. The study demonstrates that all
samples contain nanoparticle compositions composed of zinc (Zn) and oxygen (O), but bismuth
(Bi) is solely discovered in the doped samples. This observation verifies the effective
integration of Bismuth into the ZnO nanoparticles. The weight and atomic percentage disparity
between the 3 and 6 % Bi-doped samples can be ascribed to many factors affecting the EDS
measurements. To begin with, particle size and shape discrepancies may impact the EDS
analysis's precision. The presence of larger particles or clusters in the 3 % sample may increase
the observed weight percentages. In contrast, the sample with a percentage of 6 %, which may
include smaller and more evenly distributed particles, could result in lower weight percentages.

Furthermore, the spatial arrangement of bismuth within the ZnO matrix may have an impact.
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In the sample doped with 3 % of bismuth, the higher weight percentage suggests a more
uniform dispersion of bismuth inside the nanopowder, resulting in a greater measured amount

overall.

On the other hand, the sample with a percentage of 6 % may show specific areas with a
reduced concentration of bismuth, leading to a decrease in the measured weight percentage [22-
24]. The presence of carbon in EDS (Energy-Dispersive Spectroscopy) examination is due to
the carbonaceous adhesive utilized for mounting the zinc oxide samples. In this case, the carbon

in the adhesive strip can interact with the electron beam that is being used.
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Figure I11.11: EDS spectra of ZnO samples: (a) Pure ZnO, (b) ZnO: 3% B, (¢) ZnO: 6%
Bi, and (d) ZnO: 8 % Bi.
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I11.2.3. Optical characteristics
I11.2.3.1. UV-visible absorption

UV-visible is a powerful procedure for investigating the optical properties of
semiconducting nanoparticles. Figure III. 12 depicts the UV-Vis absorption spectra of undoped
and different Bi concentrations of doped ZnO nanopowders. Typically, the measured
absorbance is influenced by factors such as oxygen deficit, defect centers, and band gap. Within
this study, we have discovered prominent absorption peaks that appear between the wavelengths
of 319 to 338 nm. These peaks are specifically associated with the characteristic ZnO band gap.
The introduction of Bi doping causes a little shift of the absorption edge towards higher

wavelengths, resulting in a narrowing of the band gap.

—=— Undoped ZnO
—e— Zn0: 3% Bi
—4— Zn0O: 6% Bi
—v— Zn0O: 8% BI

Absorbance (a.u.)

1 v 1 v 1 v 1 v 1 v 1
300 400 500 600 700 800
Wavelength (nm)

Figure II1. 12: Absorption spectra of ZnO: Bi nanopowders.

e Gap energy

Figure III. 13 exhibits Tauc's plots for all nanopowders. The data presented in Table III. 4
clearly demonstrates that the optical band gap of undoped ZnO nanopowder was measured to
be 3.63 eV. As the concentration of Bi rises (3, 6, and 8 %), there is a corresponding drop in the
gap energy to lower values (3.55, 3.53, and 3.51 eV) [8]. The observed decrease in size is likely
attributed to an increased concentration of structural defects, imperfections, or impurity states,

as evaluated by the use of X-ray diffraction (XRD) analysis [25,26].
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Figure III. 13: Variation of (a¢hv)? with photon energy (hv) for undoped and Bi-doped

This decrease is likely due to the Bi atoms creating new energy levels within the original
gap. Researchers believe that the interaction between Bi's localized d-electrons and the
nanoparticles' electrons (sp-d exchange interaction) plays a role in narrowing the band gap,
especially for Bi concentrations of 3%, 6%, and 8% [27].

Table I11.4. Energy band gap Data for undoped and bismuth-doped ZnO.

Bi (%) Eg (eV)
0 3.63
3 3.55
6 3.53
8 3.51
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Chapter I1I Zinc oxide doped with Gallium

Introduction

In addition to studying zinc oxide undoped and doped with bismuth atoms, we have
studied the impact of gallium doping on the structural, morphological, and optical
characteristics of zinc oxide powder generated using the sol-gel technique. As previously, we
have utilized X-ray diffraction (XRD), scanning electron microscopy (SEM), UV-Visible
spectroscopy (UV-Vis), and Fourier-transform infrared (FTIR) spectroscopy to investigate

these features.

I11.3.1 Structural characterization
I1.3.1.1 X-ray diffraction

Figure I11.14 illustrates the XRD patterns of Zinc oxide samples that have been doped
with different amounts of gallium (3%, 6%, and 8%) compared to the XRD pattern of undoped
ZnO. All the diffraction peaks are well matched with hexagonal wurtzite structure. Based on
the JCPDS data No. 00-036-1451 [7], no further peaks related to Ga or Ga;O3 atoms were

found.

Figure II1.15 shows a variation in the intensity of the peak corresponding to the preferred
orientation (101). The ZnO sample doped with 3% Ga showed the highest intensity due to the
enhancement of zinc oxide crystallization by gallium atoms. ZnO samples doped with 6% and
8% Ga exhibited a decrease in peak intensity compared to the undoped sample [28]. The
decrease in intensity at 6% and 8% Ga doping concentration is due to the inhibition of zinc
oxide crystallization by gallium atoms, which is caused by defects in the crystal lattice structure
[29]. On the other hand, a decrease in the value of the 20 angle of the preferred orientation peak
was observed with an increase in the doping concentration this can be explained by the fact that
Ga®* ions are successfully incorporated into the ZnO lattice and because the radius of Ga™ ions

(0.062 nm) is smaller than the Zn*? ions radius (0.074 nm) [30].
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Figure I11. 14: X-ray diffraction patterns of Ga-doped ZnO nanopowders.
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Figure I11.15: Enlarged patterns view of Ga- doped ZnO nanopowders,Variation of the
intensity and width of (101) peak.
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The values of the structural parameter are displayed in table (IIL.5). The doping level has
an impact on parameters ‘a’ and ‘c.” The expansion of lattice parameters can be elucidated by

including Ga’" ions into the interstitial spaces [31-33].

Table IIL.5. Structural parameters of undoped, and Ga-doped ZnO nanopowders.

W-H model

Sample a(A) c(A) ca V(A D gx10%)  §(x10°3nm?)

(nm)
Undoped 3,246 5205 1603 4751 248  8.1983 1.6141
Zn0O
ZnO :3% Ga 3.252 5211 1602 47.75 17.2 7.6788 3.3723
Zn0O :6% Ga 3.253 5207 1601 47.73 13.2 -1.8748 5.6873
ZnO:8% Ga 3.251 5212 1603 4771 9.09 -6.9157 12.089

The average crystallite sizes of Ga doped ZnO samples are variated between 9.09-24.8 nm.
The average crystallite size decreases with Ga concentration increases. This phenomenon can
be attributed to the Zener pinning effect, which hinders the movement of grain boundaries.
Additionally, defects in the crystal matrix function as a restraining force, causing a delay in the
formation of crystallites. The increase in Ga concentration in the ZnO matrix causes it to be
situated in the Zn and O vacancies as well as interstitial sites, acting as defects and preventing
crystallite synthesis [34]. In addition, Jia Lui and Weijia Zhang reported that the higher doping
concentration results in more crystal grains that are smaller because the Ga®" ion serves as the
crystallization nucleus [35]. On the other hand, analysis of the relationship between strain ()
and dislocation (9), Table (IIL.5), reveals that all doped samples have lower € values than the
undoped ZnO sample. The result confirms the enhancement of crystalline quality. Figure II1.16
(a) shows the W-H plot, and (b) shows the variation of average crystallite size (D), micro-strain

(¢), and dislocation density (0) as a function of dopant Ga concentration.
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Figure I11. 16: (a) plots of BcosO versus 4sin0 of Ga doped ZnO samples, (b) Variations of
average crystallite size (D), dislocation density (6) and micro-strain (g) as a function of

Ga doped ZnO samples.
I11.3.1.2. Fourier transformation infrared (FTIR-ATR) analysis

Figure II1.17 illustrates the FTIR-ATR spectra of the doped ZnO nanopowder in the range
500-4000 cm™ with different concentrations of Ga (0, 3, 6, and 8%). The infrared analysis
confirms the formation of the ZnO nanopowders, as the DRX shows; the ZnO bond appeared
in all samples, in the range of 400-537cm'. The ZnO bonds shift toward the higher wave
number side in all nanopowders. This result can be explained by the incorporation of Ga ions
in the ZnO host lattice, and Zn-O bonding can be perturbed, resulting in a difference in bond
lengths and a change in the vibrational frequency [31-37]. In addition, the peaks observed at
1522 ecm™! is attributed to H-O-H - bending vibrations, which are assigned to a small quantity
of H>0 in the ZnO nanocrystal [38]. On the other hand, the observed peaks around 2340 cm™!

are related to CO», which might be absorbed from the environment.
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Figure I1I. 17: FTIR-ATR spectra of Ga-doped ZnO nanopowders.

I11.3.2. Morphological characterization

I11.3.2.1. Scanning electronic microscope

he morphological properties of Ga-doped ZnO nanopowders with varied concentrations (3%,
6%, and 8%) are shown in figure III. 18. These samples have a consistent spherical shape, and
there is a distinct and significant reduction in grain size as the concentration of the dopant
increases. The histogram results in figure III1.18 confirm the decrease on particle size from
undoped zinc oxide samples to those doped with 3% gallium. We couldn't utilize this
measurement for zinc oxide samples doped with 6% and 8% Ga because of the small grain size

(less than 50 nm) compared to the image magnification (1um). The XRD measurements support

this observation.
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Figure I11. 18: SEM images of undoped and Gallium doped ZnO nanopowders with
particle size distribution histogram for both of undoped and ZnO: 3% Ga.

I11.3.2.2. Compositional properties

Figure II1.19 presents the energy-dispersive X-ray spectroscopy (EDS) analysis of pure
and Ga doped ZnO nanopowders with different concentrations (3%, 6%, and 8%). The spectra
confirm that all samples primarily comprise Zn and O, consistent with their expected
nanoparticle compositions. Notably, the Ga peak is only present in the doped samples,

confirming the successful incorporation of Ga into the ZnO lattice [33].

90



Chapter III Zinc oxide doped with Gallium

As explained in the second Axis, the variation in weight and atomic percentages can be
attributed to the random distribution of dopants. Additionally, the shape and size of the particles

also control this variation.
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Figure 111.19: EDS spectra of ZnO samples: (a) Undoped ZnO, (b) ZnO: 3% Ga, (c)
Zn0: 6 % Ga, and (d) ZnO: 8 % Ga.
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I11.3.3. Optical characteristics

I11.3.3.1. UV-visible absorption

Figure III. 20 shows the UV-Vis absorption spectra of ZnO nanopowders with various
concentrations of Ga doping. Strong absorption peaks appear between 280 and 320 nm,
representing the characteristic band of ZnO. Gallium doping causes a slight shift of the

absorption edge towards shorter wavelengths, leading to an increase in the band gap.

—a— Pure ZnO

—o— 7Zn0: 3% Ga
—4A— 7Zn0: 6% Ga
—v—2Zn0: 8% Ga

Absorbance (a.u.)

Ll
300 600 70C

400 500
Wavelength (nm)

Figure I11.20: UV absorbance spectra of undoped and Ga doped ZnO nanoparticles.

Figure II1. 21 displays Tauc's plots for all samples. The data in table (II1.6) shows that the
optical band gap of undoped ZnO nanopowder is 3.63 eV. Increasing the concentration of Ga
(3%, 6%, and 8 %) results in a shift in the bandgap energy to higher levels. These results may

be due to the increase in the density of charge carriers, as explained by the Burstein-Moss effect,

As the Ga dopant atoms introduce additional electrons into the ZnO lattice, these
electrons fill up lower-lying energy states within the conduction band. Consequentially, the

energy required to excite an electron from the valence band to the conduction band increases,

effectively widening the band gap [39].
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Figure II1. 21: Variation of (¢hv)? with photon energy (hv) for Ga-doped ZnO
nanopowders.

Table I11.6. Optical gap energy of ZnO samples with different Ga concentrations.

Ga (%) Eg (eV)
0 3.63
3 3.68
6 3.66
8 4.15

93



Part 1V
Bi and Ga co-doping

Zn0O nanopowders.



Chapter III Bi and Ga co-doping ZnO nanopowders.

Introduction

This part is dedicated to a thorough investigation of the impact of dual dopant including
gallium and bismuth on zinc oxide powder's structural, morphological, and optical properties.
The established formula for the chemical synthesis was: ZnO: x% Ga- y% B1, here (x; y)=(0;0),
(3;3),(3;5),(5;3), and (5; 5) and for each individual systeme (pure and co-doped) the chemical
formula and named samples were: ZGBO 00 (Undoped ZnO), ZGBO 33 (ZnO: 3% Ga- 3%
Bi), ZGBO 35 (ZnO: 3% Ga- 5% Bi), ZGBO 53 (ZnO: 5% Ga- 3% Bi), and ZGBO 55 ( ZnO:

5% Ga- 5% Bi).

I11.4.1. Structural characterisation

111.4.1.1 X-ray diffraction

Compared to the data from ASTM fiche with the JCPDS data No. 00-036-1451[7], our
x-ray diffraction spectra for pure and Ga; Bi co-doped ZnO nanopowders (figure I11.22) show
that they are always in hexagonal wurtzite structure form. Additional peaks, marked with an
asterisk, appear clearly along with ZnO phase for ZGB35 sample. According to the explanation
provided in the first axis. They agree with the main diffraction planes of the a-Bi203 monoclinic

structure (JCPD, No. 76-1730) [8].
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Figure III. 22: X-ray diffraction patterns of Ga and Bi co-doped ZnO nanopowders.
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Through the Figure I11.23. We notice that the increase in the dopant concentration leads
to decrease in the intensity peak of the preferred orientation (101), suggesting that dual Bi*™> and

Ga™? co-doping inhibited the development of crystallite size.
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Figure I11.23: Enlarged patterns view of Ga and Bi co-doped ZnO nanopowders,
Variation of the intensity and width of (101) peak.

The lattice parameters a, ¢, and v of ZGBO powders are displayed in table III.7. The
difference in the ionic radius of Bi*® and Ga™ concerning Zn*? gives the variation of the lattice
constants. For undoped ZnO nanopowders, the lattice parameters ‘a’ and ‘c’ are estimated to be
3.24 A and 5.20 A, respectively. The substitution of Bi** and Ga™ ions in place of Zn*? ions
increase the lattice constants ‘a’ and ‘c’. The unit cell volume of ZnO also increases with the
substitution of Ga and Bi atoms [3]. The estimated values are 47.51, 48.47, 48.23, 48.20, and
48.24 A3 for ZGBO 00, ZGBO 33, ZGBO 35, ZGBO 53, and ZGBO 55, respectively. This
indicates that the dopant ions reside partially in tetrahedral Zn positions. The crystallite size is
calculated using the W-H plot (figure I11.24.a), and its results tabulated in table (II1.7) initially
decrease with the doping level. Varying from 24.8 nm in ZGBO 00 sample to 10.62 nm in
ZGBO 53. This evolution can be due to the disorder created in the crystal lattice by
incorporating the Bi ions [15]. Micro-strain results represent the stretching or compression in
the W-H plot, and its results tabulated in table (II1.7) initially decrease with the e sample during
the incorporation of gallium and bismuth atoms .We observed a decrease in the crystal size from
24.8 nm in the undoped ZnO sample to 12.73 nm in the ZGBO 33 sample. This decrease is

associated with a compression represented by the negative value, which changes the strain value
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from 8.19 to (-5.79). On the other hand, in the ZGBO 35 sample, the crystal size increased,
resulting in a stretching process represented by the value 32.1 in the micro-strain result. Figure
II1.24.b shows the variation of average crystallite size (D), micro-strain (g), and dislocation
density (0) as a function of dopant Ga and Bi concentration.

Tablelll.7. Structural parameters of ZGBO nanopowders.

Sample a=b c(A) cla V (A3) W-H model
A) " 2
D(nm) &x10%) & (nm™)
ZGBO 00 3,2465 5.2052 1.6033 47.5101 24.8 8.19 0.0016
ZGBO 33 3.2695 5.2368 1.6017 48.4796 12.73 -5.79 0.0061
ZGBO 35 3.26403 5.2276 1.6015 48.2326 24.09 32.1 0.0017
ZGBO 53 3.26455 5.22305 1.6017 48.20604 10.62 -15.8 0.0088
ZGBO 55 3.26554 5.2234 15995 48.23851 11.83 0.67 0.0071
o.01684 @ ZGBO 55 26 0
-] e o L @ 5 %
ZGBO 53] 2 224 [ 20
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Figure 111. 24: (a) plots of pcos@ versus 4sin® of ZGBO samples, (b) Variations of average

crystallite size (D), dislocation density (6) and micro-strain (g) as a function of ZGBO samples.
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111.4.3.2 Fourier transformation infrared (FTIR) analysis

Figure 111.25 represent the FTIR spectrum of the co-doped ZnO nanopowder with
different concentration of Bi and Ga. The bands between 430 and 495 cm™ are due to the
stretching mode of ZnO vibration for all samples[36]. The peaks at 2300 cm™, and 1361 cm
! correspond to, O-C-O[19], and (Bi0).COs [16], respectively. The FT-IR analysis confirms
the previous DRX results, showing that the good incorporation of gallium atoms within the
zinc oxide structure reduces the appearance of any molecular vibrations. On the other hand,

bismuth atoms form a new phase, forming stronger detectable bonds. These results were also
confirmed in the second axis.
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Figure I111. 25: FT-IR spectra of ZGBO nanopowder.
111.4.2. Morphological characterization
111.4.2.1. Scanning electronic microscope

The morphological properties of ZnO co-doped with different concentrations of Ga and
Bi were imaged using a scanning electronic microscope (SEM) at a magnification of 400 nm
(figure III. 26). All samples have a consistent spherical shape. The histogram is also presented.

The average grain size ranged from 72 nm for the ZGBO 00 sample to 47 nm for ZGBO 53. Ga

97



Chapter III Bi and Ga co-doping ZnO nanopowders.

and Bi doping led to a reduction in the size of ZnO grains While increasing the Bi concentration

from 3% to 5% results in slight increase in grain size.

Figure I1I. 26: SEM images with particle size distribution histogram of ZGBO

nanopowders.

111.4.2.2. Compositional properties
The EDS spectra of ZnO co-doped with Bi and Ga nanopowders are reported in figure
II1.27 the EDS study confirms the presence of Zn and O in all samples in high proportion, both
gallium and bismuth elements were found in the co-doped samples, with their concentrations
varying based on their respective amounts in the sample. The additional phase formed in X-ray

diffraction results explains the higher appearance of bismuth compared to gallium. This is
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attributed to bismuth's higher atomic number (83) compared to gallium (31), which enhances

electron interaction with bismuth atoms, resulting in stronger EDS signals.
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Figure I11.27: EDS spectra of ZGBO nanopowders samples with; (a): Undoped ZnO,
(b): ZGBO 33, (¢): ZGBO 35, (d): ZGBO 53, (e): ZGBO 55.

I11.4.3. Optical characteristics
I11.4.3.1. UV-visible absorption

UV-Vis analyses were performed on zinc oxide powder doped with different amounts of
gallium and bismuth. This work examines the impact of doping on the optical absorption
characteristics of zinc oxide. Figure II1.28 displays the UV-visible absorption data of ZGBO
samples, indicating that the absorption edge for all samples ranges within the region of 320 to
345 nm. An increase in doping concentration leads to a higher absorption edge. The rise could
be due to a reduction in the energy gap of zinc oxide, possibly caused by the formation of new

energy levels inside it due to doping particle integration. Tauc plot confirmed the previous
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interpretation by demonstrating an actual reduction in the band gap energy of ZnO as the doping

concentration increased, as indicated in Figure III. 29 and table (II1.8) [25].
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Figure I11.28: UV absorbance spectra of ZGBO nanopowders.
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Figure III. 29: Variation of (¢hv)? with photon energy (hv) for Bi and Ga co-doped ZnO

nanopowders.
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Table III.8. Optical gap energy of ZnO samples with different Bi and Ga
concentrations.

Sample Eg (eV)
ZGBO 00 3.63
ZGBO 33 3.58
ZGBO 35 3.47
ZGBO 53 3.46
ZGBO 55 3.56
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Introduction

Zinc oxide exhibits tremendous potential for diverse applications in biology and electronics.
In this research, we investigate the effect of bismuth and gallium doping on ZnO antibacterial
properties and its importance in the field of varistors. We aim to enhance the effectiveness of zinc
oxide in combating bacteria, understand its properties as a fundamental element in modern
electronic devices, and evaluate the impact of doping on variable resistance properties. We expect
our results to lead to a better understanding of the effect of doping on zinc oxide and to open new
avenues for its applications in various fields, contributing to the development of new materials

with antibacterial properties and improving the efficiency of semiconductor devices.

In this chapter, we outline the methodology of our study, as depicted in figure 1V.1. We
fabricated samples for both antibacterial and varistor applications through the sintering of ZnO
powder samples prepared using the sol-gel method.

Each application is based on a distinct study protocol, detailed in parts A and B. Part A
investigates the antibacterial efficacy of pure ZnO samples and those doped with bismuth and
gallium against various bacteria strains. Part B examines the performance of ZnO powder in
varistor applications, comparing the impact of doping on the I-V characteristics under high voltage

conditions.

Pure, doped and co-doped ZnO powder

|

Compactage
Sintering
Antibacterial test
-V
Test

Figure 1V.1: Applied studies on zinc oxide powder prepared by the sol-gel method.
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Part A: Antibacterial activity

IV .A.1. Antibacterial Properties of Zinc Oxide Nanoparticles
IV .A.1.1. Preparation method

The undoped, doped, and co-doped ZnO nanopowders with different Bi and Ga
concentrations were evaluated for their antibacterial efficacy against both Gram-positive and
Gram-negative bacteria derived from 24-hour cultures. The bacterial suspensions, adjusted to
concentrations of approximately 108 CFU/mL relative to the 0.5 McFarland standard, were
composed of Escherichia coli ATCC 25922, Klebsiella pneumoniae ATCC 13883, Enterobacter
aerogenes ATCC 13048, and Listeria monocytogenes ATCC 19114 [1]. To conduct the tests, 20 ml
of sterile Mueller-Hinton agar (containing 2% beef extract, 17.5% acid hydrolysate of casein,
1.5% starch, and 1.5% agar) were used to prepare the plates. The plates were inoculated with a
sterile swab soaked in the bacterial suspension, allowed to dry, and subsequently treated with
materials of varying concentrations [2]. Following incubation at 37°C for 24 hours, clear inhibition
zones surrounding the disks were observed and measured using a caliper. Figure 1V.2 shows a

pictorial representation of the antibacterial test procedure.
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Figure V. 2: Pictorial representation of the antibacterial test procedure.
IV .A.1.2. Antibacterial activity
IV .A.1.2.1. Bidoped ZnO nanopowder

Figure IV. 3 illustrates the antibacterial activity as indicated by the size of the distinct
inhibition zones. Indeed, the results showed varying degrees of inhibition against the tested
microorganisms at different concentrations of Bi doped ZnO (Table IV. 1, and Figure 1V. 4). In
comparing the synthesized compounds, A (ZnO: 0% Bi), B (ZnO: 3% Bi), C (ZnO: 6% Bi), and D
(ZnO: 8%Bi), distinct trends emerge regarding their inhibitory effects against the tested bacterial
strains. Compound A (ZnO: 0% Bi) consistently demonstrates superior antibacterial activity,
exhibiting larger inhibition zones compared to B (ZnO: 3% Bi), C (ZnO: 6%Bi), and D (ZnO 8%
Bi), across Escherichia coli ATCC 25922, Klebsiella pneumoniae ATCC 13883, Enterobacter
aerogenes ATCC 13048, and Listeria monocytogenes ATCC 19114. Notably, compound A (ZnO:
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0% Bi) surpasses others in inhibitory potency against E. coli and E. aerogenes. Compound B
(Zn0O: 3% Bi) generally falls intermediate in terms of effectiveness, showcasing larger inhibition
zones than C (ZnO: 6% Bi) and D (ZnO: 8% Bi) against K. pneumoniae and L. monocytogenes.
Compound C (ZnO: 6% Bi), while demonstrating competitive inhibitory effects, particularly
against E. aerogenes and L. monocytogenes, tends to exhibit smaller inhibition zones compared to
A (ZnO: 0% Bi) and B (ZnO: 3% Bi). Lastly, compound D (ZnO: 8% Bi), although generally less
potent than A and B, displays notable inhibitory activity against K. pneumoniae and E. aerogenes.
These comparative insights underscore the nuanced and concentration-dependent nature of the
synthesized compounds' antibacterial efficacy against the specific bacterial strains tested [3]

Figure 1V.3: Antimicrobial activity of synthesized products at different concentrations
(A: ZnO: 0% Bi; B: ZnO: 3% Bi, C: ZnO: 6% Bi, and D: ZnO: 8% Bi) against (1)
Escherichia coli ATCC 25922, (2) Klebsiella pneumoniae ATCC 13883, (3) Enterobacter
aerogenes ATCC 13048, and (4) Listeria monocytogenes ATCC 19114.
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Table 1V.1: Comparative Analysis of Inhibition Zones (mm) for Synthesized products Against
Tested Microorganism Strains

Synthesized Escherichia | Klebsiella Enterobacte | Listeria
products at different | coli ATCC pneumoniae | r aerogenes | monocytogenes
concentrations 25922 ATCC 13883 | ATCC ATCC 19114
13048
A (ZnO: 0% Bi) 37.17£2.23 | 19.08+2.19 | 18.50+0.59 | 24.83+3.39
B (ZnO: 3% Bi) 34.20£2.47 | 16.12+1.26 | 17.49+1.09 | 24.83+3.39
C (Zn0O: 6% Bi) 31.73£1.65 | 17.7£0.37 24.70£1.42 | 25.04+3.89
D (ZnO: 8% Bi) 32.85£3.66 | 12.455+2.00 | 26.22+1.99 | 28.38+5.44
50 —
& Escherichia coli
- Klebsiella pheumoniae
- Enterobacter aerogenes

40

- Lister monoytogenes

w
=]
1

Inhibitions zones (mm)
[\
(—]
1

10

0 % 3% 6 % 8 %
Concentration, Bi (%).

Figure IV.4: Antimicrobial activity results of synthesized products expressed in

millimeters of inhibition zone. Data are expressed as means + SE (n = 3).
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The variable degrees of inhibition seen at various concentrations of Bi dopant are due to
the intricate interaction between the material's characteristics and the tested bacterial strains.
Inhibition's dependence on concentration can be affected by characteristics including surface area,
surface charge, and the presence of active detects for bacterium interaction. Increasing the
concentration of Bi dopant can lead to modifications in the material's structure and characteristics,
which can impact its interaction with bacterial cells. [4] . The antibacterial activity could be
affected by the intrinsic characteristics of the bacterial strains, namely their cell wall structure and
membrane permeability [5].

Under antibacterial conditions, the stability and longevity of the material are influenced by
the band gap. The material's susceptibility to degradation may be increased due to smaller band
gaps; therefore, it is crucial to comprehend the compromise between improved antibacterial
activity and material stability to develop practical applications, particularly those that require
sustained antibacterial performance. The correlation between the band gap and doping
concentrations underscores the possibility of manipulating the antibacterial characteristics of the

ZnO nanopowders that were synthesized [6- 9].
IV .A.1.2.2. Ga doped ZnO nanopowder

The bacterial activity of gallium-doped zinc oxide samples takes a different trajectory, as
observed from the table I1V.2 and (Figure 1\V.5 and IV.6). For Escherichia coli, ZnO exhibited a
zone of 16.28+1.17 mm, while ZnO 3% Ga, ZnO 6% Ga, and ZnO 8% Ga demonstrated increased
inhibitory effects at 17.41+0.54 mm, 17.84+0.36 mm, and 18.18+1.36 mm, respectively.
Klebsiella pneumoniae showed a similar trend, with ZnO displaying a zone of 20.39+0.59 mm,
Zn0 3% Ga, ZnO 6% Ga, and ZnO 8% Ga exhibiting larger zones at 26.98+0.04 mm, 25.40+1.04
mm, and 21.84+0.06 mm, respectively. Notably, Listeria monocytogenes demonstrated substantial
susceptibility, with ZnO, ZnO 3% Ga, ZnO 6% Ga, and ZnO 8% Ga displaying zones of
26.48+0.37 mm, 26.84+1.47 mm, 26.46+0.41 mm, and 29.58+0.89 mm, respectively.
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Figure IV.5: Antimicrobial activity of synthesized products at different concentrations
(Zn0O, Zn0O 3% Ga, ZnO 6% Ga, ZnO 8% Ga), against (A) Escherichia coli ATCC 25922,
(B) Klebsiella pneumoniae ATCC 13883, (C) Listeria monocytogenes ATCC 19114.

Table 1V.2: Comparative analysis of the zones of inhibition (mm) of the product synthesized at

different concentrations against the microorganism strains tested.

synthesized Products Escherichia coli Klebsiella pneumoniae Listeria
at different ATCC 13883 monocytogenes ATCC
. ATCC 25922

concentrations 19114
Zn0: 0% Ga 16.28+1.17 20.39+0.59 26.48+0.37
Zn0O : 3% Ga 17.41+0.54 26.98+0.04 26.84+1.47
Zn0O : 6% Ga 17.84+0.36 25.40+£1.04 26.46+0.41
Zn0O : 8% Ga 18.18+1.36 21.84+0.06 29.58+0.89
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4 M Escherichia coli
354 M Klebsiella pheumoniae

- Lister monoytogenes
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0 % 3% 6% 8%

Concentration, Ga (%).

Figure 1V.6: Antimicrobial activity results of synthesized Ga doped ZnO nanopowdrs
expressed in millimetres of inhibition zone. Data are expressed as means + SE (n = 3).

In the current work, the antibacterial activity of the synthesized nanoparticles can be
elucidated as follows: after the addition of Ga with ZnO, the proper replacement of Ga** in the
position of Zn?* takes place in ZnO molecular structure as the ionic radii of Ga®*" (0.062 nm) is
comparably lower than the ionic radii of Zn?* (0.074 nm). This replacement causes more number
of Zn?* interstitials in the ZnO matrix. The Zn?" existence is affirmed by using structural studies.
As interstitial Zn?* ions can be freely liberated from ZnO lattice compared with Zn?* regular
position, Ga doped ZnO nanoparticles have more capability to work as a superior antimicrobial
mediator. The produced Zn?* ions result in cell wall damage due to the direct diffusion into the cell
membrane causing the consequent leakage of cell contents. Here, ZnO with Ga doping (8 %) has
high antibacterial activity against E. coli and listeria monocytogenes while Ga doping with 3 %

has high antibacterial activity against Klebsiella pneumoniae [10].

IV .A.1.2.3. Bi-Ga co-doped

Both table 1.3 and figure IV.8 illustrate the antibacterial efficacy of zinc oxide samples co-
doped with different concentrations of gallium and bismuth as extorted from the antibacterial test
results in figure 1V.7, with measurements expressed as the mean diameter (millimeter) of the zone

of inhibition. Analysis of the results reveals distinct patterns for each bacterial strain. Firstly, the
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diameters of the zone of inhibition of Escherichia coli fluctuate between around 22.71 and 33.01
mm across the entire concentration spectrum. In particular, concentration B stands out as having
the highest inhibitory effect. For Klebsiella pneumoniae, the observed diameters ranged from
18.78 to 25.87 mm. This variability indicates a potential concentration-dependent impact on
inhibitory efficacy against this bacterial strain. Enterobacter aerogenes showed a narrower range
of inhibition zone diameters, varying from around 16.80 to 19.52 mm. The comparatively limited
variability suggests a potentially less concentration-sensitive response in this case. Finally,
Listeria monocytogenes showed relatively consistent inhibition zone diameters, ranging from
around 20.47 to 22.97 mm for the different concentrations. This suggests a more stable

antimicrobial effect on this bacterial strain.

Figure IV.7: Antimicrobial activity of Bi and Ga co doped ZnO with different
concentrations (A: ZGBO 00, B: ZGBO 33, C: ZGBO 35, D: ZGBO 53, and E: ZGBO 55)
against (1) Escherichia coli ATCC 25922, (2) Klebsiella pneumoniae ATCC 13883, (3)
Enterobacter aerogenes ATCC 13048, and (4) Listeria monocytogenes ATCC 19114,
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Table 1V.3: Comparative analysis of the zones of inhibition (mm) of the product synthesized at

different concentrations against the microorganism strains tested.

synthesized Escherichia | Klebsiella | Enterobacter Listeria
Products at different | coli ATCC | pneumoniae | aerogenes monocytogenes
concentrations 25922 ATCC ATCC 13048 | ATCC 19114
13883
A 31.94+0.16 | 25.87+5.15 | 19.52+2.82 20.47+0.07
B 33.01+6.37 | 19.38+0.47 | 19.32+1.46 21.46+1.22
C 29.21+3.49 | 18.78+1.00 | 17.26%1.92 20.61+2.72
D 30.23+1.13 | 21.07+1.57 | 19.07+0.04 20.76+0.83
E 22.71+7.79 | 19.53+2.04 | 16.80+1.12 22.97+0.15

50 -

Klebsiella pheumoniae
# Entrobacter a erogenes
BB Lister monoytogenes

45+
40

3.
-
25
20
15

Inhibitions zones (mm)

10+

ZGB 55

IGB 53

ZGB 00 IGB 33 ZGB 35

Concentration , Ga(%), Bi (%).

Figure 1V.8: Antimicrobial activity results of synthesized Ga and Bi co-doped
ZnOnanopowders expressed in millimeters of inhibition zone.Data are expressed as means +
SE (n=3).
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Zinc oxide, whether pure or doped with different concentrations of gallium and bismuth,
shows good antibacterial activity. The observed improvement in antibacterial activity against
different bacterial species can be attributed to variations in bacterial strains, such as the chemical
composition of the cell wall and the defense mechanisms employed. It is observed that higher
antibacterial activity of synthesized nanoparticles is happened due to two important factors, such
as (1) reduced size of the grains, (2) highly reactive oxygen spices (ROS) generated, including
hydroxyl groups (OH), superoxide anions (O?), and hydrogen peroxide (H202) [11]. In our work,
the generation of ROS due to the free electrons caused by the incorporation of Bi** and Ga*® ions
into the ZnO lattice plays a crucial role. This could be the reason is ROS has the ability to destroy

the bacteria. The generation of ROS can be represented as follows [12]:
Zn0 + hv > h* + e~
h* + H,0 - OH® + H*
0, +e - 05
0, + H* > HO;,
H* + HO + e~ -» H,0,
H,0,+ 05 —» OH® + 0, + OH™

From these reactions, it is seen that the electron-hole pairs play a vital role in the generation
of ROS. In comparing investigations (a, b, and c), the reference pure zinc oxide sample's ability to
inhibit bacterial growth differed. The analyzed bacteria's genetic variances may be the cause of
this divergence, which could impact on how the bacteria interact with ZnO. Furthermore, bacterial
behavior and overall results may have been impacted by contamination resulting from incorrect
storage of the ZnO sample and variations in environmental parameters like temperature and

humidity.
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Part B: Electrical behaviour

IV.B.1. Electrical Properties of Zinc Oxide Nanoparticles

IV.B.1.1. Samples preparation

Undoped, doped, and co-doped zinc oxide nanoparticles powders with different concentrations of Bi
and Ga, were weighted (1.5 g) and pressed with a little bit of polyvinyl alcohol powder (PVA) into 10 mm
diameter and 5 mm height disc by 150 MPa using a hydraulic press, the samples were sintered at 1100 °C
for 1 h. After that, we used a silver coating to form electrodes on the surfaces of the sintered samples. Then,
the samples were placed in a furnace for heat treatment from room temperature to 700°C for 15 minutes at
a heating rate of 10°C/min to obtain the best adhesion with the surfaces of the sintered sample. Fabricated
samples' electrical properties (nonlinear coefficient and breakdown voltage) were investigated by
traditional method (I-V) curves. Figure 1V.9 shows a pictorial representation of the I-V test procedure.

) B
M,
Zn0 powder Sample pressure Sample pressure

; i ilver -V T
- Sintered Stick the silve est
Sintering the sample electrodes
; sample
at 1100°C

Figure I1V. 9: Pictorial representation of the 1-V test procedure.
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IV.B.1.2. Electrical properties

Polycrystalline zinc oxide (ZnO) with additional components exhibits non-linear current-
voltage characteristics (I-V). Barriers to electrical flow exist at the borders where the small
crystals meet, known as grain boundaries [13, 14]. The most important feature of a varistor is this
non-linear region. In this region, the material conducts electricity very differently. The current
increases much faster than the voltage, causing a sharp rise in the I-V curve. This upward bend
represents a voltage drop within the grains themselves, which limits the application of ZnO

varistors [15].

Adding donor impurities (doping) can reduce the resistance within the grains. This slows
down the voltage increase and pushes the sharp rise in the 1-V curve to higher currents. The

nonohmic character of the 1(\V) characterization is clearly indicate with the following equation:
I = KV® (Iv.1)

With, K is the material constant, and o the degree of non-linearity caused by solid-state
reactions and the development of potential barriers between grains, it can be calculated from the
formula (2):

_ log(I;/1,)
" log(vz/v1) (IV2)

Where V1 and V- are voltages at currents I and I, respectively.

IV.B.1.2.1. Bi doped ZnO

Analyzed the electrical characteristics of pure and Bi doped ZnO samples. Figure V.9
displays the current (I, in amperes) vs voltage (V) curves on a logarithmic scale. This logarithmic
scale 1s utilized for calculating the coefficient of nonlinearity (o). The graphic clearly illustrates
that the behavior of pure ZnO may be divided into two various zones. At lower voltages, the
material displays ohmic behavior, characterized by a proportionate increase in current with
voltage. The behavior shifts to non-ohmic at higher voltages, suggesting a more intricate
correlation between current and voltage.
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A zinc oxide sample exhibited a breakdown voltage of 32.97 volts and a leakage current of
0.06 microamperes. The nonlinearity coefficient was calculated using equation 1 and found to be
1.9.

Zinc oxide samples doped with bismuth show a different response compared to pure ZnO.
Instead of the non-linear behavior seen in pure ZnO, these doped samples exhibit a linear
relationship between voltage and current, known as ohmic behavior. This lack of breakdown might
be due to the applied voltage range of 0 to 100 volts being insufficient to trigger it, as suggested
by previous studies [16- 18]. Additionally, the resistance of these doped samples is very high.

However, to gain a deeper understanding of how bismuth doping affects ZnO under varying
voltage and current conditions, we can refer to Figure IV.10. This figure shows a magnified view,
where we can observe an increase in the breakdown voltage for bismuth doped ZnO compared to
pure ZnO. Furthermore, the leakage current also decreases with doping. These results suggest that
bismuth doping increases the resistance within the ZnO grains, leading to improved varistor

properties.
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Figure 1\V.10: ( 1-V) characteristic of pure and doped ZnO with different concentration
of Bi prepared by 1100 °C.

IV.B.1.2.2. Ga doping ZnO

Figure 1V.11. represents pure and Ga-doped zinc oxide samples’' I-V characteristics. The
increase in the rhythm of the I-V is noticeable as a common feature between all the samples and
can be divided into two regions, starting with a high resistance region also known as the "Ohmic
region'. Followed by a low resistance region, which is considered a non-ohmic region. The second
region describes the varistor's characteristics. On the other hand, the current increases strongly
with the Ga concentration in the nonlinear region. According to H. Zhao et al. [19], the residual
voltage decreases under a strong current in the upturn zone as the doping gallium concentration
increases. As a result, the non-linear region is expanded, and the ability to discharge impulsive

currents is greatly enhanced.
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Figure IV. 11: 1-V characteristics of pure and Ga-doped ZnO nanopowders.

Figure 1V.11 illustrates that as the gallium concentration in zinc oxide samples, the nonlinear
region becomes more pronounced due to the leakage current rate. This clarity begins to appear at a
gallium concentration of 6% and higher, which allows for easy determination of both breakdown
voltage and leakage current. The breakdown coefficient can also be calculated from this doping
ratio. Table IV.4 gives a summary of the electrical characteristics. It shows that when the content
of Ga dopants increases, the break-down voltage Ep decreases from 59.25 to 50.57 (V) upon the
gallium doping increasing for both samples (ZnO: 6% Ga) and (ZnO: 8% Ga). This is due to the
increase in the potential barrier and the number of grain boundaries, which contribute to the
decrease in the ZnO grain size [20]. a increases with Ga concentration; this is obviously due to the
decrease in average grain size [21], which is attributed to the increase in the number of grains and

particle sizes.
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Table IV.4 Electrical parameters of the ZnO samples with different Ga concentrations.

Ga ion additives = IL o
V) (uA)
6 % 59.25 1.21 2.96
8% 50.57 1.11 8.29

IV.B.1.2.3. Bi and Ga co-doped ZnO

The nonlinear I-V curves of ZGBO samples are shown in figure 1V.12. As a varistor, the
current has no noticeable change in the pre-breakdown region, and it shows a surge increase in the

breakdown region.

Figure 1V.12 provides a comprehensive examination of the impact of gallium and bismuth
co-doping on the leakage current and breakdown voltage of ZnO samples, facilitated by the
magnification employed. The breakdown voltage of ZGBO 33 decreases significantly from 65 (V)
to 59.99 (V) in the ZGBO 53 sample. The reduction can be ascribed to the creation of defects in
the ZnO structure due to the existence of dopant atoms. In general, the co-doping of gallium and

bismuth has a notable influence on the inductively valence (I-V) properties of zinc oxide (ZnO).
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Figure IV. 12: 1-V characteristics of pure and Bi,Ga co-doped ZnO nanopowders.

A sharper transition between the prebreak-down and break-down regions results in a
higher non-linear coefficient ‘e’ value, leading to quicker time response and more efficient
equipment protection [22, 23]. The current-voltage characteristics of the ZGBO samples sintered
at 1100°c are shown on table IV. 5. It should be noted that the ZnO sample containing 3% Bi and

5% Ga indicate the sharped knee, corresponds to the highest nonlinear coefficient 7.42. At the

same time, a higher leakage current I.= 0.328 mA
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Table IV.5 Electrical parameters of the co-doped ZnO with different

concentrations of Bi and Ga.

Samples Eb I o
V) (nA)
ZGBO 33 65.05 0.255 1.974
ZGBO 35 63.31 0.168 2.37
ZGBO 53 59.99 0.328 7.42
ZGBO 55 62.97 0.101 2.38
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General Conclusion

This research focuses on A'"BY' wide bandgap binary semiconductor materials,

specifically zinc oxide (ZnO). The main objective was to investigate the effect of co-

doping with different elements on the properties of ZnO nanopowder prepared by the

sol-gel method. This included studying co-doped ZnO nanopowder's structural,

morphological, optical, antibacterial, and electrical properties.

To achieve this, we prepared a panoply of samples using the sol-gel chemical

method, an inexpensive and easy-to-implement method, and this is based on several

parameters: the chemical nature of the precursors and their concentrations, the gelation

time and temperature, and the doping rate with Bismuth, Gallium are chosen as the

dopant in this study.

Thermal analysis of pure ZnO powder revealed numerous exothermic and
endothermic transitions. The overall formation temperature of ZnO was
determined to be 546°C. The activation energy (Ea) was calculated using the
Boswell, Kissinger, and Ozawa methods at three different heating rates, and the
values were found to be relatively constant within the studied range.

The X-ray diffraction analysis revealed the impact of varying concentrations of
bismuth doping on the microstructure of zinc oxide. It confirmed that the
powders exhibit a wurtzite structure with the appearance of a new phase at high

doping concentrations, which is attributed a-Bi2Os monoclinic. The lattice

parameters are increased with the increase of Bi concentration, while the
crystallite size decreases at the resing of Bi concentration. The SEM images of
undoped and Bi doped ZnO nanopowders showed a clear grain size reduction at
the resing of Bi concentration. The EDS spectra revealed the presence of Zn, O,
and Bi elements for doped samples. UV-Vis results revealed a slight increase in
the absorption edge, indicating a decrease in bandgap energy with increasing
bismuth doping concentration. The FTIR spectra confirmed the presence of Zn-
O and Bi-O-Bi bands.

Doping ZnO nanoparticles with Gallium (Ga) significantly impacts their

structural properties. XRD analysis confirms the presence of the hexagonal
129



GENERAL CONCLUSION

wurtzite structure in all samples. However, Ga doping leads to an increase in
lattice parameters while decreasing the crystallite size. Scanning electron
microscopy (SEM) images reveal a clear reduction in grain size with increasing Ga
concentration. Energy-dispersive X-ray spectroscopy EDS confirms the presence of Zn,
O, and Ga elements in doped samples. Interestingly, UV-Vis spectroscopy shows a
decreased absorption edge with increasing Ga concentration, indicating increased
bandgap energy. Finally, Fourier-transform infrared spectroscopy (FTIR) confirms the
presence of the Zn-O bond in all samples.

Co-doping ZnO nanoparticles with Bismuth (Bi) and Gallium (Ga) significantly
affects their structural properties. (XRD) analysis confirms the presence of the
hexagonal wurtzite structure in all samples. However, for samples with high Bi

concentration, an additional o- Bi2O3z phase was also detected compared to pure

Zn0, co-doping with Bi and Ga leads to an increase in lattice parameters and a
decrease in crystallite size.Scanning electron microscopy (SEM) images reveal a
clear reduction in grain size with increasing Biconcentration in the co-doped
samples. Energy-dispersive X-ray spectroscopy (EDS) confirms the presence of
Zn, O, Bi, and Ga elements in the co- doped samples.UV-Vis spectroscopy
shows a slight increase in the absorption edge with varying co-doping
concentrations compared to the pure sample, indicating a decrease in bandgap
energy.Fourier-transform infrared spectroscopy (FTIR) confirms the presence of
the Zn-O bond in all samples. Additionally, samples with high Bi concentration
exhibit an O-Bi-O bond, further supporting the presence of the a-Bi2O3 phase
detected by XRD.

The evaluation of the antibacterial effect of nanoparticles synthesized by the sol-
gel technique for both pure and bismuth- and gallium-doped zinc oxide powders
demonstrated an antibacterial effect against both Gram-positive (Listeria
monocytogenes) and Gram-negative (Escherichia coli, Klebsiella pneumoniae,
Enterobacter aerogenes) bacterial strains. Bismuth-doped and (Bi, Ga) co-doped
zinc oxide exhibited superior antibacterial activity against Escherichia coli
compared to gallium-doped zinc oxide, which showed greater efficacy against
Gram-positive Listeria bacteria.

The 1-V characteristics of the pure doped and co-doped ZnO nanopowders with

Bi and Ga indicate a decrease in the breakdown voltage and an increase in the
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leakage current and the non-linear coefficient with Ga doping. While the
breakdown voltage threshold increases with increasing bismuth doping

concentration.
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Future Directions:
This research could be extended in several directions.

< Evaluate the photocatalytic activity of Bismuth—and Gallium-doped ZnO
nanoparticles and investigate their ability to degrade organic pollutants under
light irradiation.

& Evaluate the potential applications of these nanoparticles in biomedical fields,
such as drug delivery and tissue engineering.

& Develop methods for integrating Bi- and Ga-doped ZnO nanoparticles into
existing varistor fabrication processes.

& |nvestigate the potential applications of these nanoparticles in solar cells, light-

emitting diodes, and other optoelectronic devices.
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Name and formula
Reference code:

Mineral name:
Compound name:
Common name:
PDF index name:

Empirical formula:
Chemical formula:

1451-036-00

Zincite, syn
Zinc Oxide
zinc white

Zinc Oxide

OZn
Zn0

Crystallographic parameters

Crystal system:
Space group:
Space group number:

a:)(

b (?):

c(?:

Alpha (°):
Beta (°):
Gamma (°):

Volume of cell (10°6 pmA3):

Z:

RIR:

Subfiles and quality

Subfiles:

Quality:

Comments

Hexagonal
P63mc
186

3,2498
3,2498
5,2066

90,0000
90,0000
120,0000

47,62
2,00

Alloy, metal or intermetalic
Common Phase
Corrosion
Educational pattern
Forensic

Inorganic

Mineral

NBS pattern
Pharmaceutical
Pigment/Dye

Star (S)
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Color: Colorless

Creation Date: 1970/01/01

Modification Date: 1970/01/01

Sample Source or Locality: The sample was obtained from the New Jersey Zinc Co., Bethlehem,
Pennsylvania, USA

Powder Data: References to other early patterns may be found in reference )5(

Optical Data: B=2.013, Q=2.029, Sign +=

Color: Colorless. The structure was determined by Bragg (1) and refined by

Abrahams, Bernstein (2). A high pressure cubic NaCl-type of ZnO is
reported by Bates et al. (3) and a cubic, sphalerite type is reported by
Radczewski, Schicht )4(

Temperature of Data Collection: The approximate temperature of data collection was 26 C

Additional Patterns: To replace 00-005-0664 )5(

Additional Patterns: See ICSD 31052 (PDF 01-075-1526) .

References

Primary reference: McMurdie, H., Morris, M., Evans, E., Paretzkin, B., Wong-Ng, W.,
Ettlinger, L., Hubbard, C ,.Powder Diffraction)1986( ,76 ,1,

Structure: .2Abrahams, S., Bernstein, J ,.Acta Crystallogr., Sec. B ,1233 ,25,
)1969(

Optical data: Dana's System of Mineralogy, 7th Ed ,.1504 ,

Other: .5Swanson, H ,.Fuyat, R ,.Natl. Bur. Stand. (U.S.), Circ. 539,25 ,2,
)1953(

Peak list

No. h k 1 d [A] 2Theta([deg] I 151

57,0 31,770 2,81430 0 0 1 1

44,0 34,422 2,60332 2 0 0 2

100, 0 36,253 2,47592 1 0 1 3

23,0 47,539 1,91114 2 0 1 4

32,0 56,603 1,62472 0 1 1 5

29,0 62,864 1,47712 3 0 1 6

4,0 66,380 1,40715 0 0 2 7

23,0 67,963 1,37818 2 1 1 8

11,0 69,100 1,35825 1 0 2 9

2,0 72,562 1,30174 4 0 0 10

4,0 76,955 1,23801 2 0 2 11

1,0 81,370 1,18162 4 0 1 12

7,0 89,607 1,09312 3 0 2 13

3,0 92,784 1,06384 0 1 2 14

6,0 95,304 1,04226 1 1 2 15

4,0 98,613 1,01595 4 1 1 16

2,0 102, 946 0,98464 2 1 2 17

5,0 104,134 0,97663 5 0 1 18

1,0 107,430 0,95561 4 0 2 19

3,0 110,392 0,93812 0 0 3 20

8,0 116,279 0,90694 3 1 2 21

4,0 121,572 0,88256 2 0 3 22
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Name and formula
Reference code:
Compound name:

Common name:
ICSD name:

Empirical formula:
Chemical formula:

01-076-1730

Bismuth Oxide
Bismuth oxide - alpha
Bismuth Oxide

BirO;
Bi,O5

Crystallographic parameters

Crystal system:
Space group:
Space group number:

a (R):

b (R):

c (R):

Alpha (°):
Beta (°):
Gamma (°):

Calculated density (g/cm”3):
Volume of cell (10~6 pm~3):

Z:

RIR:

Subfiles and quality

Subfiles:

Quality:
Comments
ICSD collection code:

Creation Date:
Modification Date:

Monoclinic
P21/c
14

5,8300
8,1400
7,4800
90,0000
67,0700
90,0000

9,47
326,92
4,00

7,59

Alloy, metal or intermetalic
ICSD Pattern

Inorganic

Calculated (C)

036160
01/01/1970
01/01/1970
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ICSD Collection Code: 036160

Test from ICSD: No R value given

Test from ICSD: At least one TF missing. On the crystal structure of monoclinic Bi2 O3-
alpha. e5 (P121/C1). A2X3.

References
Primary reference: Calculated from ICSD using POWD-12++, (1997)
Structure: Sillen, L.G., Z. Kristallogr., Kristallgeom., Kristallphys., Kristallchem.,
103, 274, (1941)
Peak list
No. h k 1 d [A] 2Theta[deg] I [%]
1 1 0 0 5,36932 16,497 0,2
2 0 1 1 5,25853 16,847 1,1
3 1 1 0 4,48207 19,792 0,9
4 0 2 0 4,07000 21,820 1,0
5 1 0 2 3,60749 24,658 6,6
6 0 0 2 3,44447 25,845 17,5
7 -1 1 1 3,29811 27,013 26,6
8 1 2 0 3,24349 27,477 100,0
9 0 1 2 3,17216 28,107 22,2
10 2 1 1 2,74434 32,602 6,6
11 -1 2 1 2,69982 33,155 31,1
12 2 0 0 2,68466 33,348 43,8
13 0 2 2 2,62926 34,072 5,8
14 2 1 0 2,54940 35,174 10,1
15 0 3 1 2,52457 35,531 7,5
16 -1 0 2 2,49141 36,020 3,7
17 1 3 0 2,42165 37,095 4,1
18 -1 1 2 2,38233 37,730 9,8
19 2 2 0 2,24091 40,210 4,0
20 0 1 3 2,21006 40,796 0,5
21 -1 3 1 2,16852 41,614 2,6
22 =2 1 1 2,14627 42,066 1,0
23 -1 2 2 2,12490 42,509 5,2
24 0 4 0 2,03500 44,485 1,0
25 0 2 3 1,99995 45,307 3,6
26 2 3 1 1,98609 45,641 0,2
27 2 2 3 1,95163 46,494 18,7
28 3 0 2 1,92426 47,195 0,4
29 2 3 0 1,90832 47,614 1,4
30 1 4 0 1,90291 47,757 1,3
31 3 1 1 1,87264 48,579 4,9
32 1 0 4 1,86480 48,796 9,8
33 -1 3 2 1,83506 49,640 4,3
34 -1 1 3 1,81782 50,143 4,2
35 -2 0 2 1,80394 50,556 0,6
36 3 0 0 1,78977 50,985 0,1
37 -1 4 1 1,77244 51,520 1,0
38 -2 1 2 1,76121 51,872 5,8
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95 1 1 6 1,21094 79,006 1,4
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117 5 2 2 1,11723 87,177 1,3
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