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Abstract:

The purpose of this thesis is to synthesize by depositing manganese oxide as TCO thin films
on heated glass substrates. TCO materials exhibit optical transparency and electrical
conductivity only in the case where TCO materials are in a nonstoichiometric composition
or in a doped one. Pure and doped Mg-Manganese oxides were synthesized by spraying
aqueous solution using the spray pyrolysis method. The solution was obtained from
manganese chloride (MnClz, 6H20) with 0.1 M onto glass substrates heated at 350°C. Mg-
doped Mn-O oxide films were obtained by adding a second aqueous solution prepared by
dissolving in distilled water the precursor magnesium chloride hexahydrate (MgClz, 6H,0).
The Mg-concentrations of 3%, 5%, 7% and 9% were used. The chemical composition of
the samples was investigated by X-ray photoelectron spectroscopy (XPS) which showed
typical Mn (2p3/2), (2p1/2) and O (1s) peaks with slight shift attributed to the formation of
different chemical states of manganese. Structural and morphological properties were
studied by using X-ray diffraction (XRD), scanning electron microscope (SEM) and atomic
force microscopy (AFM). XRD analysis revealed a mixture of different manganese oxides
phases dominated by tetragonal phase structure of Mn3O4 with a preferred (211) growth
orientation. SEM images of Manganese oxide films showed rough surfaces composed of
uniformly distributed nanograins whose size decreases with the Mg-doping while AFM
analysis revealed a textured, rough and porous surface that is improved by the increase of
Mg-doping concentration. Optical properties deduced from UV-visible spectroscopy
indicated transparent films. The use of Tauc’s relationship allowed the determination of the
band gap energy. The decrease of the band gap from 2.5 to 1.5 eV with the increase of Mg-
doping is attributed to the influence of the greater size of the Mg?* ion in the manganese

oxide lattice.
Résumé :

Le but de cette these est de synthétiser des couches minces de TCO d’oxyde de manganése
sur des substrats de verre chauffés. Les matériaux TCO présentent une transparence optique
et une conductivité electrique uniqguement dans le cas ou les matériaux TCO sont dans une
composition non steechiométrique ou dopée. L'oxyde de manganese pur et dopé Mg a été
synthétisé en pulvérisant par technique spray pyrolyse une solution agueuse obtenue a partir
de chlorure de manganese (MnCly, 6H20) & 0,1 M sur des substrats de verre chauffés a
350°C. Des films d'oxyde de Mn-O dopés au Mg ont été obtenus en ajoutant une seconde
solution aqueuse préparée en dissolvant dans de I'eau distillée le précurseur de chlorure de
magnésium hexahydraté (MgCl., 6H-0). Les concentrations de Mg de 3 %, 5 %, 7 % et 9
% ont été utilisées. La composition chimique des échantillons a été étudiée par

spectroscopie de photoélectron (XPS) qui montre des pics typiques de Mn (2p3/2), (2p1/2)



et O (1s) avec un léger shift en énergie attribué a la formation de différents états chimiques
de manganése. Les propriétés structurales et morphologiques ont été étudiées en utilisant
la diffraction des rayons X (XRD), le microscope électronique a balayage (SEM) et la
microscopie a force atomique (AFM). L'analyse XRD a révélé une mixture de différentes
phases d'oxydes de manganése dominées par la structure de phase tétragonale de Mn3zO4
avec une orientation préférentielle selon la direction (211). Les images SEM de films
d'oxyde de manganése ont montré des surfaces rugueuses composées de nano grains
uniformément répartis dont la taille diminue avec 1’augmentation de la concentration du
dopage tandis que I'analyse AFM a révélé une surface texturée, rugueuse et poreuse qui
s'améliore par l'augmentation du taux de dopage au Mg. Les propriétés optiques deduites
de la spectroscopie UV-visible indiquent des films transparents. L'utilisation de la relation
de Tauc a permis de déterminer I'énergie de la bande interdite. La diminution de la bande
interdite de 2,5 a 1,5 eV avec l'augmentation du dopage au Mg est attribuée a un effet de
taille. L'ion Mg?* ayant un rayon ionique plus important que celui de Mn?* distorde le
réseau lorsqu’il s’insére dans un site Mn?* et par conséquent il modifie la structure qui se

répercute sur la bande interdite.
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General Introduction

Transparent conducting oxide (TCO) thin films are of interest to many researchers around the
world due to their unique two properties which should exhibit both
electrical conductivity and optical transparency in the visible region. These two properties
open up good prospects in wide applications: in renewable energy as its use in solar cells, in
optoelectronic devices such as touch screens, liquid crystal displays, solar cells, light emitting
diodes, gas sensors... ZnO and SnO> are among the first synthesized TCO materials [1-4].

There is currently a strong demand for new TCO materials because they have been successfully
synthesized using a variety of low-cost deposition technique, for example via spray pyrolysis,
used in this work to synthesize manganese oxide films. Formerly, manganese oxide was
studied extensively for its magnetic properties. For example, in 1948, Louis Néel, discovered
the antiferromagnetic phenomenon of manganese oxide [5] which made him the laureate of the
Nobel Prize in physics in 1970. Since then, manganese oxide has been a subject of interest in
many fields of science. According to the University of Michigan library and as plotted in Figure
3, the number of publications related to manganese oxide has been steadily increasing over the
past few decades. In 1975, there were only about a hundred publications related to manganese
oxide. Currently, in 2022, the number of publications on manganese oxide is increased to up

500 demonstrating the growing interest in this material.
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Figure 1 Number of publications per year from the University of Michigan library between
2000 and 2022 [6].

Manganese oxide has also been the subject of many patents. According to the Lens.org
database, there have been 5717 patent applications related to manganese oxide since 1975. The
majority of these patents are related to catalysts and batteries which suggest that manganese




General Introduction

oxide has practical applications in various industries. In Figure 4, we show the evolution of

patent number during time.
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Figure 2: Number of patents related to manganese oxide since 1975 [7]

In the nanoscience domain, manganese oxide has been studied extensively for its
catalytic properties [8-10]. Nanoparticles of manganese oxide have been shown to be effective
catalysts for various chemical reactions, including the oxidation of alcohols and the reduction
of nitrate in water. Manganese oxide nanoparticles have also been used in biomedical imaging,
as they exhibit strong magnetic resonance imaging (MRI) contrast. One of the challenges in
using manganese oxide nanoparticles is the control of their sizes and their shapes. Various
synthesis methods have been developed to produce nanoparticles of manganese oxide with
specific sizes and shapes.

It is in this context that we are interested in the synthesis of transparent conducting
Manganese oxide films because at first and as discussed just above, manganese oxide is a well-
known material in the field of nanoscience. Secondly, it is a naturally occurring mineral,
commonly found in nature. The optical and electrical properties of Manganese oxide films
offer a wide area of applications, including catalysis, energy storage, water treatment, gas

sensors and many others. Because of that and of its interesting physical and chemical




General Introduction

properties, Manganese oxide may be a very good TCO synthesized thin film. As spray
pyrolysis is an easy method to implement, and to have the ability to prepare large-scale thin
films, we have used it herein to synthesize pure and Mg-doped manganese oxide films.

Good and important results were obtained; they are presented in this manuscript which
is composed of four chapters; chapter 1 is a general review on TCO materials taking manganese
oxide as example. Chapter 2 is devoted to the various deposition methods used in thin films
science with a specific focus on spray pyrolysis process is used in this work, in chapter 3, we
explore the different characterization techniques that we have used for Manganese oxide
analysis, the fourth chapter is dedicated to the experimental results, to their analysis and

interpretation;
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Chapter I: A general review on Transparent Conducting Oxides materials in thin and
nanometric films. An example of Mn203

L.I. Introduction:

The discovery of TCO materials dates back to the work of Badeker [1] in 1904 when he
observed an oxidation of Cadmium (Cd) metal thin films deposited in a glow discharge
chamber. After oxidation, Cd-O films became transparent in conserving their electrical
conductivity [2]. Since this discovery, the list of TCO material expanded to other oxide
materials as ZnO, TiO, SnOz, In20s... in pure or doped form. Currently, the properties of TCO
materials remain a subject of intense research around the word, the number of publications

published per year shown in figure 3 testifies the interest of these materials.
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Figure 3 : Evolution of the number of articles since the discovery of the properties [3]
of TCO materials




Chapter I: A general review on Transparent Conducting Oxides materials in thin and
nanometric films. An example of Mn203
Due to its interesting properties, TCO (Transparent Conductive Oxide) materials have found
diverse applications in various fields. Some of the key areas where TCO materials are
extensively utilized include:

- Optoelectronic Devices: TCO materials are commonly used as transparent electrodes
in optoelectronic devices such as touch panels, OLED (Organic Light-Emitting Diode)
displays, and photodetectors. These materials provide high electrical conductivity
while maintaining transparency, allowing for efficient light transmission [4].

- Solar Cells: TCO materials is used in solar cell technology. They are commonly used
as transparent electrodes in both traditional silicon-based solar cells and emerging
technologies like perovskite solar cells and thin-film solar cells.

- Electrochromic Devices: TCO coatings are employed in electrochromic devices, which
can change their color or transparency in response to an electrical stimulus. These
devices have applications in smart windows, rearview mirrors, and displays, offering
dynamic control of light transmission [5, 6].

- Gas Sensors: TCO thin films can be used as gas sensing devices. By monitoring
changes in the electrical properties of TCO materials when exposed to specific gases,
these sensors can detect and quantify the presence of harmful gases in industrial or
environmental settings [7, 8].

L.I1. The important properties of TCO materials:

Transparent Conducting Oxides (TCO) are materials that possess at the same time the property
of high electrical conductivity and high optical transparency in the UV-visible domain at the
same time. This possibility is closely related to the structure and to the bandgap of TCO. The
conductivity is highly dependent on the carrier concentration and mobility which are related

by the following relation:
c=n.q.u (1)

Where n is the density of electron in the conduction band, q is the charge of the electron and u
is the mobility of charge carriers. It can therefore be seen that the conductivity is increased by
the presence of defects linked to oxygen vacancies or by controlled doping with appropriate

external impurities. The electrical resistivity (p) is expressed in Q.cm, as below:
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1 Eq. 1
P=5

p is low and is ranging between 10 and 10* Q.cm.

The mobility of free electrons in the conduction band is given by:

o

m*

M:

where t is the mean time between collisions, and m* is the effective electron mass. However,

as m* and t are negatively correlated, the magnitude of p is limited. D

Since the band gaps of these materials lie in the ultraviolet wavelength [200-400 nm] region
where Eg > 3 eV, they hardly absorb visible light and appear to be transparent with a high

optical transparency (transmittance >80%).

The optical properties of TCO materials as transmission T, reflection R, and absorption A, are
determined by its refraction index n, extinction coefficient k, bandgap Eg. In the case of TCO
films where the stoichiometry is not respected, T, R and A are often depending on the thickness
uniformity, and on the surface roughness. T, R, and A are also depending on the chemical
composition and solid structure of the material.

T, R and A are of interest when attention is being focused on a thin film because they actually
determine how the film behaves to incident beam of light as X-rays for example.

The law of conservation of energy implies that the sum of parameters TY, R and A is equal to

as:

T+R+A=1 Eqg. 3

These optical properties of thin films are not constants because they are influenced by various
factors such as the substrate temperature, film thickness, crystallinity, nature and amount of

dopants. These factors also affect greatly the electrical properties of thin films [9].

The Figure 4 shows some examples of the conductivity and transmittance of ATO thin films

annealed in nitrogen and Forming gas atmospheres a) 325°C and b) 425°C [10].
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LITI. The interest of thin films in technology devices

The chemical and physical properties of thin films are different of those of bulk. Thin film

studies have directly or indirectly advanced many new areas of research in solid state physics

and chemistry which are based on phenomena uniquely characteristic of the thickness,

geometry and structure of the film. Modern technology requires thin films for different

applications fields of electronics, optics, space science, aircrafts, and other industries.

The requirements for TCO are good electrical conductivity and high transparency in the visible

domain. They get better when the TCOs are made in nanoscale layers ranging from 1 to
100 nm.

'
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Their physical properties are different from those they have when they are micro or
macroscopic in size. When we reduce the size of a material, we increase its surface area by
freeing more space to interact with other atoms and/or molecules. When we reduce the size to
the nanometric scale, the exposed surface area increases and this favors the greater interaction
between nearby atoms and molecules, giving rise to various interactions as attractions and
repulsions that cause surface, electronic and quantum effects affecting greatly physical

properties as the optical, electric or magnetic.

For example, the mechanical properties of carbon nanotubes are greater than those of steel
where the tensile strength of carbon nanotubes is approximately 100 times greater than that of
steel. The discovery of nanomaterials opened up a new domain to science and technology

called now nanoscience and nanotechnology.

Nanotechnology has become an interdisciplinary field in physics and materials sciences. It
refers to those areas of engineering and science where phenomena occur at small dimensions
in the range of nanometers < 100 nm. This field is used in materials design, characterization,
production, and other applications.

I.111.1. Particle size effects:

The main difference between bulk material and nanomaterial is the size difference and
properties related to particle size. The decrease in the particle size will change the properties
of nanomaterials more than in the bulk material. These changes make the nanomaterials into a
different class of materials with new applications. The Figure 5 shows some examples of the

size of some objects.
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Figure 5 : Scheme of the relative size of objects in comparison to the nanoscale  [11]

size range.
I.111.2. TCO in nanometric scale

As we reminded, transparent conductive oxides have an important which combines two
properties: high optical transmission at visible wavelengths and electrical conductivity close

to that of metals.

Both of these properties improve when TCO is synthesized in nanoscale layers. Thanks to these
two properties, transparent conductive oxides (TCO) are used in a wide range of applications
such as transparent contacts for solar cells, optoelectronic devices, flat panel displays, liquid
crystal devices, touch screens... SnO, In203 and ZnO are among the first studied TCO
materials. We present some properties of these three materials.

I.111.3. Some properties of SnO:2 films

I.111.3.1. Transparent properties

Tin oxide (SnOy) is tetragonal structure with oxygen-deficient n-type having wide band gap
(3.6 eV) [12-14] and it is considered as a very suitable material due to its attractive properties
like low resistivity, optical transmittance and piezoelectric behavior [12, 15, 16].
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SnO; is also a more suitable candidate for some applications such as solar cell window layer

and optoelectronic devices. From the following Figure 6 (a) and 4(b), pure and Mg doped Sno>

films show a higher absorption coefficient in the UV region than in the visible light region.

The absorbance curve which possesses three regions has its first region between the ranges of

800 nm to 370 nm where there is fluctuation in the absorbance [17, 18].

SnO; films transmittance is influenced by the bandgap energy, film crystallinity, surface

morphology and concentration doping. For the case of the system Mg-SnQOg, the transmittance

yield is between 50 and 75%. The doping improves the crystallinity of SnO- films and reduces

the transmittance.
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1.111.3.2. Electrical properties

SnO: films possesses good electrical properties equivalent to semiconducting behavior. The

conductivity of SnO- films is most suitable for preparation of gas sensors.

The activation energy is one of the important parameters to understand the gas sensing
mechanism. The activation energy can be calculated with the help of electrical resistivity

measurements.

In Figure 7, we show the plot of In (o) versus (1000/T) for SnO2 thin films. From this figure
we can observe a decrease in conductivity with increasing temperature for SnO: thin films.

This decrease confirms the semiconducting behavior of SnO,.
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Figure 7 : Variation of the resistivity of SnO2 films versus annealing temperature [21]

by varying precursor concentration.

The activation energies can be determined by using Arrhenius equation:

_Ea Eq. 4
o (T) = age ksT f

Where 6 is the conductivity of SnO» thin film at temperature T, co: conductivity at temperature

To, Ea: activation energy and kg: is Boltzmann’s constant.

The activation energy obtained from the plot of ¢ (T) is found to be 2.9, 2.6, 2.4, 2.2 and 2.0
meV for SnO2 samples S1, S2...S5 (the different concentrations 0.1 M, 0.2 M, 0.3 M,

0.4 M and 0.5 M)
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I.111.4. Presentation of some properties of ZnO films

ZnO is an example of wide band gap semiconductors which have been used in optoelectronic
devices [22-24] for the realization of light emitting diodes and laser diodes. ZnO is mostly
chosen for its better excitonic energy of 60 meV at room temperature [25-27]) properties
compared to GaN. Besides that, ZnO is characterized by a high transparency in the visible
region and by high conductive properties. Because of these interesting properties, ZnO is

widely used in photovoltaic devices, and sensors.

The conductive property of ZnO is due to the presence of defects in its crystalline structure
such as oxygen deficiency or zinc excess in interstitial sites. We present in this chapter some

properties of ZnO as the transparency and the conductive properties.

I.111.4.1. The transparency properties of ZnO films

Optical transmittance of ZnO films with different thickness is plotted in a wavelength range of
300 to 1000 nm as shown in Fig. 6. The films are highly transparent in the visible range (above
90%). The transparence is depending on the thickness of the films.
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Figure 8 : Transmittance curve of ZnO films of different thickness [28]

1.111.4.2. Electrical properties of ZnO films

Figure 9 (a) shows the linear curve of the 1(VV) measurement of ZnO thin films in ambient light

with voltage supply ranging from -5to 5 V [29].

( 1
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The resistivity is deduced from | (V) graph, and is plotted in Fig. 7(b) as a function of ZnO
film thickness.

The resistivity decreases as the thickness increases from 14.2 nm to 42.7 nm, with a minimum

value observed at 1.39x1072 Q-cm.

However, when the thickness was increased above 42.7 nm, the resistivity of the films also
increased to a maximum value of 13.6x102 Q-cm. Two behaviors can be observed: for films
below 50 nm thickness, the resistivity decreased, and for the films with thickness above 50 nm,
the resistivity increased with the film thickness.

This can be explained by the effect of the thickness which improves the crystallinity of ZnO
and increases the ZnO crystallites. This later contributes to the increase of electron mobility
and therefore it decreases the resistivity [30].

The plot of the Figure 9(b) is related to the current—voltage I (V) and is obtained by applying
voltages between - 5V and + 5 V. We can observe that under light, the linear relationship of
the characteristics reveals that the contact has ohmic character.
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Figure 9 : the linear curve of the I(V) measurement of ZnO thin films in ambient  [29,

light with voltage supply ranging from -5 to 5 V (a) and The resistivity at different  31]
film thickness (b)

L.IV. Fabrication of TCO in nanometric scale:

Materials science and engineering emphasizes the significance of nanoparticle preparation,

which can be accomplished through diverse methods: physical, chemical and biological. The
Figure 10 shows some of these methods.

Nanomaterial Synthesis
Routes

S —

Figure 10 : Nanomaterials synthesis routes. [32]
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While certain techniques are innovative, others have been in practice for an extended period.
The four key procedures for generating novel nanoparticles are gaseous phase, vapor

deposition, wet chemistry, and grinding.

Several of these processes bear resemblance to established chemical production

methodologies:

1) The gas phase technique employs a variety of heating methods, including resistance heating
and high-frequency induction heating, in addition to chemical reactions and sputtering

processes.

i) The liquid phase technique involves precipitation, hydrolysis, spray, and solvent-based
methods.

iii) The solid phase technique employs thermal decomposition, solid-state reactions, spark
discharge, stripping, and milling, resulting in very fine particles that can be either amorphous

or crystalline in nature.

The small size of nanoparticles makes any surface coating highly influential in the
overall properties of the particles [33]. The nanofilms obtained by one of these methods can

be classified as follows:

The nanofilms are structured; their atoms are arranged in an organized manner in one,

two, or three dimensions, forming distinct patterns at the nanometer scale.

These patterns can take the shape of nano-spheres, nanotubes, nanorods, nanowires, and

nano-belts.
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Nanostructured films can be classified into four categories based on their dimensional
namely zero-dimensional, one-dimensional, two-dimensional, and three-

In the context of 0D, measurements of all dimensions are limited to one hundred nanometers
or less, encompassing single crystal, polycrystalline, and amorphous particles of varying
shapes and forms.

This can be further classified into two categories: nanocrystals, where the nanoparticles are
single crystalline, and quantum dots, where the nanoparticles' size is small enough to observe
quantum effects.
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I.1V.2. One-dimensional (1D) nanomaterial:

In the 1D, the whiskers and nanorods have a smaller length-to-thickness ratio than fibers,
nanowires, and nanostructures with large aspect ratios called nanofibers. It is also called:

whiskers, fibres or fibrils, nanowires, and nanorods.

1.1V.3. Two-dimensional nanomaterial;

The important nanostructure of 2D that scientists studied for almost a century is thin films [3].

1.1V.4. Three-dimensional nanomaterial:

"3D Nano systems" can refer to objects that are micrometers or millimeters in size but contain
nanometric features, like confinement spaces or periodic arrangements of nano-sized units.
Despite being larger than the nano scale, these systems exhibit unique molecular and bulk
properties due to their nanoscale components (1-100 nm). For example, 3D nanocrystals are
created from the organization of 0D spheres, and 1D rods or 2D plates can form impressive
superstructures such as those found in box-shaped graphene or mesostructured platinum films
[35].

At the nanoscale, a nanocrystalline with crystalline order and small size can be classified
as a Quantum Well, Quantum Wire, or Quantum Dot, depending on its number of dimensions.

Nanocrystalline are sometimes referred to as Quantum Dots [33].

L.V. Properties of Nanomaterials:

Nanomaterials exhibit unique physical properties distinct from bulk materials due to their size
range between atomic and standard dimensions. The specific properties of nanomaterials can
be attributed to various factors, such as a significant fraction of surface atoms, spatial

confinement, reduced imperfections, and high surface energy.

The presence of these properties can lead to a variety of outcomes such as alterations in melting
point, lattice dimensions, strength, optical characteristics, electrical conductance, magnetic
behavior, and self-cleansing. These properties depend highly on the nanomaterials' size, shape,
and extent of aggregation, which allows tuning their properties.
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I.VI. Metal oxides nanofilms:
Metal oxide nanomaterials are crucial in several fields, including chemistry, physics, and
materials science in nanotechnology because of their distinct properties at the nanoscale.

Various oxide compounds can be formed from metal elements, resulting in a broad range of

structural geometries that may possess metallic, semiconductor, or insulator traits.

These oxides are employed in the production of microelectronic circuits, piezoelectric devices,

sensors, and catalysts in technology [36].

1.VVI1.1. Metal oxides:

The Earth's crust contains different chemical elements. In Table 1 and Figure 12, oxygen and

metals are the most abundant elements

Element Approximate Approximate
% by weight % by weight
Oxygen 46.6
Silicon 27.7
Aluminum 8.1
Iron 5.0
Calcium 3.6
Sodium 2.8
Potassium 2.6 = Oxygen m Silicon = Aluminum
Magnesium 21 Iron H Calcium m Sodium
m Potassium ® Magnesium m All others
All others 15
Table 1 : the quantities of Figure 12 : Schematic Representation of the
various elements present in the atomic percentage of elements found in the [37]
Earth's crust. Earth's crust.

Nanotechnology used this advantage of existence in the Earth's crust to create more
exciting materials with unique properties and use them in daily human life. One of the most

significant examples is phones, processors, sensors, T.V...

( 1
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Metal: any class of substances characterized by ductility, high electrical, high thermal
conductivity, and high light reflectivity [38].

1.VI.1.1. Oxide:

It contains at least one oxygen atom and another atom in its chemical formula. Metal oxide: A
metal oxide is a type of crystalline solid that consists of a metal cation and an oxide anion. It
has the ability to react with water and form bases, and with acids to form salts. Binary oxygen

compounds come in three distinct types:

(1) Oxide ions with a charge of O are present in oxides.
(2) Peroxide ions with a charge of 02> are found in peroxides.

(3) Superoxide ions with a charge of O are present in superoxide [39].

1.V1.1.2. Manganese:

Manganese (Mn) that we use in this work through its oxide is discovered in 1774 by
Johann Gahn [40]. Mn is an element with atomic number 25. It is the tenth most plentiful
element found in the Earth's crust, with an average content of about 0.1% in crustal rocks.

It is a heavy metal, second only to iron, and has a brittle nature. Manganese is prone to
oxidation and difficult to melt. When in its pure form, it is highly reactive, burns in oxygen

when in a powder form, dissolves in dilute acids, and reacts with water.

1.VI1.1.2.1. Applications of manganese

Manganese is a crucial element in the production of iron and steel due to its ability to
enhance their properties, including strength, toughness, and resistance to corrosion. It is a key
component in various widely used aluminum alloys and low-cost stainless-steel formulations,

making it an integral part of the manufacturing industry.

Apart from its use in the production of iron and steel, manganese is also used in other
fields. It is used as a catalyst in the production of ceramics and as a micronutrient in fertilizers,
it is used to decolorize glass, specifically violet-colored glass, due to its ability to remove

impurities.
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1.VI1.1.2.2. The use of manganese in the environment:

Manganese oxide has been utilized by civilizations of the past for hundreds of years as a
clarifying agent for glass and pigments. Mn metal is available in the Earth's crust and is among
the most abundant metals found in soil. With an annual mining output of over five million tons,

there is no doubt about its commercial importance.

I.VI1.2. Manganese oxide:

Manganese is a transition metal with a versatile range of stable stoichiometric oxides.
Mn oxide is present four forms: MnO2, Mn20s, Mn304, and MnO.

transient-dissolution
—

MRO, (aq)

[41]

Figure 13 : different forms of manganese oxide

These oxides exhibit various oxidation states ranging from +4 to +2, making manganese
oxide a versatile transition metal oxide. The specific oxide formed by manganese will depend
on factors such as the oxygen pressure, temperature, and the ratio of manganese to oxygen
during the reaction. The importance of these manganese oxides lies in their applications in a
wide range of fields, including catalysis, batteries, supercapacitors, and environmental

remediation [42].

I.VI1.3. Trimanganese tetraoxide (MnzOa):

Trimanganese tetraoxide, also known as Manganese (lI, I11), is a chemical compound that

occurs naturally as the mineral Hausmannite.

It is a p-type semiconductor material with a wide direct band gap of 2.3 eV. This unique
electronic property makes it an attractive material for various applications, including catalysis,

energy storage, and electronic devices.
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The crystal structure of Mn3Qg is similar to Hausmannite, with an attenuated gap composed of
states with HOMO (highest occupied molecular orbital) predominantly having O2— 2p
character and LUMO (lowest unoccupied molecular orbital) with antibonding states of

tetrahedral Mn®*,

This configuration results in a unique electronic and magnetic behavior, making it useful in

spintronics and magneto-optical devices [43].

1.VI1.3.1. Mn3O4: Trimanganese tetraoxide structural properties:

Manganese oxide is a group of chemical compounds that contain manganese and oxygen.
Among them, Trimanganese tetraoxide, known under the formula MnzOa, is a stable phase

with a typical spinel structure.

This structure consists of a face-centered cubic lattice in which the oxygen ions occupy the
corners and the Mn3* and Mn?* ions occupy the tetrahedral and octahedral sites, respectively.
In this tetragonal form, Mn®" ions occupy the octahedral sites, and Mn?* ions occupy the

tetrahedral sites.

The stable temperature for this transformation depends on the preparation method and the

purity of the MnzO4 sample.

Hausmannite is an important mineral in geological systems, and Mn3O4 is widely used in
various applications, including catalysis, energy storage, and magnetic materials.
Understanding the crystal structure and the properties of MnzO4 in different forms is crucial

for designing and optimizing its applications [44].
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Figure 14 : A schematic of Hausmannite crystal structures of MnzO4 [45]

So usually, Mn3O4 crystallizes in Hausmannite crystal structures where lattice constants a and
b are 5.7621 A and c is 9.4696 A with all the angles equal to 90° according to the JCPDS card
No. 024-0734.

1.V1.3.2. Electrical properties of Mn3Oa:

The electronic structure of the Manganese, manganese ions, and oxygen is as follows:
Mn electronic structure: 1s? 2s? 2p® 3s? 3p® 3d° 4s?
Mn?* electronic structure: 1s? 2s? 2p® 3s? 3p® 3d°
Mn3* electronic structure: 1s? 2s? 2p® 3s? 3p® 3d*
0: 1s? 25? 2p*

The investigation of electrical transport phenomena in Mn3O4 has gained significant attention
in recent years, primarily due to its potential applications in various fields such as
supercapacitors, lithium-ion batteries, sensors, and catalysts.

Mn3Oys is considered a highly promising material for such applications due to its low-cost
production, excellent environmental compatibility, high natural abundance, and impressive

( )
L 20 )
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specific capacity. Supercapacitors, which are energy storage devices, require materials with
high capacitance, good cycle stability, and high-power density. Mn3Os has demonstrated
remarkable electrochemical properties and could serve as a viable electrode material in

supercapacitors.

Additionally, Mn30s is a potential candidate for use as an anode material in lithium-ion
batteries due to its high theoretical capacity, low volume expansion, and good cycling
performance. Mn3O4 also exhibits excellent sensing properties, making it suitable for use in
gas and humidity sensors.

Moreover, it can serve as a highly active catalyst in various reactions, such as oxygen
evolution, water splitting, and CO oxidation. Overall, the study of electrical transport
phenomena in Mn304 has immense potential for applications in diverse fields due to its unique
combination of low cost, environmental compatibility, abundance, and excellent

electrochemical and catalytic properties [46].

The electrical conductivity of Mn3Oy4 is between 107 and 10® Q/cm [47, 48], which is a poor
conductor. Mn3O4 is paramagnetic in a nature at room temperature but becomes ferromagnetic
below the temperature range of 41-43 K [49]. Also, it can give an excellent performance in
supercapacitor electrodes. That is why new research tries to improve the efficiency of

electrodes differently, like doping with other chemical species in nanoparticles [50].
1.V1.3.3. Optical properties of Mn3zOa4:

MnsO;4 is a material that has shown great potential as an electrochromic material for anodic
coloration. One of the key reasons for this is its ability to undergo a reversible color change,
transitioning from a colored state (typically brown) to a bleached state (usually yellow),
making it a desirable material for use in applications such as smart windows and displays. The
electrochromic behavior of Mn304 makes it an attractive candidate for use in energy-saving

applications, where it can be used to regulate the amount of light and heat entering a space.

In many studies, the optical transmittance of MnsO4 decreases with the increase in the
annealing temperature. The index refraction of Mn3O4 is 2.49 [51]. The bandgap optic of
Trimanganese tetraoxide is around 2.7 eV at 400°C and 2.4 at 800°C [52].
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1.V1.3.4. Magnetic properties:

Mns304 is a compound that shows great promise in the field of magnetism due to its exceptional
magnetic properties. This material is made up of three manganese cations and four oxygen

anions, which form a unique crystal structure that exhibits remarkable magnetic behavior.

Specifically, Mn3O4 is a ferrimagnetic material, which means that it has two magnetic
sublattices that align in opposite directions, resulting in a net magnetic moment. This property
makes it an excellent candidate for use in a wide range of applications, including magnetic
storage devices, spintronics, and biomedical imaging. One of the key advantages of Mn3Og is
that its magnetic properties are highly tunable, allowing researchers to optimize its
performance for specific applications. This means that the material can be engineered to have

the desired magnetic characteristics, such as strength, stability, and directionality.

Additionally, Mn3O4 has been found to exhibit excellent thermal stability and resistance to
corrosion, which are important considerations for many practical applications. Due to its
unique properties, Mn3O4 has become an important focus of research in the field of magnetism.
Scientists are exploring new ways to synthesize and modify this material, with the aim of
improving its performance and expanding its range of applications.

Some potential future applications of MnzO4 include the development of high-density magnetic
storage devices, more efficient spin-based electronics, and advanced biomedical imaging
techniques. Overall, Mn30a represents a significant advancement in the field of magnetism,
with exciting potential for future technological innovations. As research in this area continues,
it is likely that we will discover new and innovative ways to harness the remarkable magnetic

properties of this material.

1.V1.3.5. Catalyst properties:

Mns30;4 is a compound composed of three manganese and four oxygen atoms that has attracted
considerable attention from researchers due to its exceptional physical and chemical properties.
Its ability to catalyze various reactions, including oxidation reactions, oxygen reduction
reactions, and water splitting, make it a highly promising material in the field of catalyst
properties. One of the unique advantages of Mn3Os is its remarkable stability and durability,
which make it an excellent catalyst for long-term use. Its crystal structure allows for efficient
electron transfer and catalytic activity, further contributing to its stability and durability. The

most of researchers continue to explore the full potential of Mn3Og in the field of catalysts.

( 1
| %2}




Chapter I: A general review on Transparent Conducting Oxides materials in thin and
nanometric films. An example of Mn203
They aim to develop new and efficient catalytic systems for various industrial and
environmental applications. Some of the promising areas of research include using Mn3zO4 as
a catalyst for energy conversion and storage, such as in fuel cells and batteries, and

environmental remediation, such as in removing pollutants from wastewater [49].
1.V1.3.6. Optoelectronic properties:

Mn3z0s4, also known as manganese oxide, is a versatile material that has garnered significant
attention in the field of optoelectronics due to its promising properties. This compound exhibits
unique electrical and optical characteristics, including high conductivity, excellent light
absorption, and strong magnetism.

These features make it a potential candidate for a range of applications, such as solar cells,
sensors, and spintronics. Additionally, Mn3Qs is relatively abundant and cost-effective, making
it an attractive alternative to other materials that are more expensive or difficult to obtain.
Overall, the exceptional optoelectronic properties of MnzO4 make it a promising material for

future technological advancements.
I.V1.3.7. Its use in Wastewater treatment:

Wastewater is a crucial process used to purify water rejected by manufactures. Thereby
removing harmful contaminants and pollutants to make it safe for reintroduction into the
environment. For example, Mn3O4 has a strong oxidation capability and quickly reacts with
phenol. After the reaction, a part of Mn?* ions with low valence leaches into the acid solution.
Therefore, it can remove phenol in water treatment without a particular operation parameter
[53].

Mn30Og is used in our work to study the photo catalytical properties. MnzO4 particles act on the
methylene Blue (MB) and decolorize under un-irradiation. Important results are obtained

qualifying it for use in wastewater treatment.
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