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GENERAL INTRODUCTION

GENERAL INTRODUCTION

In the recent years, the intensive use of polymeraterials is attributed to their
extraordinary combination of several propertiesilyfdight weight, low cost and ease of
processing. However, for the improvement of certpnoperties such as thermal and
mechanical stability, a large number of additivasenbeen added to the host polymer matrix
to develop hybrid composites (organic-inorganig) [1

Polymers usually melt or degrade before 200 °ChAlgh there is a class of thermally
stable polymers that are able to withstand tempegaif at least 300 °C. In our study we have
been tried to support our polymer with another male which can improving their
characteristics, thermal stability and conductivitggtc. This can augment its approach of
application.

A polymer matrix composite is a material consistofga polymer matrix combined
with one or more other dispersed phases. Theseephzen have significantly different
physical and chemical properties. Through the otlett combination of components, new
materials are obtained with distinct propertieshefindividual components [2].

If at least one of the components has nanometmexsions, these materials are called
nanocomposites. Compared to composites of micracngize and due to the dimensions of
the particles of the nanometric phase, nanocomgssixhibit new and improved properties
such as for example dispersion homogeneity, thestahility and flame resistance, properties
more efficient mechanics, more interesting eleatriand optical properties [3-5]. The
diversity of properties is attracting more and matention from researchers and
manufacturers. Currently their field of applicaticontinues to widen [6].

Incorporation of inorganic nanoparticles into shiéapolymer matrices can impart

improved optical, mechanical, magnetic and optdedaec properties to the resulting

1



GENERAL INTRODUCTION

nanocomposites . Therefore, these nanocompositesteen widely used in different fields
such as military equipment, security, protectivettuhg, automotive, aerospace, electronics
and optical devices. However, these fields of aaplon continually demand higher
performance properties and additional functionshsag high mechanical properties, flame
retardance, chemical resistance, UV resistancestrigl@d conductivity, environmental
stability, water repellency, resistance to magnétd, radar absorption. So considerable
effort is needed to answer this requirement.

Among inorganic nanoparticles, nanoparticles bagedmetal oxides can exhibit
interesting physical and chemical properties du¢htar very small size and the resulting
large surface / volume ratio. Nanoparticles andamocrystals of metal oxide semiconductor
materials have been widely studied over the pasadke due to their unique properties and
application in various fields. Many research grohpse focused on the dispersion of metal
oxide nanoparticles in polymer matrices, as hybrahocomposites not only inherit the
functionality of semiconductor nanoparticles bigoapolymer advantages such as flexibility
and conformance.

Nanocomposite materials based on metal oxides ynpmk are used in the
manufacture of LEDs, photo-detectors and displaysge do their very interesting
electroluminescence (EL) and photoluminescence (Btgperties. To optimize their
properties, the chemical nature, the microstructune the dispersion (dimensions and spatial
distribution) of the nanoparticles as well as thedpction process must be well defined to
obtain the desired characteristics [7].

Much research has focused on the development ofaloxede/polymer
nanocomposites using different polymer matrices. oA the most used polymers,
polystyrene (PS) and the polyaniline (PANI) occupy privileged spot. Those are

thermoplastic materials; this particularity makes possible to combine them with



GENERAL INTRODUCTION

nanoparticles of inorganic semiconductors such &g %Whd AbOs, OFI opuntia ficus indica,
the optical activity of which is in the visible @& The goal of this work is to enhance the
optoelectronic properties of the resulting nanocosites.

The work to be carried out consists in synthesiziagoparticles of W®and ALOs
and OFI to develop thin films of nanocomposites PMMO3, PANI/AIL,O3, PANI/OFI and to
proceed to their structural and optical characétion. The work carried out includes the

following stages:

Synthesis of the composites of Wénd AbOs; and OFI semiconductors

- The structural and optical characterization of temopowders of the metallic
oxide and inorganic semiconductors (W&hd AbO; and OFI) synthesized.

- The structural characterization of the nanocompegtroduced.

- The morphological study of the nanocomposite fipreduced.

- The optical characterization of the nanocompogitesuced.

The electrical characterization of nanocomposites.

The results of the work are reported in this manpswhich includes an introduction,
five chapters and a general conclusion.

The first chapter presents the synthesis of a dgbdiphic research on polymer

composites in general and more particularly on mexéde/polymer nanocomposites and

inorganic materials and the methods of developroéttie hybrid composite materials based
on metal oxides/polymers , while highlighting ewde of their physical properties and
applications.

In the second chapter were exposed to the methegndiesis of the particules (WO
and AbO3; and OFI) with the experimental techniques usethénpreparation of our samples
(PANI/WO3, PANI/AIO3, PANI/OFI). Also the different techniques used floeir structural,

optical and electrical characterization have besstdbed.
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The third and fourth chapter presents the resftiltiseostructural characterization by X
diffraction, IR spectroscopy and X Photoelectrore@mscopy (XPS) of the synthesized
nanocrystals (W@ Al,O3) as well as the results of their optical charazédion by UV-
Visible-near spectrophotometry, infrared spectrpgco electric and electrochemical
proprieties by cyclic voltammetry (CV). This chaptalso presents the results of the
morphological study of surface hanocomposite madsclanning microscopy electronics has
(SEM).

The fifth chapter presents the results of the simat electrochemical, electrical
characterization and the morphological study of Ofdlymer composites.

Finally, the manuscript ends with a general conclugn which an assessment of the

work carried out is established.
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.1 HYBRID NANOCOMPOSITES

1.1.1 Introduction

A composite is defined as a combination of two arrenmaterials with different
physical and chemical properties and a distinarfate. Composite materials have a very
wide range of applications. The important advardéagé composites over many metal
compounds are high specific stiffness, high tougbnbketter corrosion resistance, low density
and some thermal insulation [8].

In most composite materials, one phase is generaliyinuous and referred to as the
matrix, while the other phase is referred to asdispersed phase. Based on the nature of the

matrices, composites can be classified into foaatrcategories:

1

Polymer matrix composites;

2

Metal matrix composites;

3

Ceramic matrix composites;

4- Carbon matrix composites [9].
Polymer matrix composites can be processed at d hower temperature, compared
to other composites. Depending on the type of pelymatrix, the composite polymer matrix

are divided into thermoset composites and thernstiplaomposites [9].

Hybrid materials most often result from the assgndfltwo materials: an inorganic
part and an organic part. The association of suffereint materials generally gives the
composite new properties that each component cahawe on its own (mechanical

properties, density, permeability, color, hydropiegiroperties, etc.).
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1.1.2 Polymer matrix nanocomposites

To improve the properties of composite materiatserdists have resorted to low-
charge containing composites with smaller grairesizleading to the development of
microcomposites and the recent trend in composgearch is dominated by nhanocomposites.

Nanocomposites are composites in which a phasedrasmetric morphology such as
nanoparticles, nanotubes or lamellar nanostru¢ide The improvement of the properties by
the addition of particles can be obtained by a gateraction between the nanoparticles and
the matrix and a good dispersion of the nanopasiti the matrix.

In nanocomposites, covalent bonds, ionic bonds,deanVaals forces, hydrogen

bonding can exist between the matrix and the comptsrof the charge [9].

1.1.3. The different types of polymer nanocomposite

Many nanocomposites are made from a polymer in hvhi@noparticles have been
dispersed. Indeed, the incorporation of nanofiligithin polymer materials makes it possible
to modify their mechanical [11], thermal [13], [14]ectrical [15] or magnetic [16] properties
and thus widen their domain of. application. Tablelists the nanocomposites according to
their nature and the form of the nanofillers usedeanforcements in the polymers.

Table I.1 The different types of nanoparticles useth polymer nanocomposites

Nature of the nanocharge Form Examples
Inorganic Spheres Preformed silica [12], [17] [18],
metal oxides [19], carbonate
Fibers calcium [20]
Platelets Sepiolite [21], potassium titanate [22]
Lamellar silicates [23]
Metallic Spheres Magnetite [16], Gold particles][24
Carbon-based compound Spheres Carbon black [25]
Fibers Nanotubes [26], Cellulose [B7]
graphene [28]
Platelets Graphite [29]
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1.1.3.1 Polymeric Nanocomposites based on inorgarmicaterials.
Polymer composites made up of inorganic nanopeasgtichnd organic polymers

represent a new class of materials that have menfermance properties compared to their
microparticle counterparts [30]. Inorganic particlerovide mechanical and thermal stability
and new functionalities which depend on the chehmature, structure, size and crystallinity
of inorganic nanoparticles (silica, oxides of titina metals, nanocells, metal phosphates,
metal chalcogenides and nanometallic). Inorganicighes provide better mechanical,
thermal, magnetic, electronic and optical propserfi&l]. Various processes are used for the

preparation of inorganic nanocomposites based gm@os. The most important are:.
i.  Molten intercalation.
ii.  Direct mixing of polymers and patrticles.
iii.  Chemical synthesis.
iv.  In situ polymerization.

v. Sol-gel process.

1.1.3.2 Polymeric Nanocomposites based on metalhaaterials

Metal/polymer nanocomposite materials combine ptogse of several components.
Nowadays, they are regarded as promising systenalf@nced functional applications [32].
Therefore, the incorporation of nanoparticles metahe polymer has paved the way for a
new generation of materials having electrical, agdtor mechanical unique that make them
attractive for applications in areas such as opf83 the a photoimaging and modeling [34] ,
sensor design [35], catalysis [36] and antimicrbbaetings [37]. The search for new methods
of preparing metallic nanocomposite materials hasnbgreatly stimulated due to their

attractive properties and promising applicationgief the main interests of metallic
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nanoparticles is their unique physical propertiésctv can be adapted by chemical control of
their shape and size [38]. Among these, nanosadteamd silver play a primary role because
these nanoparticles exhibit a very intense absorgdtiand in the visible region due to their
surface plasmon resonance. Metal / polymer nanoositgs can be prepared by two
approaches:

i) The first involves a dispersion of metallic npadicles in a polymerizable
formulation, or in a polymer matrix. In this caskhe reduction of the metal ions and the
polymerization occur successively, hence the aggiay of the nanoparticles which makes
this synthesis procedure often problematic.

i) In the second approach, the nanoparticles aemeated in situ during
polymerization to avoid agglomeration. The polymation reaction and the synthesis of
nanoparticles which take place simultaneously haeen the subject of in-depth studies.
Another technique consists of polymerizing the masround a metallic nanocore using

chemically compatible ligands [39] or polymericustiures [40].

1.1.3.3 Polymeric carbon-based nanocomposites

Carbon nanofillers such as nanotubes and graphdmiaiteexcellent properties due to
their high mechanical strength and high aspecto.ratsraphene and its polymer
nanocomposite derivatives have demonstrated immeoisatial applications in electronics,
aerospace, automotive, defense industries and geeergy thanks to their exceptional
reinforcement in composites . To take full advaatag its properties, the integration of
individual graphene into polymer matrices is edsénCompared to carbon nanotubes,
graphene has a higher surface area to volumewdiich makes it potentially more favorable
for improving mechanical, electrical, thermal, gaermeability and microwave absorption

properties [41]. The nanotubes cdrbon (CNT) are considered unique elements promoti
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the development of various polymer composites szai their unique properties such as
high electrical conductivity (~ £@n.s%), the has improved resistance to traction (50 GPa) and
low density. These characteristics make them usefalwide range of industrial applications
[42].

There are three main mechanisms of interactiohepblymer matrix with carbon:

(a) Micro-mechanical interconnection.

(b) Chemical bond between the nanotubes and thexmat

(c) Poor van der Waals adhesion between fillerraattix.

1.1.4 SYNTHESIS OF HYBRID NANOCOMPOSITES

To endow polymer nanocomposites with new propersgsthetic methods that have
an effect on the control of particle size distribat dispersion and interfacial interactions are
essential . Synthesis techniques for nanocompaaitedifferent from those for conventional
composites. The development of nanocomposites polynis difficult because of the
physicochemical differences between systems. Eatymer system may require a set of
processing conditions and different synthetic tépies which in general give non-equivalent
results; considerable research has been done telogeguitable synthetic techniques for
making good polymer nanocomposites [43].

The methods for producing polymer nanocompositesa#irbased on a first step of
dispersing the nanopatrticles in a liquid, howewetytdiffer by the type of organic phase [44]
and by the subsequent treatment to be carriecheat:treatment, elimination of any solvent. .

The nanopowders are mainly metals, semiconductorspetal oxides. This section
mainly studies how to form nanocomposites with inetades and polymers. Generally, there
are three preparation methods for synthesizingrpety metal oxide nanocomposites (Figure

I1.4). The first is the direct mixing of a polymand metal oxide nanoparticles, either as

10
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discrete phases (called melt mixing) or in solutfsolution mixing). The second is a sol-gel
process, which begins with the association of maégrecursors at room temperature, then
the formation of a metal oxide by hydrolysis anchaensation. The third is the in-situ

polymerization of monomers in the presence of metale nanopatrticles.

In-situ
. olymerization

Metal oxides e Monomer
. Sol-gel
Blending process

Sol-gel process Metal oxide

Polymer
precursor

Figure I.1. Methods for synthesizing polymer/metal nanocontpssi

1.1.4.1 Direct mixing

Direct mixing is the simplest method of preparinglymer / metal oxide
nanocomposites. This ex-situ method is popular Usxd does not limit the nature of the
nanoparticles and host polymers used. Dependirthenonditions, the mixture can normally
be divided into molten mixture and solution mixtufde main difficulty in the direct mixing
process is always the efficient dispersion of thaaparticles in the polymer matrix because
the latter tend to agglomerate.
1.1.4.1 .1 Molten mixtures

One of the conventional techniques for preparintyrper composites is to disperse
particles in a polymer, generally a thermoplasticthe molten state. The dispersion of the
particles is improved if they are functionalizeddrganic molecules whose chemical nature is
compatible with that of the polymer. Currently, sthprocess is used for a wide range of

materials such as metal oxides and carbon nanotubes

11
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Molten blending is the fastest method to introdoew nhanocomposites to the market
since it can take full advantage of well-constrdgb@lymer processing equipment, including
extruders or injectors.

Although the processing conditions of the polymars optimized to obtain a good
uniform dispersion of the metal oxide nanoparticiesthe polymer matrix, the surface
characterization indicates the clustering of thenoparticles. Agglomeration has been
attributed to particle interactions mediated byist®rces in the polymer matrix. On the other
hand, mixing polymers and nanoparticles of metatlex to produce nanoparticles that are
homogeneous and well dispersed in the polymer pgigagicant challenges.

Despite the aforementioned advantages of melt bigngolymer degradation could
be a significant problem that should not be ovdaab Since a certain elevated temperature is
normally required during melt mixing, the polymeatmix and the compatibilizer can degrade
the organic surfactant, which can lead to a sigaift decrease in the mechanical properties of
the final products.
1.1.4.1.2 Mixing of solutions

This method consists in dispersing nanoparticles polymer solution using a suitable
solvent, then in evaporating this solvent to foramocomposite films or sheets.

The advantages of solution mixing include the thgfomixing of the inorganic filler
with the polymer in a solvent, which facilitatesettdisintegration and dispersion of
nanoparticles from the filler.

This method consists of three steps: dispersioth@fanoparticles in an appropriate
solvent, mixing with the polymer (at room temperatar high temperature), and recovery of
the nanocomposite by precipitation or casting fiha

In this process, the dispersion of the nanopagidan be obtained by magnetic

stirring, mixing by shearing, reflux or, most oftday ultrasonication .

12
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Solution mixing can overcome some of the limitatia@f melt mixing if the polymer
and nanoparticles are both dissolved or dispersedlution. On the other hand, for industrial
applications, melt processing is the preferred ahalue to its low cost and simplicity for
large scale production for commercial applications.
1.1.4.2 Sol-Gel treatment

Several approaches have been developed to imptoyecampatibility between
organic and inorganic components. Among the mamhodas under development, the sol-gel
route has been widely applied due to its abilityctmtrol miscibility between organic and
inorganic components at the molecular level. Then tgol-gel is associated with two reaction
steps: sol and gel. A sol is a colloidal suspensibgolid particles in the liquid phase and a
gel is the interconnected network formed betweerptiases.

The nanocomposites organo -inorganiques are nornmakpared by the sol-gel
method in the solvent containing precursors andrmiggpolymers. The most direct route is to
hydrolyze and condense the precursors in the preseha polymer in a solvent system.
Materials prepared by sol-gel treatment have umifty, high purity, and low sintering
temperatures compared to those prepared by coowahtsolid state reactions. Sol-gel
materials are classified by the mode of formatiowd dhe types of bonds between the
components: organic, organometallic and inorganic.

The most important problem associated with thegsblprocess is that the gelation
process leads to a considerable decrease in ihtgreas, which can lead to contraction of
fragile materials due to the evaporation of solggesmall molecules and water. In addition,
the precursors are expensive and sometimes toxeyepting further improvement and

application.

13
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1.1.4.3 In-situ polymerization

The nanometric particles are dispersed in the isolubf the monomers and the
resulting mixture is polymerized by simple polynzation methods. The advantage of this
method is the possibility of grafting the polymen® the surface of the particles. The key to
in situ polymerization is proper dispersion of gfeeticles in the monomer. This often requires
modification of the particle surface, because algiodispersing is easier in a liquid than in a

viscous molten bath, the settling process is astef.

HCl-Activation
P P ———
Stirring 1h

a

Aniline

Cl-

" metal oxide metal oxide
HCl-Functionalized

Stirring 0.5h | HCI (0.1M)

PANI-metal oxide
MNanocomposite

APS (1M)

-
252C, Stirring 24h

Figure 1.2. Synthesis of PANI nhanocomposite by in situ polyrsation
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.1.5 APPLICATIONS OF HYBRID METAL OXIDE / POLYMER

NANOCOMPOSITES

The applications of metal oxide / polymer nanocosijgs have experienced rapid
growth. The advantages of incorporating metal oxideoparticles into polymer matrices can
lead to significant potential applications. Theseaa include photocatalysts, membranes for
gas separation, sensors, and environmental andedioal applications. These areas include
photocatalysts, membranes for gas separation, isgread environmental and biomedical
applications, aerospace industries, automobilesgabil and gas pipeline [45] , bone repair ,

batteries[46]

[.2. Nanocharges : Metal Oxides
[.2.1. Introduction

The nanocrystals of metal oxides are of great @éstebecause their properties differ
from those of the bulk material. They have a lasgeface area to volume ratio, increased

chemical reactivity, special electronic propera@sl exceptional optical properties [47].

Metal oxide nanoparticles are scientifically andht@logically interesting functional
materials with a variety of structures and progsrgpanning nearly all aspects of materials
science and physics. They are present in many oémpcal fields such as gas detection,
medical science, electronics, ceramics, energy esion and storage as well as surface

coatings [48].

Metal oxide semiconductor nanostructures are vergortant for " nanosensor "
research because of their theoretical and praciicpbrtance in applications in biology,

environment and analytical chemistry [49].

15
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The most popular areas of research for these naictgtes are optoelectronics [50],
sensors [51] and actuators [52]. Metal oxide nanogires have in addition to the high
surface area / volume ratio, low toxicity, are eomimentally friendly, have chemical stability
and biocompatibility. Metal oxide nanostructuresoaéxhibit fast electron transfer properties
required to improve the performance of nanomaterdien used as a biomimetic membrane

to for example detect proteins and retain theivagt{50, 51].

Among these metal oxides, WGand ALO; may have different and interesting
morphologies such c the nanowires , nanorods ( )NlRanotubes, nanoleaves , nanoflowers
etc. which make them useful for fabricating nanackw for optoelectronic and sensing

applications.

. 2.2. TUNGSTEIN OXIDE (WO; )

Tungsten oxides With the chemical symbol WQit is also called wolframic acid or
tungsten oxide (HSDB, 2002d). They have numeroydicgtions, in particular in the fields
of catalysis [53, 54], electrochromic systems [86H chemical sensors for the detection of
polluting gases. Depending on the oxidation sthtbe@W atom, the conductivity of tungsten
oxides changes from a semiconductor or even insgldiehavior, for W@, to that of a
conductor, for W@ and even to that of a superconductor for certaib-csudes and
complexes between Wi@nd WQ. All these oxides do not differ only in their coagition
but also in their crystallographic structure. Thiege parameters have a great influence on the

sensitivity, selectivity and stability of chemic@nsors and catalysts.

|. 2.2.1. Production

Tungsten trioxide (Wg) is prepared from sodium tungstate. It can alsprbduced

by treating scheelite ore with sulfuric acid.

16
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Reaction of concentrated tungsten ore with sodiarbanate yields para ammonium

tungstate, which is used to produce tungsten t@(HSDB, 2002d).

l. 2.2.2. Structural study

The conductivity of tungsten trioxide, like moshet semiconductor metal oxides,
depends on its crystallographic structure. Thisd&ived from the face-centered cubic
structure of rhenium oxide (RgJJ56] in which the tungsten atoms are locatecatvertices
of a cube, while the oxygen atoms are locatedeatrtidle of the ridges. Each tungsten atom
is surrounded by six oxygen atoms (figure 1.9) [5%] room temperature, the monoclinic
phase is observed. Its structure can then be 8escias a three-dimensional network of
octahedra (Wg) linked together by the oxygen atoms forming theartices. From a
crystallographic point of view, the derived struetus slightly distorted because the tungsten

atom is shifted from the center of the octahedron.

(b)

Figure 1.3. (a) Elementary form of W@} (b) Crystal lattice of monoclinic WO
obtained at room temperature.

This distortion is not local but is repeated in theee directions of the network. The
displacement of atoms in the structure is tempegatiependent and induces the change in
symmetry of WQ.

17
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l. 2.2.3. Phases of W@

Tungsten trioxide exists in different crystallognap phases in which the tungsten
network is always irregular. The nature of the atsbn is a function of the temperature
(Table 1.2). The authors have defined several allggiraphic forms of W@[58]. According
to their study, it was possible to construct aggflable 1.3) which recapitulates the various
data concerning the structure of this oxide. Thaifferent phases of WQ exist in well-
defined temperature ranges. This results in diffeceystallographic forms, the experimental

parameters of which are given in the table beld8y §9]:

Table I.2. The different crystallographic phases of YO

Phases Symmetry Stability domain
a-WOs3 Tetragonal 1010-1170 K
B-WOj3 Orthorhombic 600-1170 K
v-WO3 Monaoclinic 290-600 K
0-WO3 Triclinic 230-290 K
e-WO3 Monoclinic 0-230K
h-WO3 Hexagonal Special conditions of synthesis
c-WOs Cubic <280 K

Tungsten trioxide can also lose oxygen atoms tm farmultitude of suboxides. When
certain oxygen atoms are removed from the latteméd by the octahedra of WQhe other
atoms rearrange themselves, which creates shaewsplathe basic structure.

According to Table 1.2, the dominant phase betv&8hand 600 K is monoclinic. So,

in our study, we will be working with the monoclkinphase detailed below

Table I.3. Lattice parameters of crystallographic phases oEWO

Structure| a(A)b A)| it) | « B y
a-WO 3 5.25| 5.25| 3.92 90 90 90
B-WOj; |7.34( 757 7.79 90 90 9@
v-WO3 | 7.30 | 754 7.69 90| 90.p 90
0-WO; | 7.31 | 752 7.69 88.890.9(90.9
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l. 2.2.4. Monoclinic phase

The monoclinic structure is the stable structur®V@ ; at room temperature and up to
600K. Widely studied by X-ray diffraction [60], itettice parameters (a = 0.730 nm, b =
0.754 nm ¢ = 0.769 nm amid= 90.9°) and its space group,R2[61, 62] are very well known.

Like all phases of tungsten trioxide, the monocliphase differs from the ideal cubic
structure by a slight shift of the tungsten atontscl is repeated periodically in the three
directions of space. The structure of the octahéds thus been deduced by infrared and
Raman spectroscopy and by X-ray absorption spetpys(XAS) [63, 64].

Taking into account these experimental data, Latddauriat and Oi-son [57] of the
microsensors team carried out studies by numeraralputation on the monoclinic phase, and
in particular obtained a =724 A(a=7.48A), G45A (b=7.66A),c=7.61A (c=7.85

A) andp=90.5° (3 =90.4") .
l. 2.2.5. The chemistry of WQ

WOs;is an oxide whose transition metal is in a +6 ottadastate, although due to the
strong covalent bonds between atoms, tungsteni¢x$ cannot be considered fully charged.
+6. Without taking into account the crystallographstructure and at room temperature,
tungsten trioxide is a semiconductor with a gapveen 2.62 eV [65, 66] and 2.7 eV [67]. Its
electrical properties strongly depend on the dsfedtich appear in its volume and on its
surface. These defects are mainly oxygen vacan6i&s69]. Thus, surfaces with oxygen
vacancies present active sites for the adsorptionegs, which determines its properties for
gas detection [70]. Of a From an electronic poihtziew, an oxygen deficiency causes an
increase in the electron density on the tungstéiorsaleading to the formation of electron

donor states, which makes Wé&h n-type semiconductor.
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1.2.2.6. Tungestein

The free element is remarkable for its robustnespecially the fact that it has the
highest melting point of all the elements discedgmelting at 3,422 °C (6,192 °F; 3,695 K).
It also has the highest boiling point, at 5,5551CQ,031 °F; 5,828 K) [71]. Its density is 19.25
grams per cubic centimetre [72], comparable witdt tf uranium and gold, and much higher
(about 1.7 times) than that of lead [73]. Polyailste tungsten is an intrinsically brittle [249]
[74][75] .and hard material (under standard condgi when uncombined), making it difficult
to work. However, pure single-crystalline tungsiemore ductile and can be cut with a hard-

steel hacksaw [76].

1.2.3. Alumina (Al ;O3)

Alumina is the generic term given to aluminum osid# chemical formula AD3
whether they are anhydrous or hydrated, crystallmeamorphous, without distinction of the
phases present. In addition to power electronigdicgiions, alumina is used in many other
fields for a wide variety of applications (heatedtli nuclear protection, medical prostheses,
etc.)

In the Natural state, alumina Is found in bauxitéhe form of a hydrate: monohydrate
(Al203 (H20)) and tryhydrate (AD3 (H20)3). It is also found as an ore, corundum also known
aso-alumina.

The most widely used process for extracting alunfmoen bauxite is the Bayer
process, which is based on dissolving alumina foamxite.

When hot, soda (NaOH —> Na OH) dissolves the alumina according to the
reactions below, while the impurities (iron oxide® various oxides apart from silica) remain

i £ +20H ——=2A10," + 2H»
insoluble: ALO3(H0) + 20H 2A10, + 2H,0

AlLO3(H,0)3 +20H ———= 2AIlO; + 4H0
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The impurities are separated from the alumina liduyodecantation and filtration. By
cooling and diluting the liquor, the reaction isveesed. There is precipitation of an alumina
hydrate. After calcination, the alumina powder lidained which is used in the manufacture

of ceramics.

1.2.3.1 Structural and chemical properties

Aluminas exist in seven different crystallograpfacms (polymorphs), six of which
are metastable forms, also called transition alasii\bO3 -0, -, -n, «, -0, -y. They are all
thermally unstable. Above about 1000 °C, they aandformed, by an irreversible
exothermic reaction, inta alumina [77]. The latter, also called corundunthis only stable
form of aluminum oxide Als.

A-alumina or corundum of trigonal symmetry belongiaghe space group R-3c has a
rhombohedral structure with ten atoms per unit. ceibwever, for the convenience of
calculations or drawings, the structure ceBlumina is often considered to be a compact
hexagonal stack of ®oxygen anions with AP cations occupying two-thirds of the
interstices (Figure 1.5). This simplified model debes the general nature of the ion
arrangement, but not the actual crystal structdralumina, as it does not reflect the true

trigonal symmetry of the crystal.
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Figure 1.4. Projection of the hexagonal structure on the Ipéesge of the structure. Small
black circles represent cations, large circlessaméll circles without colors represent anions

and vacant octahedral sites respectively

Alumina is distinguished by ionic and covalent hgidsonds. Its great ability to resist
degradation due to external agents is explainedhbystrength and stability of these two
types of connections. At room temperature, it iaffected by common chemical compounds,
it melts at more than 2000 °C. In addition, therotoal inertia of ceramics is due to their
energy state unfavorable to chemical combinatibnparticular, the inexistence reactivity of

alumina with respect to air.

[.2.3.2. Aluminium

Aluminum is a soft, light, but strong metal withmatte silver-gray appearance, due to
a thin five to ten nanometer oxidation layer thatnfs quickly when exposed to air and
prevents corrosion to progress under normal chdmegaosure conditions. This film
composed of alumina forms spontaneously very guiekhen the aluminum comes into

contact with an oxidizing medium such as oxygethaair. Unlike most metals, it is usable
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even if it is oxidized on the surface. We can esay that without this oxide layer, it would
be unsuitable for most of its applications. It asgible to artificially increase the thickness of
this oxidation layer by anodizing, which increafies protection and decorates the rooms by
coloring the oxide layer. Unlike aluminum, whichaisrery good conductor, aluminum oxide
is an excellent insulator. Aluminum has a densty’Y about three times lower than that of
steel or copper; it is malleable, ductile and gasiachined and molded. It is the second most

malleable metal and the sixth most ductile. Itasgmagnetic and does not cause sparks.

1.2.3.3. Overal

Alumina is used in various fields for high voltagpplications in power electronics
due to its good electrical resistance [78], theromalductivity [79] and mechanical resistance
[79, 80]. Its choice as a substrate for providitegical insulation in power modules results

from a good compromise between its dielectric priogeand its economic cost.

The correct functioning of the modules strongly elegs on the reliability of the
materials integrated in the module, in particuks insulating substrate. However, in a high
voltage environment, the alumina substrate is stéjeto various stresses mainly of an
electrical nature which can lead to dielectric kosavn. The advent of new technologies
such as SiC semiconductor chips which can allownevetter performance in terms of
voltage withstand could lead to the appearancevei enore intense stresses at the level of
insulation in a power module. . A preliminary studf the structure and of the various
physical characteristics of the material used foe tlectrical insulation is therefore
necessary. The electrical, thermal and mechaniwiacteristics of alumina make it a good
candidate for applications in a high voltage enwinent. In addition to these insulating
properties, its high thermal conductivity allows td dissipate heat easily, its thermal

expansion coefficient close to the thermal expansowefficients of the surrounding
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materials, makes it possible to minimize the saeggenerated under the effect of heating and
finally, its high mechanical strength makes it abié for coping with the mechanical stresses

generated by the high voltage environment.

1.2.4 General Information on prickly pear

Nopal is the Mexican name, of Aztec origin, for tseckly pear. It is a succulent,
original and very useful plant, characterized lgns in the shape of thick, elliptical rackets,
surmounted in spring by beautiful flowers of brigrgllow color, followed by yellowish
green ovoid fruits, sometimes tinged with red. Tlteytain a sweet, reddish, greenish or
yellowish pulp dotted with many small seeds. Itstfrs picked from late July to September,

is eaten peeled, and its pulp, coral or red inr¢@lppears full of small dark seeds (figure 1).

Its sobriety and its incredible vitality allow thi€actus to thrive even in often
inhospitable desert regions, where it offers mad damestic animals its nourishing and

therapeutic virtues. There are more than 400 sperid countless varieties.

Among the American Indians, Nopal has always beddntp the most widely used
medicinal plants. For pre-Columbian populationsdera medical research is rediscovering
with growing interest the plant and its properti&he studies the active molecules that
compose it and allow it to fight effectively agdis®me of the most serious ailments of our

time: anxiety, arteriosclerosis, cholesterol, dieabgobesity, spasmophilia, stress
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Figure 1.5. General appearance of Opuntia ficus-indj8a]

1.2.4.1 advantages of opuntia ficus indica :

Scientificaly , biomass is defined as the total snafsall organisms , plant , animal . or
otherwise in a given area . it can be any natukabyuring materials that are in our
surroundings . technically , it constitues orgaamd inorganic matters from the animal and
plants sources ; however, the majority of folks@smg this term for plant-based materials ,
which are in debate , these unused plant or plasé¢d materials are specifically known as
opuntia ficus indica .today it is well known thadimass is a rish source of energy and other
daily useful products . biomass emeged as a petaiternative . this is attributed to their

green nature , low cost . and easy and large bifyli.

Environmental activities . natural resource conaton , and strict laws passed by developing

countries compel researchers to develop materealsy) renewable characteristics [82].
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in this regard opuntia ficus indica emerged asitalsie condidate as they are derived from
renewable resources and are environmental —frierfdighemore , other features like

amazingly low weight and high strength make therthtr attractive for future use

1.2.4.2 Chemical composition of barbarism snowshge

The prickly pear snowshoes are characterized hytr&tional imbalance although they
are a source of energy and water. The water cowotfefresh snowshoes varies from 80 to
90%. Snowshoes are known to be rich in mineralsnignaalcium and oxalates, and in
mucilage, polysaccharides with a sometimes very ptexn chemical structure found in
several higher plants

The majority fraction of the mucilage of prickly gre consists of a neutral
polysaccharide and analyzes of sugars show a piadooe of D-galactose, D-xylose, L-
arabinose, L-rhamnose and D- acid. galacturonic.

It has the ability to absorb large amounts of watesolvents and disperses forming
viscous or gelatinous colloids. [83]

Researchers have reported in the composition oaNihyg presence of tannin, traces
of berberine and another indeterminate alkaloide Tucilaginous substance which makes
the richness oOpuntiais pectin (1 kg of fresh stems provides 7.5 gramsatcomagnesian
pectate). Its ashes are rich in iron. [81]

Table 1.4. Chemical composition dpuntiasnowshoes [84].

Feature Value in % dry matter
Cellulose 15
Starch 12
Total nitrogenous matter 5-7

Fat 2
Ashes 16-18

Oxalates 13
Calcium 2-4
Phosphorus 0.2
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[.3. Conductive polymers
l. 3.1. General information on conductive polymers

Studies of the first conductive polymers began whig work of Heeger, MacDiarmid
and Shirakawa in 1977 [85] on the conductivity afyacetylene by doping with iodine.
Indeed, they have demonstrated that it is possibl@ry the conductivity of this polymer by
means of doping making it possible to go from asulating state to a conductive state. The
electrical conductivity of this material could réacalues up to 10S.cm®.

The discovery of Heeger, MacDiarmid and Shirakawas van upheaval in the
perception of organic polymers; this discovery edrthem the Nobel Prize for chemistry in
2000.

Therefore, different families of conductive polymédrave been synthesized. Among
others, mention may be made of polyacetylene [86dlyparaphenylene [87-89],
polyphenylene [90], polythiophene [91], polypyrr¢®2, 93], as well as polyaniline [94-97].

Among the existing conductive polymers, Polyanil{Rani) is widely used because of
its optical and electrochemical properties, its dyathemical stability and above all its
electronic conduction properties, making it possiol achieve conductivities greater thari* 10

S.cm?.

l. 3.2. Classification of conductive polymers

Conductive polymers belong to the familymetonjugated polymers. These polymers
are characterized by an alternating structure rglsi bonds € type) and double bonds (
type) in their carbon chains, allowing the delazation of n electrons along the
macromolecule. Conductive polymers can be claskifiecording to the structure of their

carbon chain into different families [98].
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Polyene polymers whose carbon chain is linear, ssgbolyacetylene (PA).

Heterocyclic aromatic polymers whose chain contairesnatic heterocycles such as
polyparaphenylene (PPP) and its derivatives, potgby (PPy), polythiophene (PT)

and its derivatives or polyethylene dioxythioph€¢AREDOT).

Mixed polymers whose chains alternate heterocyeled double bonds, such as
polyphenylene vinylene and its derivatives (PP\W pnolyheteroarylene vinylene and

its derivatives (PTV).

Aromatic polymers with heteroatoms whose chain asmed of aromatic rings
containing heteroatoms such as polyparaphenyleffelesPPS) and Polyaniline

(PANI) (Table 1. 2).
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Table I. 5. The main families of conductive polymers

Family Example of polymer
The polymers polyene Polyacetylene Pra P
A,
The polymers aromatic heterocyclic| polyparaphenylene ,-(
Polypyrrole Ifj‘h /o
Rt ]l
Polythiophene _| i
B
_L—'{\_\Sf-ﬂh‘
Ry
The polymers mixed Polyphenylene vinyl ‘QW‘
H': | ,."_";H
A
. Y
Polyheteroarylene vinylene A W
“hn
The polymers aromatic with Polyaniline {_/ x,:_}
/"
heteroatoms b4

The conductivity of a material generally dependghendensity of charge carriers and

their mobility. In the case of metals, the chargeriers are electrons, while in conductive

polymers, electrons as well as holes are able towemiveely generating a current.

Conductivity also varies with temperature; she dases with increasing temperature for

metals [99], while it increases for conductive pogrs [100]. The conductivity of the latter

can be controlled by doping (Figure I. 14). It @mlve from an insulating state <10*°

S.cm?, to that of a semiconducter ~

[101].

10° S.cm?, to that of a conductar > 10 S.cm*
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Figure I. 6. Electrical conductivity of intrinsic conductive pyohers

I. 3.3. Electronic structure of conductive polymers

In the case of conductive polymers, electronic catidn and the transport of charges
cause the creation of free charge carriers aloagpthymer chain. Their electronic structure
depends on band theory, originally designed tapmét conduction in semiconductors.

In a semiconductor, the energy bands correspotitetenergy levels that are allowed,
or prohibited, for the electrons of the elements@npounds that make up the material. The
last band filled is called the BV valence band @MO (High Occupied Molecular Orbitals)

and the next higher band is the BC or LUMO (Lowdstoccupied Molecular Orbitals)
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conduction band. The energy band between thesdewats corresponds to the forbidden
band or the Fermi energy or more simply "gap"”.

The energy difference Eg between these two levElsH Esc - Esv ), of the order of
an electronvolt (eV), constitutes the width of dag which determines the intrinsic electrical
properties of the material [102]. The position dfetenergy bands for a metal, a

semiconductor and an insulator, is shown schenigtioefigure 1. 15.

E

4 Insulators |  Semi-conductors i Metals

Conduction band

Fermi level

Valence band

Figure I. 7. Theoretical diagram established according to teemhof energy bands
The undopedr-conjugated polymers are semiconductors or eveuldatms in the
neutral state. Their electronic conductivity,is of the order of 10 10° S.cm*. Table I. 3
groups together the gaps of the most studied catgdgpolymers.

Table 1.6. Gap of the main families of conjugated polymers

Conjugated polymer| Gap (eV ) | Conjugated polymer Gap (eV)
PPP 2.7 [103] Trans-PA 1.4 -1.5[106]
PPV 2.5-2.7 [104] Pani -EB 1.4 [107]
PPY 3.2 [105] Pani -PNGP 1.8 - 2.0 [107]
PT 2.0 - 2.1 [105] Pani -LEB 3.8 [107]
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l. 3.4. Doping of conductive polymers

Conductive polymers in the neutral or reduced stegeinsulators. Through a process
called doping, they are transformed into conducthagerials by the introduction of mobile
charge carriers. The term doping is adopted frol-state physics by analogy to the doping
of inorganic semiconductors. However, the dopingarfductive polymers is totally different
from that of inorganic semiconductors.

In fact, the doping of polymers is a chemical remcto increase the conductivity of

the polymer to reach values close to that of méEtpure 1. 16).

Conductivity (8.em”)
i
Copper i
Irom a i
Mercury -
Aetals R 3
Germanium 107
doped |  F—H1—f—1 "
o -
=
10° =y .
7] =
Semi- W = T
conductors Silisium 104 o Il = = @
g =
10° S1ElE [
= - ) (= .=
______ . —a {::'.' 3] E
10" - P = =
=H =] ,.L’.'
" =
10" I:_-'- =%
| L1
Insulators 107 |}
Polvethylene .
10"
Nylom ] v
10"
Polystyvrene 1o

Figure I. 8. Conductivity of various conductive polymers andamtional materials
Generally, this doping is carried out by an oxidiatreduction reaction which consists
in introducing donor species: n-type doping ( reaunc of the polymer) or acceptors of
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electrons : p-type doping (polymer oxidation). Ténespecies are called dopants or counter
ions which ensure the electroneutrality of the malteElectric charges are then created on the
polymer chains. The increase in the doping rateemak possible to witness an insulator-

conductor transition [108].

[.3.5. Load carriers

Electronic conduction in the case of conductiveypwrs and the transport of charges
in general first require the possibility of creatifree charge carriers. Indeed, during the
injection of a charge into a polymeric backboneharge defect is created, accompanied by a
local modification of the geometry of the chain. #een previously, energy states are then
created in the gap due to the shift of the valdrazed and the conduction band [109].

Conjugated polymers are classified into two catiegoaccording to the symmetry of
their ground state. The degenerate ground stateewdeveral different forms of the same
polymer have the same energy (case of polyacetylefitbe non-degenerate ground state
where the permutation leads to a different enetgyctiure, possibly several forms associated
with local energy minima, but only one form is asated with the general minimum (case of
polythiophene).

The introduction of charges by doping these polyteads to the formation of charge
carriers on the macromolecular chain. These chdoyesed are called solitons for polymers
in the degenerate ground state and polaron or dripolfor polymers in the non-degenerate

ground state [109].

1.3.6. Polyaniline

[.3.6. 1. Presentation

The polyaniline , better known under the name faaiblack,"” has been studied since

the XIX ™ century [110,111]. In 1862, Letheby obtained Poiljae for the first time by
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electrochemical synthesis. [112] Following Lethslwbrk , many studies were devoted to the
preparation of aniline black, as well as to thearathnding of the reaction mechanism [113,
114].

It was in 1910 that Green and Woodhead succeededefming the current
terminology of Polyaniline and its different degse® oxidation [115]. They have contributed
to the explanation of the different redox and pnated states of this polymer.

Two decades later, Shirakawa et al. have discoviredonduction properties of the
polyaniline, thus opening a new perspective to cotide polymers [116].

After this discovery, MacDiarmid et al. [117, 118}d Travers et al. [119] reported the
detailed mechanism of polyaniline formation. Thiseamanism is accompanied by a
remarkable increase in conductivity of more tharofiders of magnitude (up to 1-5*%.cm
1 highlighting the conduction properties of Polyiar, recognized as one of the intrinsically
conductive polymers.

The generic structure of the different forms of Bani is shown in Figure 1.17.

o o o]

H
Reduced form Oxidized form

Figure I. 9. Generic structure of Polyaniline
where y accounts for the fraction of reduced umitsociated with amines and (1-y)
corresponds to the fraction of oxidized units conitey imines. MacDiarmid [120-123]

defined three discrete values of the quantity 1-y)
« (1-y) = 0: the polymer is totally reduced, ilésicoemeraldine base.

+ (1-y) = 0.5: the polymer is semi-oxidized, it isom under the name @meraldine

base.
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+ (1-y) = 1: the polymer is totally oxidized, it isepernigraniline base.
These three forms of Polyaniline are insulating pounds (Figure 1. 18). In an acidic
medium, these polymers are protonated at their @mirimine sites. So, in addition to these
different oxidation states, there is the effectpobtonation to become conductive material.

This

This phenomenon will be further developed in thHéoWing paragraph devoted to the

doping of Polyaniline

H H
| \_/N\“/\’K\\] | ‘:{:\\ _/N | =
=F L \N = Z N")m
H H
Leucoemeraldine base
N V/
d u i

Emeraldine base

(/\O/Nf ﬂj\Q\\)

Pernigraniline base

Increasing oxidation state

Figure I. 10. Different oxidation states of Polyaniline

1.3.6. 2. Doping of polyaniline
As for the other conductive polymers, the dopingPalyaniline can be carried out
thanks to an oxidation-reduction reaction whichregponds to a modification of the number

of electrons of ther system. In the case of Polyaniline, a p-type dgpsobserved. This
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process creates a delocalized positive charge,ngmaoied by the insertion of a doping
counterion to balance the charge on the polymandha4, 125].

The doping of the Pani can also be carried out amithmodifying the number of
electrons of tha system, following an acid-base doping or protaratiJnlike redox doping,
only the number of electrons in p orbitals in imsites are involved [126]. This process is
made possible by the acid-base properties of Pililyanindeed, Pani has two pKa equal to
2.5 and 5.5 attributed to the quinone diimines badzene diamines functions, respectively
[127, 128].

Consequently, this polymer has the particularitpagsing from the insulating state to

the conductive state either by oxidation or by @nation as indicated in Figure. I. 18 below.

Oxidation
- Neutral I
Neutral i Neutral
reduced state ol SHHIS?;%EEEd »| oxidized state|
[DSUlﬂﬁDg ‘ IDSUlaﬁflg [nsulaﬁng [
Protonation
Y _ Y
|
Protonated PrllJtun!aIIed Protonated
reduced state | o SElnl;l:;[#ngEd _ 5| oxidized state
Y Insulating l Conductor Insulating

Figure I. 11. Doping of the different states of Polyaniline
Each base state of Polyaniline can be protonatemhlacid to give the corresponding
Polyaniline salt . Only the proton doping of thens®xidized state (Pani-Emelaldine Base)
makes it possible to lead to a conductive emeraldait (Figure I. 20).
The protonated polymer chain performs an interedbx rearrangement to leave room
only for benzene rings (energetically equivalentcampanied by the insertion of the

counterion , thus ensuring the electroneutralityhef system to form the emeraldine salt. A
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protonation rate is then defined by the ratio & tlumber of counterions inserted to that of

nitrogen atoms which can reach a maximum of 50 m(d#6tonation of the imine sites of

emeraldine base).

Q%I__,Nm% /N"“'x._ o
Emeraldine base | I ‘ ’(\ L J\
' S ANAL S
n

~ W gl
) 2n HA L *2n HA . Acide-base depage
Emeraldine salt W q‘%-r’m“\['q% | ﬂ*x;:"ﬁ::“T x A
F ti f :
ool AMT* LGy
H H

Internal redox rearrangement

Emeraldine salt

T’ o &\“\/? L | S w| R [
Formation of J\ AD ’: -
bipolarans F s F ~F HN/)’

M n
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H +Zn Al -2n A H
. = N R R .z‘N“" -
Leucoemeraldine | | | J |

base = " e o },
= ' N el N n

H H

Figure I. 12. Proton doping of emeraldine base and redox dopihgucoemeraldine base
(HA: acid, A": against ion)

1.3.6. 3. Synthesis of Polyaniline

Various synthetic methods have been developedhf@rproduction of Polyaniline.
There are physical methods such as electrospidi2g]] lithography [130], spincoating [131]
and pulsed plasma irradiation [132], but also clwamimethods using a template or
"template”, with hard templates called "hard tertgld133-135] or with flexible templates

called "soft template” [136-140], or also withoutetuse of a template (template -free
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method); for example polymerization without stigifl41], mechanochemical synthesis
[142] and electrochemical synthesis ( cyclic voltaetry [143], potentiostatic [144] and
galvanostatic [145] mode).

As part of our work, we have chosen to synthesiab/dpiline by the oxidative
chemical polymerization of aniline §8s)NH, by an oxidizing agent. This synthetic route was
developed by MacDiamid et al in 1985 [92]. It hhe fadvantage of being simple and often
used to synthesize Pani.

Several studies have shown that various experithgraeameters influence the
properties of the polymer obtained. These paramet@n be classified in a hierarchical order
according to their importance: the nature of thelamt, the oxidant / monomer molar ratio,
the polymerization time and the nature of the dtipan

« The nature of the oxidant

The standard synthesis procedure is carried oatamtmonium persulfate (Nj3S,Os
(APS) as an oxidant. However, the choice of theliakig must satisfy two criteria: its ability
to oxidize aniline (Bxigant™> Eaniine) @and its stability in the reaction medium. MacDaat et al
[92] synthesized Pani in an acidic agueous medid@l)(in the presence of aniline by adding
a solution of (NH).S,0g (E° (SG/SO") = 1760 mV/ECS). Many oxidizing agents were then
used such as KK KMnO,, FeCh, K.CrO,, KBrOs etc. The only condition is to avoid any
chemical degradation (iodination, chlorination, @®position following crosslinking
reactions chemicals...) caused by the oxidant dutsgeaction with the monomer, such as

the example of hydrogen peroxide®d (E° (H,O,/H,0) = 1530 mV/ECS) [146].

« The oxidant / monomer molar ratio
Another parameter of the synthesis which influenttes properties of the polymer
obtained is the oxidant / aniline ratio. Pron ef17] suggested using a normalized ratio

which is defined by
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Ky = 2.5 ——auiline (I. 1)

Noxydant Ne

N aniine= Mole’s number of aniline
N oxydan= NUMber of moles of oxidant oxidizing e

n = number of electrons needed to reduce an oxidatgaule

For a polymerization reaction where Pani is obthine its emeraldine form, each
monomer must remove on average 2.5 electronseledabe of ammonium peroxodisulphate,

the Ky ratio is equal to 1.25 due to the electronic natdrtae couple (8s7/SO/).
« The time of polymerization

The time of the synthesis reaction plays an importale in the formation of
polyaniline. Studies by Cao et al. [148] and Gospoda et al. [149] demonstrated the
existence of two competitive mechanisms during theparation of the polymer:
polymerization and degradation of the molecularirctzd quinone diimines sites. The latter
was found to increase with increasing synthesi t{greater than 4 hours for the standard

procedure).

« The nature of the dopant

The standard procedure uses hydrochloric acid (H€la dopant [150, 151]. The
conductive powder Pani (HCI), once compacted inftlm of a pellet reveals an electrical
conductivity of the order of 1 to 20 S.cmMany dopants were then used by various

researchers:

« Mineral acids: sulfuric acid (}$Oy) [152], hydrofluoric acid (HF) [153], perchloric

acid (HCIQ) [154]

- Organic acids: formic acid, acetic acid, acryli@ddd55]
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« Sulfonic acids: camphor sulfonic acid (CSA) [15@],5nethanesulfonic acid (MeSA)
[159], p-toluenesulfonic acid (PTSA) [160], dodeddnzenesulfonic acid (DBSA)

[161]

- Les acides phtaliques [162]

1.3.6. 4. Polymerization mechanism

Even if many teams have been interested in thenpariigation mechanism of aniline
[163-171], these mechanisms still remain to thi®rjyoknown day. The acidity of the
reaction medium increases during the polymerizatérthe aniline because protons are
produced during the reaction. Even when the reacdticarried out under alkaline or weakly
acidic conditions, i.e. under conditions where #mline is essentially unprotonated (pH>
pKa of aniline = 4.6), the proportion of aniliniuoation can increase sharply during the
reaction. Aniline oxidizes more easily than thelianim cation. Thus, the oxidation of
anilinium sulfate occurs slowly in the first mom&niThe oxidation of aniline is rapid and
generates a significant exotherm in the first masewvhen the polymerization starts in a
weakly acidic, neutral or alkaline medium, then,ewtthe pH reaches the value of 3.5, the
reaction slows down considerably because the a&nibnthen essentially protonated. The
reaction remains slow in the pH range 2.5-3.5.hiis pH range, chain growth occurs by
oxidation of GHsNH"*/C¢HsNH, by non-protonated oligoaniline pernigraniline cfsai At
around pH 2-2.5, the reaction accelerates due doptbtonation of pernigraniline. This is
because the oxidizing power of protonated pernignenis much stronger than that of non-
protonated pernigraniline. Stejskal's team recgmtbposed a mechanism for the oxidation of
anilinium sulfate and aniline by ammonium persd@f@APS) in agueous solution [172, 173]
(Figure 1.10) . Polymerization of anilinium sulfated aniline leads to para-linked trimers and

tetramers by N-C bonds. The nitrenium cation ofia@iis the main electrophile formed
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during the priming step. It should be emphasized the dimer formed is predominantly 4-
aminodiphenylamine (4-ADPA). In an acidic mediurhe telectrophilic substitution of the
anilinium cation with the nitrenium cation shoulteferably take place in the meta position
and lead to 3-aminodiphenylamine. Thus, despiteldiheproportion of aniline in an acidic
medium, the markedly higher reactivity of anilinengpared to the anilinium cation leads to
the predominant 4-ADPA dimer. 4-ADPA is rapidly dibed by peroxydisulfate to give N-
phenyl-1,4-benzoquinonediimine (PBQI). Another te&at path for the oxidation of aniline
results in the formation of substituted phenazisesh as pseudomauvein, by ortho N-C
coupling. The formation of these substituted phereszis limited in an acidic medium (pH <
2.5). The self-assembly of these phenazine unidgisleto the formation of particular

morphologies for the polyaniline such as nanofipeasotubes, or nanospheres
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Figure 1.13.First steps in the oxidation of aniline and anuimi cations by APS in acidic HCI
[171]

1.3.6. 5. Factors influencing the electrical conduvity of polyaniline
The overall conductivity () of PANI is the sum tife intra-molecular (intra), inter-

molecular (inter) and inter-domain (domain) condutés (Equation 1.1).
= intra + inter + domain (Equation 1.1)

Intra-molecular charge transfer depends on the-deflhed band structure specific to

the polymer. Any defect in the structure can leadatdecrease in intramolecular (intra)
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conductivity. Inter-domain (domain) conductivity &ssociated with clusters of organized
polymer chains trapped in an insulating matrix, thevement of charge carriers from one
crystalline region to another crystalline region lmetween a crystalline region and an
amorphous region. The four main factors that infaee the conductivity of PANI are: (i)

molecular mass, (ii) rate of crystallinity and intdain distance, (iii) level of oxidation and

molecular arrangement, and (iv) the doping rate thiedtype of dopant [174-178]. Thus, a
chain distortion observed at high molar massessléad decrease in electrical conductivity
[175-181]. It is generally accepted that the intralecular mobility of charged species along
the chain, and to some extent the inter-molecuwlarpj of charge carriers, increases with
increasing rate of crystallinity. This leads toiacrease in conductivity. Moreover, a decrease
in the inter-chain distance increases the possiloli inter-chain jump of the charge carriers
and therefore leads to an increase in conductidi82-185]. A 50% doping rate of the

emeraldine base form leads to maximum conductivégause it leads to an ideal polaron
structure. On the other hand, the formation of laigmn at higher doping rates (> 50%) causes

a decrease in conductivity [186-188]

1.3.6. 6. Applications of polyaniline

Polyaniline is particularly interesting because itsf possibilities of chemical or
electrochemical polymerization from inexpensive gegats, easy doping and processing
combined with high electronic conductivity and figagood stability to water. environment
and during operation. Its use, alone or in mixtde39,190] makes it possible to achieve a
wide range of conductivity ranging from 18to 10°S.cm™. Also, the existence of three
degrees of oxidation and an easy to control dopifavs to consider the use of PANI in
multiple applications. Polyaniline has propertieslagous to inorganic semiconductors and

can therefore potentially replace them in convergticelectronic and optoelectronic devices,
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such as photovoltaic cells, field effect transistqFET), organic light-emitting diodes

(OLED), capacitors, etc. PANI has also enteredan@ulation of paints, inks and conductive

adhesives for various applications as conductivatieg, anticorrosion treatment, or as

electromagnetic or antistatic shielding.

The main applications of polyaniline are summarizedTable 1.3. The aspect

associated with the protection of metals againstosemn will be described in the next

paragraph

Table 1.7. Main applications of polyaniline and associateccseproperties

Specific properties Applications Ref
Paints, inks, conductive adhesives [191-195]

Electrical conductor Antistatic textile [196]
Electrostatic discharge materials [197-198

?i/(ljgosny increases under electric Electro-rheological (ER) material [200-204]
Gas sensor: Nk, CO2, NO2, CO, Cl2, [205-210]

Conductivity electric or change of
color after exposure to liquids or
vapors acid , basic or neutra

O3

Toxic gas sensor, compounds volatile
organic

[211], [212]

Chemical sensor, humidity, petroleum

[213]-[214]

PH sensor, mercury, biosensor [215-216]
Vitamin C detector, bacteria [218], [219]
Change of color in depending on theAcid-Base" indicator [220]

medium PH

Change of morphology of the
process of protonation-
deprotonation and oxidation-
reduction

Gas separation membranes

[221], [222]

Solution separation membranes neutra|

[223], [224]

Change in oxidation state loading
and unloading at both of the ion
diffusion.

lon exchange material

[225], [226]

Values of capacity very high

Capacitor

[227], [228]

Energy storage devices

[229], [230]

Absorptivity and reflectivity of
radiation electromagnetic

Shielding against the interference
electromagnetic

[231-233]

Modulation possible of the
condictivity

Digital memory device conductivity

[234]

Varriations of constraint under
pulsed current.

Avrtificial muscle

[235], [236]

44

—_



CHAPTER | : Bibliographic Studies

Capacity at accumulate and Electrode for rechargeable batteries [237-240]
transform energy (understood of the

frequencies optical) and by Microbial fuel cell anode (MFC) [241]
therefore, to memorize (to erase) pf

information Electrochromic screen and smart window [242-245]
Possibility of edit his electro-donof P-N heterojunctions [246], [247]
properties or electro-acceptor in | golar cell [248], [249]
function oxidation state Diode [250], [251]
Program of color under electrical | o, o1 jight emitting diode [252], [253]

stress
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II.1. Introduction

This chapter is dedicated to the presentation aascrgption of experimental
techniques used to determine the structural, ntierctsiral, thermal, morphological and
electrical, magnetic and electromagnetic measurgsr@rPolyaniline/metal composites after

their development.

[I.2. The analysis techniques

[1.2.1 Structural analysis techniques

For the eventual practical use of a newly manufad material it is necessary to properly
determine all its structural parameters. For theuctiiral characterization of elaborate
materials (polymers and nanocomposites) and naticlpar several analytical techniques
such as X-ray diffraction (DRX) for phase identiion, Infrared Spectroscopy (FTIR) were
used to give vibration modes, Scaning Electronrdicopy SEM to realize their surface
topography and composition and Photoelectron Xt§pscopy (XPS) to detect their surface
chemical composition
The specific study of their structural charactesswill also optimize their mode of

elaboration according to the optical propertiestdwied by UV-visible) and spectroscopic

sought

[1.2.2. Thermal characterization techniques

Thermal characterization is done by ATG thermogrestric analysis to determine the mass

losses of our materials throughout a temperaturkecy
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11.2.3. Electrochemical behaviorwas studied by cyclic voltammetry

I1.2.4. Conductivity valuesare measured by the four-point method.

All these techniques have been used whose purpdsenighlight the incorporation of

nanoparticles into the polymer matrix, to verifyeith chemical nature, to study their

distribution in the dies, to assess the crystalityuaf the synthesized materials, to estimate

their size, to establish their morphology and tbraetheir orientation.

[1.3. USED PRODUCTS

In all the studies conducted during these experisié¢he products used are:

Aniline's monomer (6HsNHy) is of analytical grade obtained from Aldrich (99%
(The aniline monomer was vacuum distilled beforiegjs

Hydrochloric acid (HCI) is analytical grade obtaintom Merck (37%, d -1.18)
is used as a doping agent.

A solution of Ammonium Hydroxyde (NMDH) is obtained from (Haene Reidel)
is used as a dedopiant.

Ammonium persulfate ((NF.S;0s) is obtained from (Haene's Riedel; 98%) is
used as an oxidizer.

The distilled water used to prepare solutions igioled from a Gesellsschaft fur
labortechnikmbH (D-309 38 Burgwedel).

The demineralized water used for the purificatidnthee resulting materials is
obtained from an ultra Elga Labwater Purelab system

Metal oxides that are used as reinforcement@AIWOs) (99%) purchased near

Sigma-Aldrich.
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- OFI (opuntia ficus indica) from mascara with oueparation in laboratoire of
stambouli mustapha

- N-Methylpyrrolidone (NMP) and MethylsulfinylmetharfBMSO) were obtained
from supplied by the company Sigma Aldrich locatedadrid Spain was used

as solvent of the nanocomoposite. Deionized waser wged for all purposes.

I1.4. Synthesizing of differents nanocomposites

[1.4.1. Synthesis of the aniline/tungestein oxidaNO3) nanocomposite

Hybrid martial was fabricated by in-situ oxidatipelymerization method. In a typical
experiment, 0.22 mol of ANI monomer and stoichiameeamounts of W@ nanoparticles
(WO3/ANI monomer = 0.01, 0.02 and 0.03) were added5m® of HCIQ, 0.1M solution
obtained under vigorous stirring for half an hotihen, 220 mmol of APS was added
dropwise to above solution and stirred for 24 hatrambient temperature. After, the black
powder was then washed with ethanol and distilledew several times, and then dried
overnight at 60 °C [1-3]. The resulting samples everamed as PANI@W{O(0.5),
PANI@WG; (1.0) and PANI@W® (1.5), respectively. Pure PANI were synthetizedhe

same manner as the nanocomposite mentioned abibtkreutvof WQO; nanopatrticle.

[1.4.2. Synthesis of Aniline/Alumina (ALO3) nanocomposite

PANI/AL203 nanocomposites were synthesized by i skidative polymerization method.
in a typical synthesis, 0.22 mol of aniline monomas dissolved in 25 ml of HCK®.1M
ageous solution , then , an stoichiometric amountAlkOs; nanoparticles (ADs/ANI
monomer = 0.02, 0.04) were added to the solutiben , the solution was stirred for 1 hours
at 15 °C , the final product was collected bydiiton and washed with methanol and destilled

water , then dried at 60° overnight [1-3] , theulBeg samples were named as PANKBY
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2% , PANI/ALOs; 4% respectively, pure PANI was prepared in the esananer as the

nanocomposite mentioned above, without giO3Inanoparticle

[1.4.3. Synthesis of aniline/opuntia ficus indica &l nanocomposite

Preparation of Opuntia ficus indica (OFI) : thetaaccladodes are cut, washed in the
laboratory with distilled water, dried in an ovetil(Q °C) for 72 h then crushed and sieved at
0.125 um . after sieving, put 10g of biomass in &d®f destilled water with stirring for 24
hours. Repeat this operation until water is cléaractivation of the hybrides particles (OFI)
,a quantity of OFI was put in 10ml of, 5O, 1M , the mixture remain stirring for 6 hours

then filtred and washed with destiled water , tHead at 105 °C.

Preparation of polymer composite/OFI, 0.6g of dri@dl a 1M HCIQ solution and
stirred for 1 hour then add a quantity of the moaointhe concentration of the monomers is
0.22 M) ; after 10 minutes of magnetic stirringhe toxidizing solution which is prepared
separately was slowly poured in by adding 2.5gnefr@nium persulfate (NHS,Os to 15 mli
of a solution of HCIQ 1M (using the 1:1 monomer/oxidant molar ratio) d&he mixture was
left under magnetic stirring at room temperature2# hours. The final products were washed
with NH4,OH 0.5M at room temperature for 3h. The product w@ltected by filtration and

washing the precipitate with ethanol and deioniwater and dried at 60°overnight [1-3].

[1.5. Structural, morphological and chemical charaderizations

[1.5.1 X-ray diffraction

The X-ray diffraction technique is a widely usedhmeique in materials science. This
can in particular be attributed to the wealth dbimation which derives from it as well as to

its non-destructive nature, more particularly wioere is interested to the characterization of
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thin films which often have a flat surface. X-ragie emitted when a metal target (usually
copper or cobalt), called an anticathode or ana®&ombarded by an electron beam. The
radiation emitted is composed of a polychromatiecsum from which it is necessary to
isolate intense monochromatic This method of amalgdlows, among other things, the
identification of crystalline phases, crystallognaptextures, the measurement of the sizes of
crystallites [4]. During this thesis work, the desiused to characterize the thin films
synthesized is a D8 Advance diffractometer (Brukéth Bragg-Brentano geometry éh/ 20
configuration with a copper anticathode (K= 1.54061&). radiations, as a general rule the

doublet K (Ke1and Ka2) [5] .

X-rays [6], like all electromagnetic waves, cause the elaattoud to move relative to
the nucleus in atoms. These induced oscillationseae-emission of electromagnetic waves
of the same frequency : this phenomenon is callagld®ggh scattering (figure 11-8). The
wavelength of X-rays being of the order of magnéuaf interatomic distances (a few
Angstroms), the interference of the rays scatténgdhe atoms constituting the crystallized
matter will be alternately constructive or destivet Depending on the direction of space, we
will therefore have a significant flow of X photgnsr on the contrary very weak; these
variations according to the directions form the rgmaenon of X-ray diffraction. The
directions in which the interferences are consivectcalled "diffraction peaks"”, can be

determined very simply by the following formulajled Bragg's law :
Where:d nk: inter-reticular distance of the planes ( hkl )%A
0 : diffraction angle (degre@): order of reflection = 1

A : wavelength of photons emitted by the anticath@d®)
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Figure 1l.1. Schematic representation of Bragg's diffraction. [@tne black spheres represent
the atoms of a crystal structure.
In order to identify the phases constituting thengkes studied, the diffractograms

obtained are compared with the JCPDS files of tBBD database. The position of the
diffraction peaks is obtained in degree8)(and related to the distance ( d hkl ) between the
planes (h, k, 1) of the structure probed by medri3ragg's law.

Thus, it is possible to identify the crystal syst@nformed and the lattice parameters
of the structure. Scherrer's (approximate) formmbkes it possible to determine the size of

crystallites:

k/A

Sli= (B).cosd

Equation II-1

with t the size of the crystallite (its diameter if & considered to be spherical),the
wavelength othe incident wavef) half of the deviation of the wave (half of the pios of
the peak on the diffractogram ) afidhe width at mid-height of the peak corrected tfoe
experimental width of the device.

The crystalline properties of samples were charaet@ by X-ray diffraction (XRD)

using Cuk, as a radiationi€ 1.5405 A) using a Bruker CCD-Apex instrument

[1.5.2 Fourier transform infrared spectroscopy (FTIR)

The basic principle of Fourier Transformed InfraRgmkctroscopy is based on the
absorption of infrared radiation by the materiahlgped. Under the effect of IR radiation, the
material absorbs part of the light energy it reesivlhis absorption, which takes place when

the energy supplied by the light beam is closehw ttibrational energy of the molecule,
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results in a vibration or a forced rotation of eertcovalent bonds present in the material. The
frequency of molecular vibration at which light eme is absorbed depends on the chemical
environment, the nature of the bonds and the miafisecatoms involved, that is to say the
chemical structure of the material. The goal ofs 8pectroscopy is to analyze the chemical
functions present in the material via the detecwérvibrations characteristic of chemical
bonds. This non-destructive technique is easy tpldment . It allows analysis of both
organic and inorganic materials. The associatecraxgntal setups are numerous to allow
the characterization of virtually any type of saejplegardless of their physical or surface

state. We distinguish:

[1.5.2.1 Transmission mounting

For layers deposited on a substrate transparenfraved and for thin polymer films
(ie low thickness <1@m). This setup can also analyze gels disperseKiBrgellet . In this
arrangement, the absorption of the incident ramhiais responsible for the reduction in the
reflected or transmitted intensity. The analysicasried out using a spectrometer mainly
composed of a Michelson interferometer and an refta(IR) radiation detector (ie
pyroelectric ). The Michelson interferometer cotssisf a beam splitter, a fixed mirror and a
moving mirror. FIG. 9 describes the block diagrarh a Fourier transform infrared

spectrometer.
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Figure 11.2. Schematic diagram of the infrared spectrometer.

The IR source generates an infrared beam which tgatee Michelson interferometer.
The latter allows the modulation of each wavelengftihe beam at a different frequency.
When the light beam arrives on the splitter, tifeected half arrives on the fixed mirror, the
other half which passes through the splitter ieaded on the mobile mirror. Destructive or
constructive interferences between the two beampgapdepending on the position of the
moving mirror. The modulated beam coming from the tirrors is absorbed by the sample
then detected to be transformed into an electrgighal. This signal appears as an
interferogram (signature of the intensity as a fiomc of the position of the mirror:
interferogram in the time domain) then converted en infrared spectrum by a mathematical

operation called the Fourier transform. The spectressentially provides two types of

information:

11.5.2.2 Qualitative and quantitative information

This involves identifying chemical groups presenthie material analyzed because the

wavelengths absorbed by the sample are characterishese groups.
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There are data tables which allow the absorptiorbdoattributed to the different
chemical groups present. Table 4 gives some exanoplabration bands characteristic of the
main functions encountered in organic compounds.

Note, however, that the same group can give risseet@ral types of vibrations and
therefore

- absorptions at different frequencies. Thus in thsecof silicon bonded to 4

oxygen atoms of silica, the Si - O bond gives thabsorption peaks due to:
vibrations of valence or stretching (1080 cm™), vibration of deformation or

bendingd (805 cm™), vibration of sway or rocking (450 ch).

The identification of chemical groups is based ba tleconvolution of the spectra
obtained using specialized software (ie Fityk).sTeoftware makes it possible to decompose
the lines of the spectrum into various known fumasi (Gaussian, exponential, etc.) in order
to obtain a mathematical model.

Table II.1. Vibration frequencies of some functions encounténeatganic compounds [7-10]

Compound Characteristic vibrations Vibration frequency (cm ™)
Saturated alkane CH ,stretching 2950-2850
CH strain 1500-1400
Unsaturated alcane CH stretching 3050-3000
C = C stretching 1600-1500
Substituted aromatic (CH) 1900-1700
Aromatic bending 800-750
Alcohol OH stretching 3400 (wide)
CO stretching 1050-1250

OH deformation

1 area<? area<3 area<Phenc

Ketone C = O stretching 1690-1680
Aldehyde HC=0 2800-2650
C = O stretching 1710-1700
Acid OH (with hydrogen bonding) 3200-2500 (wide)
C = O stretching 1725-1700
CcO 1440-1395, 1320-1210
OH deformation 950-900
Acid salt COO-antisymmetric stretching 1615-1650
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COO symmetrical stretching 1400-1300
Ester c=0 1775-1720
Aromatic 1250-1100
Amine NH stretching 3400-3300 (Fee> 22
NH deformation 1650-1550 (2> 2> Arom )
CN stretching 1350-1250 (2*> 22> Arom)
Amide NH stretching 3350-3070 (Fee> 22
CcC=0 1680-1630
NH deformation 1650-1515 (2*> 2
CN stretching 1180-1040 (22<2 22
Nitrile C=N 2250
Isocyanate N=C=0 2275
Sulfone S=0 1100-1000
CS stretching 740-690
SO, 1380-1300
Halide CF 1400-1000
C-Cl 1175-650
C-Br 590-510
C-CI 525-485

The intensity of the absorption bands depends maimlthe magnitude of the change
in the dipole moment of the molecule associatedi #ie vibration. Only vibrations involving
a variation in the dipole moment of the moleculeegiise to adsorption in the infrared. This
involves determining the concentration of the cheingroup responsible for absorption by
the relationship that exists between the intensity absorption, at the characteristic
wavelength, and this concentration. The intengtgetermined by measuring the area of the
absorption peak to be able to carry out the quatité analysis of the absorption bands, it is
necessary to use the representation of the spettabsorbance. According to Beer -
Lambert's law , absorbance is defined by the mati

A=Ln(l o/ 1) = ecl (1.2)
nandl being respectively the intensities of the incidamd transmitted beam.
A is proportional to the adsorption coefficiento the concentration ¢ of the chemical

group and to the optical path I.
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In practice, however, Beer -Lambert's law is, moién, subject to deviations for
several reasons: the condition of monochromaticttye diffuse (stray) light in the
monochromator, the flatness and parallelism ofalmelows, etc.

The limit of detection of infrared spectrometry ddficult to define because the
absorbance varies enormously from one vibraticantather. Some molecules can be detected
at concentrations of a few tens of ppm . (partsrp#iion) while others are not detectable

within a few percent.

11.5.2.3 Measuring device

The measurements are carried out using an FT-I&rspeas recorded from the range
of 500-2500 cnt using a Bruker, Inc., Model alpha. The acquisitidrthe spectra is carried
out with 40 scans per spectrum. The latter areyaedlafter subtraction of the spectrum of

the KBr pellets.

Figure 11.3. FTIR device used

[1.5.3 Scanning electron microscopy

The analysis of the surface morphology of the filansl their fracture facies in cross
section was carried out by means of secondaryrefedmaging in a scanning electron
microscope SEM) type (Zeiss model-SUPRA VP/500) which operate3 k. This analysis

technique is based on the detection of secondagctrehs (SE) emerging from the surface
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under the impact of primary electrons constituting beam sweeping the surface of the area
to be analyzed. In general, when a beam of prirelagtrons accelerated in a potential of the
order of a few kV enters a sample, the electrordergo a certain number of elastic and
inelastic interactions with the constituent atorhthe sample. During an inelastic interaction,
the primary electron interacts with the electrohthe material atom. This interaction leads to
an energy transfer between the incident electrodstiaose of the target causing the slowing
down of the incident electrons. Depending on thecgsses involved, the energy loss of the
incident electron varies considerably, the electsemg able to lose all of its energy or only
part because the interactiontakes place betweempamanle particles. When an electron is
loosely bound (valence electron), it can acquikiicsent kinetic energy to be ejected. This
interaction leads to a distribution of ejected &lmts then called secondary electrons. Due to
their low energy, secondary electrons are emittech fthe surface layers close to the surface.
The electrons that can be collected by the detectore from the first 3 to 30 nanometers of
the sample (typically a few nm for metals andtelitnore for oxides). The emergent intensity
varies greatly with the angle of incidence of thramary beam. It becomes maximum in
grazing incidence and minimum perpendicular toghdace. The variation of the secondary
emission with the angle of incidence offers thesgmbty of demonstrating by scanning
electron microscopy a topographic contrast. ItIs® gossible to demonstrate atomic mass
contrast using a backscattered electron detec®E)B

An X-photon energy dispersive analysis (EDSX) mdthas used to determine the
chemical composition of films synthesized by magmetsputtering. It is directly coupled
with the morphological analyzes carried out. For&Dit is necessary to have a source of
electrons with a sufficiently high energy in orderionize the atoms constituting the material
to be characterized. A hole is thus created and filed by a succession of electronic
transitions. This generates the emission of X ptaf wavelength (or energy) specific to the

difference energy of the two levels concerned legtebnic transitions and, therefore, specific
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to the nature of the emitting atoms. The charastierspectrum of a given sample thus makes
it possible to identify the constituent elementshaf material and to make a semi-quantitative
analysis, even quantitative if special precautmmstaken and standard samples used.

It is important to note that the electron-matteéeractions take place in an interaction
volume called "interaction pear”, which is a fupatiof the material studied and increases
with the acceleration voltage. Its thickness israpiately 1 um (figure 11-10). In our case,
the thickness of the films is less than this vaigethere is uncertainty in the quantification of
the elements when elements of the film are alssemtein the substrate. This is why the
measurements have generally been carried out lims fdeposited on silicon substrates

simultaneously with the deposition on the othees/pf supports.

Incident electron beam

Sample area

Augf‘l‘ electrons
Secondary electre

Retro scattered
electrons

) i Characteristic X-rays
X-rays continuum

X fluorescence

Figure I1.4. Electron interaction pear in scanning electron oscopy inspired by[11]

The determination of the chemical composition iseohrough experimental spectrum
modeling and uses ZAF corrective parameters basdatieoanalysis conditions and the nature of
the material studied without the use of standamthpd@s. The acronym "ZAF" describes a
procedure in which corrections for the effects ebnsic number (Z), absorption (A) and
fluorescence (F) are calculated separately fromappropriate physical models. It is the standard

form of correction and is used with great succissnain drawback remains that the absorption
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correction is insufficient when the correction asde.lt is therefore a semi-quantitative analysis.
The established detection limit varies from 0.1 toesv fatomic percent, depending on the
nature of the atom being probed and the matrix mckvit is found. In order to obtain the

most accurate results, the composition measuremets repeated three to five times and

then averaged.

[1.5.4. X Photoelectron Spectroscopy (XPS)

The X-ray photoelectron spectroscopy technique (XPSRay Photoelectron
Spectroscopy ) is dedicated to extreme surface idaéamalysis. It is particularly suitable for
the chemical characterization of thin films becatlseprobed depth is of the order of 10 nm.
All elements are qualitatively and semi-quantitalyvdetectable using reference standards. It
provides information on chemical bonds betweenelbenents and their respective oxidation
degrees. It will therefore be of grdadlp to us in studying the degree of oxidationunigsten
in nanocomposite films.XPS is based on the phottriteeffect. A monoenergetic beam of X
photons irradiates an area of the sample (figw2l)l These X photons are absorbed by
matter. The energy transferréd serves, among other things, to excite and expektdtne
electrons of the atoms present. The bond enEngyf a given level characteristic of the atom
is expressed as a function of the incident enesfyhe kinetic energ¥ k and of the work
function of the spectrometer such thag = hv - E k+. By measurinde ¢ +, it is then possible
to determineE Bis to go back to the electronic structure of thstfiayers from the surface and
to the chemical environment of the elements. Unlik&.S which gives access to empty states
of the conduction band, XPS is a means of accedbmglectronic structure of occupied

states of the heart.
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Figure 11.5. Representation of the photoelectron emission mesimalny a photon with an
energyh in the X-ray domain [12]

The XPS spectrum obtained is represented by a ssioceof peaks which correspond
to a given energy E (for example the peak C 1s = excitation of theteters of the 1s layer
of carbon). It is thus possible to carry out amedatary analysis. For each element, each
oxidation state can be differentiated from the mthkanks to its own binding energy.

The X-ray photoelectron spectroscopy (XPS) analysas carried out by VG-
Microtech Multilab 3000 electron spectrometer. Mommmatized MgK (1253.6 eV)

radiation was used.

[1.6. Optical and electrical characterizations

[1.6.1. UV-Visible spectrophotometry

Analysis of the films synthesized by spectrophotoynan the UV-Visible domain is
necessary to demonstrate the transmittance prepedi the films constituting the
electrochromic system in the visible domain. Ithen possible to compare the evolution of

these as a function of the synthesis conditionghef films studied. It is also a suitable
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technique for obtaining the absorption coefficieraf the material and measuring its optical
gap. The ultraviolet UV-Vis absorption spectra wesamined over the wavelength range
200-800 nm by Hitachi U-3000 Spectrophotometer.e Phinciple of the measurement is

shown schematically in figure 1I-25. The deviceaibrated in three steps. The first step is to
establish the baseline by plotting the evolutiontloé transmittance for a sample whose
transmittance value is 100%. It is in fact to cletgaze the transmittance of a calibrated slit
corresponding to the location of the sample. Thka,transmittance of a glass substrate is
measured as a function of the wavelenpt( 1 ). The measurement of the transmittance of
the glass substrate coated with a film( 1) is then used to estimate the real transmittafice o
the film T+ (1) (figure 11-26) taking into account that the imfesat transmittance of the glass

is mainly due to reflections at the air-glass ifaees and that the number of air-glass
interfaces goes from 2 to 1 between the measuremkrhe substrate alone and the

measurement of the coated substrate:

T.(A)

A second device was used to obtain an in-situ rodnij of the optical properties of

T;(A)= Equation II- 3

the films by means of a coupling with an electrantoal cell. This coupling is discussed
later.

|:| | o \
Entry slot \

Light source

e Faa i R I TR \\\ Exitslot oo |
Detector 3 f Reference V4 = | < y
. : ) Monochromator
\\; ; ' i | | Separatur'-_//r

Sample

Figure 11.6. Schematic of the dual beam and optical path cordigan of the Varian Cary

500 spectrophotometer.
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Figure I1.7. Example of an optical transmittance curve of amgla metal : Al film with a

thickness of 110 nm [13]

From such a transmittance curve, it is possibléetermine the absorption coefficient

and the optical gap of the developed materialss&tinsmittance curves make it possible to

determine numerous optical coefficients such as reéfeactive indexn, the absorption

coefficienta, the extinction coefficienk , over the entire window of measured wavelengths.

These coefficients are calculated from the thecaktirelationships between optical

transmittance and absorption coefficient (

1. (1)
a=—In— et @ =
e '-_T.-l P

Where:e: film thickness (nm)
T : optical transmittance (between 0 and 1)

A : wavelength (nm)

Equations II-. 4

the optical band gap calculated by tauc relatiam = B(hv — E;)” , whereE, the

optical band gaph the planck’s constant andthe frequencie of incident photonB ,is a cst

called the band tailling parameter , ands the index , which can have deffernt values32
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1/2 , 1/3) corresponding to indirect allowed andiiiect forbidden transitions , direct allowed

and direct forbidden transitions , respectively.tbend gap of the present system was

estimated by plottingahv)? vs hv as shown in inset of fig 118 and extrapolating timear

portion near the onset of absorption edge to tleggnaxis. For an indirect semiconductor,

the absorption coefficient is related to the optigzg by the following expression[14]
a=\hv-EgF Equation II- 5

E ¢: optical gap (eV)

The optical gap is determined by the ordinate atahgin of the extrapolation of the

increasing and linear part of the curve (figur@Tlr according to the Tauc method[14]

1
(e-h-v)2=flh-v) Equation II-6
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Figure 11.8. Example of measurement of the indirect gap of ggten oxide film W@
11.6.2. Measurement of electrical resistivity by tle 4-point method

The electrochromic effect being based on an iamsertion coupled with an insertion

of electrons, it is useful to measure the eledtmeaistance of the synthesized films. The
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configuration adopted, known as the “f-point method”, is inspim@ by the method of Va
der Pauw [15Which makes it possible to measure the resistofitg thin film of known anc

assumed uniform thickness (figur-28). On the other hand, the tips are aligned ccy to

the method of Van der Pauw. | | A
| |
V

Figure 11.9. Diagram showing the operation of the "4 points" moe
Unlike the twopoint method, the for-point method makes it possible to compen
the contact resistances between the current iojeaind voltage measurement points and
to measure only the properties of the thin film.gkneral, when the thickness is negligi

compared to the other dimensions, the resistantbe@&xpressed in the fol

R="=-g£ Equation II- 7

In this method, all four contacts should be plasgehmetrically and aligned vh the
deposit (Figure 1I-9 The current injected between the two outer goistdelivered by
Keithley 237 generator. It can vary from a few r-amps to a few millamps depending c
the resistive nature of the layer. The voltage éasured betweene internal terminals by
Keithley 2700 voltmeter . The resistance measureénseaveraged over 400 values. In or
to consider the geometric peculiarity of thin filngsurface / thickness ratio >> 1) t
following formula is used to determine, from thouple of values(l, V) measured, th

resistivity (Q .xu):
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pP= 4.532.@.? Equation II- 8

where 4.532 is a specific form factor for measutinig films , e : film thickness (cm)y :

voltage measured between points 2 and 3 (V)larapplied current between 1 and 4 (A)

Electronic conductivity is the inverse magnitude rasistivity © =;) and is

expressed in (S.ch

II.7. Electrochemical analysis techniques used

[1.7.1. Oxidation-reduction reactions

During electrochemical reactions, two phenomenaiocc
An exchange of electric charges through the eldetrdfilm) -electrolyte (solution)
interfaceAn ionic movement of matter (cations ) due to thiBuence of the fieldelectrical
established in the different electrodes.

These are governed by the following electrochenogalation-reduction reaction:

Ox+n-e —Red ou Red >Ox+n-e Equation II-:9

Our study relates to the electrochromic systemxideo anionduring intercalation of
cations. This causes a reduction or an oxidatiorthef oxide, reactions corresponding
respectively to the insertion or the deinsertiortations. The redox reaction thus initiated in

our analyzes is therefore as follows:
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11.7.2.Electrochemical analysis technique

In this part, we will present the different elecinemical characterization products and
methods, as well as the experimental set-up onhwduic work was done.

Electrochemical analyzes were carried out usingreetelectrode experimental cell
equipped with a working electrode, a platinum ceunglectrode, and RHE (reference
electrode). All the electrochemical studies wereied in 1M HCIQ, aqueous solution as
electrolyte at 25°C [1-2]. The experimental devised for electrochemical measurements is
called a three-electrode assembly. It consists rofekectrochemical cell containing a
conductive liquid electrolyte in which three electes are immersed (figure 11-31). The
reference electrode is of the AgCI / Ag type of Bieblock brand , (possibly fitted with a salt
bridge filled with KNG to avoid pollution of the electrolyte by chlorideg)he counter-
electrode is a Metrohm brand platinum plate ele&r¢S~ 1 cm?) . Finally, the working
electrode (S 2 cm?) is the film to be tested that we synthesiae a (commercial) substrate
made up of a thin film of electronically conductiMeO deposited on glass or a bilayer made
of the same film coated with a solid electrolyteltd NaSICon type. The electrolytes used, an
aqueous solution of 0.1M sodium sulfate N&O 4 serving as a source of Na&ations or an
ionic liquid of the BePipTFSI type , are not stdrénon-stationary diffusion regime). The

experiments are carried out at room temperature.
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Figure 11.10. Diagram of the 3-electrode cell used for electrotical analyzes

Different configurations of electrochemical cellene used during this work. The cell
which was used initially is said to be “closedg(re 11-32b). It has the advantage of being
small and therefore of having a small volume ofcetdyte solution but also of having a
contact surface well defined by a seal of 1 cmiamater. On the other hand, it makes it
impossible to observe a change in color with thkedaeye. It was thus decided to use an
“open” cell (figure 1I-32a), using a beaker as @nér, to observe the possible coloring of the
film. This second cell contains a larger volumdigiiid solution, 30 cnior more, and allows

analyzes to be carried out on larger surfaces
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Figures 11.11. Photographs of the “open” (a) and “closed” (b) ell

11.7.2.1The cyclic voltammetry (CV)

Voltammetry techniques are based on the studyeofdfationship which is established
between the electrode potential E and the currevttich flows through an electrochemical
cell when this potential is imposed. The measurgdeat reflects the mechanism and rate of
the different reactions associated with an eleetrpdocess, and allows a qualitative or
guantitative determination of the associated chartic parameters (thermodynamics and
kinetics) when a theoretical model of the procesavailable. In cyclic voltammetry (CV), the
imposed potential is a linear function of time atastant rate (scanning speed), and in the
same experiment, it is varied first in one direct{generally towards negative potentials), and
then in the reverse direction. The scan makessif @mobserve the behavior of the system at
different potentials and thus to identify the diéfiet electroactive species. Reversing the
direction of the variation of the potential makess possible to observe both the
electrochemical behavior of the reactants and tbdyzts, and therefore the reversibility of
the reactions. In addition, the scanning speedigesva means direct control of the kinetic

regime of reactions (reversible, quasi-reversitteyersible regime) and its variation makes
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it possible to observe the reactions under differegimes and to diagnose their mechanistics.
The cyclic voltammetry technique is generally apgilile to all types of electrodes and
electrolytes. Figure 3-2 shows the general shapeyaténtial and current in a cyclic

voltammetry experiment.

o
r

Potentiel (V)

WO;+yNa +ye

v

Time (s)

Description: The electrode potential is varied linearly at @stant scanning speed
betweenwo limit valuesE,,,;, and E,,,, in several steps: (i) reduction of the potentianfr
an initial valueE; to the minimum valug,,,;,, generally denoted, , 4 being the time at
which E,,; is reached, (ii ) increase the potential Bf to a maximum valug,,, . ,(iii)
reduction of the potential of ., to a value finalEy, (iv) repetition of the cycle if there's

place.

Source Bard A. J, Faulkner LR “Electrochemical Methodsindamental and
Applications”, page 227

Figure 11.12. Cyclic voltammetry: (a) shape of the electrode pt&d (b) Shape of the
resulting voltammogram

The characteristics of interest of the curve i-Blude the height of the current peaks
cathode i) And anode &,,) And their ratio [16] , the values of potentil,. And E,

which the cathode and anode current peaks arevelsband differencAE = E,, — Ep

In the case of a reversible reaction of the forid T~ = R The values of are related

the thermodynamic and kinetic parameters of thetrelehemical reactions by the equations
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following (Parameter®, , D Andy,,yr Represent the diffusion coefficients and the

species of the activity coefficients O and R resipely) :

= 3/2
e i, =0.4463 (=) n32ADY?Crp1/? (EquationTI-10
v s 0
- :”—a = 1 (EquationII-11 )
pe
* E,=Ey—1109 % == % mV a 25°¢ (EquarionT-12)

Eipp= E° + in (-E*) + ‘E"E];Il (”R/DG)E

nF

* AE, =23 RT/’”F & % mV 25°C (Equation]l -13)

ip = current maximum in amps$,= number of electrons transferred in the redoxeve

(usually 1) A = electrode area in dmF = Faraday Constant in C mbl
D = diffusion coefficient in crfis ,C = concentration in mol/ch v = scan rate in V/s
R = Gas constant in Jkmol™, T = temperature in K

The (Equation 1I-13)generally predicts that the peak current is propoal to the
concentration of electroactive species involvedd #ime analysis of the variation of the
concentration effect on the height of the peaks wssd to laboratory as one of the
techniques for identifying electrochemical reacsioon voltammograms. Several other
techniqgues were used to identify oxidized or reduspecies, including methods by
differential thermal analysis with the variationtbe scanning speed, and the comparison of

the results to those predicted by the thermodynaomsiderations of the Pourbaix diagrams.
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[1.8. Thermal analysis

[1.8.1Thermogravimetric analysis

Thermogravimetric analysis (TGA) or thermogravimetls used to study the
physicochemical phenomena which result, under tfeeteof temperature, by a variation in
mass. Thermogravimetry makes it possible to follbe/variation in the mass of a material as
a function of temperature or time in a controlléth@sphere (inert gas: nitrogen, and argon or
oxidant: dioxygen). It is used to measure thernebibty, degradation characteristics, aging

and to determine kinetic parameters.

A thermogravimetry device generally consists otalesd enclosure making it possible
to control the atmosphere of the sample contaiam@ven for managing the temperature, a
microbalance and a thermocouple for measuring d¢nagpérature. A computer is used to

control the assembly and to record the data (Fid8k

Gas outlet -

Sample

.| Oven
\—

Balance

||

Computer
Programming svstem

- Gas inlet

(mass and temperature)

Figure II. 13. Diagram of the principle of thermogravimetric arsady
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The thermogravimetric analysis measurements wenelwzted on Hitachi STA7200
Instrument under Nitrogen flow with a ramping rae10°C.min'for a temperature range
from 25 ° C to 800 ° C. The device is equipped withalance with an accuracy bfig . The
test sample is generally present for a mass ofdmiwl and 3 mg and which is introduced

into an alumina boat.

[1.9. Conclusion
The initial objective of this thesis work is to prde answers concerning the
electrochemical behavior of polyaniline with threetals axides (W§) Al,O; and OFI) to

form nanocomposites as a priority.

In order to have a more in-depth, or at least noameect, study of the behavior of
these composites, we have invested the time neges$sa the structural and thermal
characterization of the materials we have develod were able to benefit from the
measurements carried out at the laboratory of céteyrmalicante-spain , but we also had
access to many equipment available at the L.S.al#oratory- university of mustapha
stambouli mascara , materials chemistry laborattagulty of exact and applied sciences-
oran 1 ahmed ben bella university-oran- algerieults of science and technology- university
of mustapha stambouli mascara-mascara-algeria ratljgue and chemistry laboratory of
Mustapha stambouli -mascara-algeria , which wasah asset in being able to achieve our

objectives as well as possible.
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CHAPTER 1lI
The influence of the addition of tungsten trioxide
nanoparticle size on structure, thermal and electractivity

properties of hybrid materials reinforced PANI
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[11.1. Introduction

Metal oxides are a subject of attention becausteif electronic, conductive, thermal
stability, optical and magnetic properties adagteda diversity of applications, such as §iO
TiO,, AlO3, V205, ZnO, SIC, ZrQ, MnO,, NiO and FgO,4 have been extensively investigated
as the electrode materials for semiconductivesi]1-Among various nanoparticles, W@
mostly studied among the many nanoparticles owmngts several advantages availability:
strong adherence to substrate, good chemical isgabild good chemical stability [12-14].
WO3; has been successfully applied in electrocatalyplsptoanodes for solar energy,
photoelectrocatalytic reactors, gas sensors amtretdromic devices. However, the wide band
gap (2.5-2.8 eV) and low energy conduction ban@/@f; nanoparticle limit its application [15,
16]. One of the promising strategies to overcongentientioned disadvantages is the formation
of WOs-based hybrid materials.

Herein, a new investigation has demonstrated thatRANI/ WQ nanocomposites
synthetized by oxidation chemical or electrocheinich PANI inside WQ nanoparticle
exhibiting two type - andn-) photoelectrochemical activity [5]. In additiometincorporating
of PANI into WG; gives rise to applications such as sensors [Lipgreapacitor [18], humidity
sensor [19], electrochromic energy storage [2QRlgat [21] and so on. Although PANI/ WO
have been assembled by adopting several techniquertheless, the efficacy of these
nanocomposites explored less in all the circumstganc

In this chapter, studies a simple and convenierthoteto fabricate PANI/WO3 by
oxidative polymerization. The hybrid materials pedpes, thermal stability and morphology
and electrochemical behavior of synthesized sampkse characterized using a number of

various techniques.
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I11.2 Results and discussion

[11.2.1. XPS spectroscopy

(a)

PANI@W O,(1.5) Cls

| |

Y [ wa

PANI@W O,(1.0) - J

Cls
Ols Nis

T “__'d"“j—"_“‘L waf
PANI@W 0,(0.5) 2 M_____}:q

=

=

WO, Nanoparticles

Cls

| Nis

(b)

T J T Y T J T T T T T J
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Binding Energy (eV)
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Figure Ill. 1. Survey (a) and high-resolution W@anopatrticle; (b) X-ray photoelectron

spectra of three PANI/ W{samples.
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The hybrid materials were examined by XPS. Figukd-h shows the full-scanning
spectrum in the range from 0 at 1300 eV and theiat@eomposition of carbon (C), nitrogen
(N), oxygen (O) and tungsten (W) in nanocomposisgsthetized (Table 1). In WO
nanoparticles, the core level binding energiehefW spectrum (Fig. 1-b) can be divided into
the clear two peaks at 35.45 eV and 37.60 eV whrehascribed to W4f7 and W4f5 species,
respectively.

The C1s signal for PANI/WO3 (0.5) can be resolvato four separate carbon bonding
environments (Figure [ll.2). The low binding energtate at 284.59 eV (42.10%) with a
FWHM (full width at half maximum) of 1.20 eV corqgsnds to C—C, C=C and C-H bonds.
The second at 285.61 eV (23.66%) with a FWHM ob61e¥ can be attributed to neutral C-N
bonds that assigned to carbons bonded to neutr@leaamd imine nitrogens (Table 1). The
third, at 286.77 eV (1.95%) with a FWHM of 1.85 @/bonded to nitrogen (N3), the highest
binding energy is expected at 288.68 eV (23.66%hHh wiFWHM of 2.04 eV is given to C=0
bond. Similar C1s binding energy values are reploiriethe literature [6, 22]. In addition, the
formation of PANI/WO3 (1.0) further confirmed by €kpectrum presenting at 284.57 eV
(37.01% and FWHM is 1.20 eV), 285.59 eV (16.18% BW¢HM is 1.12 eV), 286.51 (13.09%
and FWHM is 1.72 eV) and 288.57 eV (3.52% and FWidN1.89 eV) attributed to C—C, C—N,
C=N and C=0, respectively. The same time, the Qfiwey scan of PANI/WO3 (1.5) pose also
four contributions of C—C (40.33% with FWHM 1.24 2\C-N (22.23% and FWHM is 1.19
eV), C=N (10.40% with FWHM 1.71 eV) and C=0O (1.81%ith FWHM 1.81 eV) that

corresponds to formation of PANI chains.
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PANI@WOs (1.5)
PANI@WOQ3(1.0)
PANI@WO:s (0.5)
Binding Energy (eV)
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Figure Ill. 2. XPS spectra C1s of three PANI/ W@anocomposites synthetized.
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Table IIl.1. XPS Binding Energy/eV results for nanocomposi{é@s: WO; nanoparticles(B)

PANI/WO; (0.5),(C) PANI/WO; (1.0) and(D) PANI/WOs (1.5).

Samples & Binding Energy/e)

Elements @A) B) ©) D) Remarks
Waf7 35.45 35.89 35.84 35.94 | W** state of Wolframic
W4f5 37.60 38.00 37.98 38.11

284.60 | 284.59 | 284.57 | 284.51 C-C,C=C,CH
285.99 | 285.61 | 285.59 | 285.58 C-N
Cls i 286.77 | 286.51 | 286.46 C=N
288.37 | 288.68 | 288.57 | 288.30 Cc=0
/l 398.42 | 398.44 | 398.48 Imine =N-
N1ls /l 399.55 | 399.55 | 399.68 Amine -NH-, -NC-
400.56 | 401.29 | 401.42 | 401.69 -N"H-, =N"-
530.24 | 530.98 | 530.77 | 530.80 W-0 bond
Ols 531.56 | 532.58 | 532.38 | 532.34 Oo=C
/l 534.51 | 533.31 | 533.60 C-O—H

Furthermore, the intensities value of C—C/C—N i®fuls under study as a measure of
crosslinking degree in the nanocomposites PANI/ ;3WWD0) C—C/C—N proportion of 2.3
(Table III.1), which is the degree related with e¢rosslinking. Also, the crosslinking value of
1.8 for PANI/WO3 (1.5) shows some significant vabfecross linking, while the PANI/ WO
(0.5) degree of 1.1 appear the common proportionhighly crosslinked samples, whereas
these are simply semi quantitative measures.

The fitting data for the N1s spectra of all nanoposites synthetized are presented in
Figure Ill.. 3. its deconvolution leads three maomponents (Table 1). The component with
the lowest binding energy, corresponds to imine<{Fstructure can be utilized to evaluate the
density of flaws within the PANI, because this stuue is believed to interrupt the conjugation
chain. The second, higher energy state is duegmdéutral and amine-like (-NH-) structure,

whilst the highest binding energy state is dudeogrotonated amine units. (-NH [23].
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PANI@WOs(1.5)

PANI@WOs(1.0)

PANI@WO3(0.5)

Binding Energy (eV)

Figure Il .3 . XPS spectra N1s of three PANI/ W@anocomposites synthetized.
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Table I11.2. Doping degree and defect density in different PANI namosures

Sample [N*/N]P [=N—/NJ¢
(doping degree) (defect density)
PANI/WO;3 (0.5) 0.08 0.24
PANI/WO3 (1.0) 0.12 0.31
PANI/WO3 (1.5) 0.09 0.33

The doping level was determined from the reporth&f area of the highest binding
energy peak to the total area of the N1s peaktlamdefect density from the ratio of the area
of the lowest binding energy peak to the total arehble 11.2. The doping level of PANI in
PANI/WO;3; (0.5) is 0.08 and the density of flaws is only4).2vhile, the doping level of
PANI/WO3 (1.0) is 0.12 and the density of defedsup to 0.31. Finally, in the case of
PANI/WO3 (1.5) sample, the doping level and the sitgnof defects is 0.09 and 0.33,
respectively. The PANI/ W§X0.5) has a lower defect density and higher dogiegyee, which
presumably results in its faster charging dischmygiate and higher capacitance. So, the
different value of the N1s spectra suggests ttegelthree samples have dissimilar distribution

of N1 species, in other words, different dopindesta

111.2.2 XRD studies

The diffraction peaks of crystalline W @anoparticle and nanocomposites can be seen
in Figure lll. 4, along different planes. The XRRterns of pure PANI displayed lack of
crystallinity. The peaks obtained & 2alues 9.59°, 15.47°, 20.23° and 24.76° are ieeagent
with those reported by Sanches [24]. In additibe, peaks at@values 23.15°, 23.62°, 24.39°,
26.62°, 28.65°, 28.92°, 33.27°, 33.60°, 34.20628541.45°, 41.90°, 42.50°, 47.20°, 49.96° and

55.89° correspond to (002), (200), (020), (120J2J1(112), (022), (202), (202), (122), (222),
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(222), (320), (040), (440) and (620) reflections/d®; nanoparticle (JCPDS no. 431035). In a
similar way, the diffraction peaks in three nanoposites synthetized are slightly shifted to

lower angle (see Table 2) due to the interactiawéen PANI chain and W{}2-6, 25].

PANI@WOs(1.5)

PANI@WO3(1.0)

PANI@WOs (0.5)

pure PANI
WOs nanoparticle "M-— A ,.——NM_._.-\_-._/HJ
' | ! 1 T T T T T T T 1
10 20 30 40 50 60
2 Theta

Figure lll. 4 . XRD pattern®f pure PANI, WQ nanoparticle and three PANI/ WO

nanocomposites synthetized.
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Table 111.3. X-ray diffraction data with Bragg anglds;spacing, FWHM and crystallite size of

the main principal peak for Whanoparticles and nanocomposites.

Plane | Braggs anglg d-spacing| FWHM | Size

Samples peaks (29) A) @0) | (nm)
(002) 23.15 3.84 0.15 | 54.06

WO; nanoparticles  (020) 23.62 3.76 0.17 | 47.74
(200) 24.39 3.64 0.16 | 50.80

(002) 23.13 3.84 0.17 | 47.70

PANI/WO3(0.5) (020) 23.61 3.76 0.20 | 40.58
(200) 24.35 3.65 0.18 | 45.15

(002) 23.14 3.84 0.15 | 54.06

PANI/WO3(1.0) (020) 23.64 3.76 0.18 | 45.09
(200) 23.35 3.80 0.17 | 47.72

(002) 23.14 3.84 0.16 | 50.68

PANI/WO3(1.5) (020) 23.61 3.76 0.19 | 42.71
(200) 24.35 3.65 0.17 | 47.80

Finally, the value for the plane spacimgspacing) is determined from Bragg's law (eq. 18}7
26].

A
2sin@

(1)

where the average crystallite size (D) was detezthimom XRD data analysis is represented
byd based on the Debye-Scherrer law (eq. 2) [7,8,26 ].

k.A
[ cosd

(2)

with D : volume averaged crystallite size;, Scherrer constant was considered as 0.9 in
this contextp : size is line broadening at half of the maximumensity (FWHM) in radian and

A wavelength.
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Besides, other XRD parameters such daspacing, Bragg angle, full width half
maximum (FWHM) and crystalline size of the maimgipal peak for W@nanoparticles with
three PANI/WO3 samples are presented in Table. M crystallite size was found to be in

the range from 40.58 to 54.06 nm.

[11.2.3 FTIR spectroscopy

Figure 11l .5. shows FTIR absorption spectra of Wi@noparticles, PANI, PANI/WO
(0.5), PANI/WQ (1.0) and PANI/WQ(1.5) registered in the range from 500 to 2500cifhe
broad band appearing in the range 600-800' @re describe of the various O-W-O stretching
modes in the W@ crystal structure [27]. Likewise, the main absamptbands of the pure
PANI, the band at 1637 chcorrespond to C=N stretching vibrations for imifiee bands at
1586 and 1492 cm attributed to the C=C stretching of the quinoidgriand benzenoid ring,
respectively. Those at 1309 and 1162 tare assigned to the secondary aromatic amine C—N
stretching vibrations. The peak at 824 ¢tiis belong to the out-of-plane vibration of C—H on
the 1,4-disubstituted ring. The peak at 1238cran be corresponding to various bending and
stretching corresponds to C—C bond. These charstatdR spectra of as-synthetized PANI are
in excellent agreement with those obtained for PANYggesting the PANI formed [28].

Moreover, the all typical pure PANI absorption bancbrresponds to C=N, C=C
(quinoid ring and benzenoid ring), C—N, C-C andafyplane bending of C—H can be clearly
seen in the three nanocomposite samples. Furtherttarzan be seen that the bands for C=N,
C=C and C-N are all moved to lower wavenumbers thuestrong interaction of W

nanoparticle and PANI chain [5,8]. These resulésagreed with those obtained by XPS study.
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Figure Il .5. FT-IR adsorption spectra of pure PANI, \Wanoparticle and three PANI/ WO

nanocomposites synthetized.

[11.2.4. Optical properties

For examine optic advantages of synthetized sampMsvis absorption spectrum was
used out on materials. Figure lll. 6. shows UV-gectra of hybrid materials synthetized
solutions in DMSO, which were tested directly aftissolution. The pure PANI shows two

absorption bands characteristic, where a acute @E384 nm and broad absorption peak at 567

nm appear, corresponds ten transitions centered on the benzenoid and quinwis,
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respectively. Furthermore, the three nanocomposhesv two characteristic absorption broad
band peaks that belong te«t transition within the benzenoid units andr indicates an

aromatic ring transformation from a benzenoid toae quinoid, respectively (Table 3) [29].

PANI pure
PANI@WO3 (0.5)

PANI@WO: (1.5)

Adsorbance

T

I ! I I I ! 1
400 500 600 700 800
Wavelenght (nm)

Figure Ill. 6 . UV-vis spectra of pure PANI and three PANI/ \W&amples dispersed in DMSO
Table Ill.4. UV-vis absorption spectra properties, (/. and.Znse) Optical band gap energy

(Eg) of PANI/WO3 nanocomposites.

Samples A1 (nm) | A (nM) | Aonset(nm) | Eg (€V)
Pure PANI 342 560 741 1.67
PANI/WO;(0.5) 351 525 659 1.88
PANI/WO;(1.0) 343 520 648 1.91
PANI/WO;(1.5) 345 517 624 1.98

It has been observed that the acute of UV-vis spettthree samples are analogous to
those of pure PANI and some moving in the banddbserved can be caused by the interaction

between the aromatic polyaniline chains and @noparticle. Likewise, the content of WO
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was increased in the polyaniline matrix, there shalightly red shifted. So, the optical band
gap is found depending upon the composition of idytoaterials [30].
The optical band gap of the samples was calcufabed stronger relative intensity of

absorption peak in the long wavelength in the Einsfiormula (eq. 3) [31], the results are

abstracted in Table Il.4. E, = he (3)
A

onset

where Ey: band gap energy h = 4.14x10"° eVs ;¢ = 2.99x10 ms' ; onser :
wavelength at maximum absorbance.

The optical band gap of the pure PANI, PANI/ W@®.5), PANI/ WQ (1.0) and
PANI/ WOs (1.5) is 1.67 eV, 1.88 eV, 1.91 eV and 1.98 e\§pextively. So, the optical
characteristics of samples are mainly determinedhleyhighest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orb{tadUMO). Generally, the band gap
will increase with increasing the WOcontent into PANI matrix is belong to the
destabilization of the HOMO than of the LUMO thrduganoparticle replacement. In
addition, augmentation in the values of opticalrggegap of samples may be interpreted in
terms of polymer changing structures due to typebomds formed between the W@nd

PANI chains [32].

[11.2.5. TGA analysis

The TGA were useful to describe the thermal behravidhe samples nanocomposite,
as shown in Figure Ill. 7. A minor mass loss (~0%8Bwas detected when heating the W/
to ca. 900°C. This result showed a very good thestability of nanoparticle. However, the
pure PANI shows three degradation steps [5-7], whiee first mass loss step of 5.63% due to

the volatilization of water molecules at 140°C, ahé second one of 47.69% related to
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degradation of the polymers chain between 140-450P€ final step of weight loss at around
may be due to the final carbonization of materia#®0-700°C (12.97% mass loss). Also, three-
step weight loss was observed of nanocompositethetyzed. The first weight loss (1.58-
4.33%) below 130°C is due to evaporation of adsbrkater and the second heating step begin
around 160°C to 580°C was due to the thermocherdaadmposition of the organic materials
(6.34-19.22%). Finally, the third weight loss stegtween 580-900°C assigned to the thermal
degradation of nanocomposite molecules (9.29-16)05%, addition of W@nanoparticles to
the PANI shows a significant effect on the therstability for hybrid materials. Furthermore,
this overall confirms that the PANI amount formationto the nanoparticle significantly
increases in the order PANI/ WQL.5) < PANI/ WQ (1.0) < PANI/ WQ (0.5). Besides, these

results were in good approval with those obtaimedugh analysis of XPS analysis.

100
90
80
& 70
=
o ]
0 60+
= ]
50 - WO. Nanoparticles
40 + PANI@WO, (1,0)
304  PANI pure

rrrtrrrrrrrrrrrrrr|prrrrrrrrr[1rrrrrr1rr1r1r1r[rrrri

200 400 600 800

Temperature (°C)

Figure Ill. 7. Thermogravimetric analysis of pure PANI, \W@anoparticle and three

PANI/WO3 nanocomposites obtained in &tmosphere at 10 °C.nmin
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Morphology of PANI/ WO3; nanocomposites

Figure 1ll. 8. represents the Scanning Electronrbicopy (SEM) images of all PANI/
WO;3; nanocomposites. The structure and morphology aethe PANI/ WQ (0.5) observed
that nanoparticles are surrounded by PANI matrigt hance it appears as a dense top layer
(almost invisible pores), which covers nearly teet®n of the nanoparticles. Likewise, in the
PANI/ WO3 (1.0), the structure observed by SEM shows a adwafution of morphology
according to the PANI chain. On the contrary, féfN®¥ WO3 (1.5), there appears to be little

change in the thickness of the nanocomposite wssreéd.

Figure Ill. 8. SEM image of nanocomposites prepared for (a) PAND; (0.5) ; (b) PANI/

WO; (1.0) ; (c) PANI/ WQ (1.5).

[11.2.6. Electrochemical Analysis

Among the electrochemical analysis methods, théiccyoltammetry (CV) became a
significant and broadly applied electroanalyticathod in nhumerous field of chemistry. It is
vastly used to examine a diversity of redox proegssThe CV was used to study the
electrochemical stability of the pure PANI and PAMO; samples prepared (Figure lll. 9).

The pure PANI shows two typical redox peaks, thstfredox peak appearing between
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0.46/0.29V is the oxidation leucoemeraldine to tmmeraldine radical cation with the peak-
to-peak potential separationE,) was 170 mV, whereas that the second redox pedlkeis
emeraldine radical cation to emeraldine and thedtmedox peak at 0.89/0.81V is the
transformation of the pernigraniline radical cattonpernigraniline withAE, = 80 mV (Table

4). Furthermore, the CV of the two PANI/W@0.5 and 1.0) samples present also the two
redox pair characteristics of PANI, but the redoggesses promotes a slight displacement in
the Epa andEy¢ of both peaks as compared with pure polymer (Tébld). This behavior can
be attributed to the intercalation of the PANI w03, whereas that the difference in the CV
curves shows that there is variation in the chaucture. Moreover, a poor definition of redox
peaks of PANI/WQ@ (1.5) nanocomposite was observed, this behavia weerpreted as a

strong interaction between the polymeric matrix Hredincorporated nanopatrticles.

PANI pure

PANI@WO3 (1.0)
PANI@WOs3 (1.5)

Current (uA)

T T T J T J T T
0,0 0,2 0,4 0,6 0,8 1,0

Potential / V vs. RHE

Figure 1ll. 9. Stabilized cyclic voltammograms recorded for gobree carbon electrode
covered by pure PANI
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Table III.5. Electrochemical parameters obtained from CVs akpRANI and PANI/WQ

nanocomposites on glassy carbon electrode in 1MD#i€blution at scan rate 50 mV.s

Potential / V
A/Cy Ei/ AE, AlC, E1 AE,
Pure PANI 0.46/0.29| 0.375| 0.17 |[0.89/0.81] 0.85 | 0.08
PANI/WO3(0.5) | 0.48/0.24| 0.36 | 0.24 | 0.84/0.77| 0.805| 0.07
PANI/WO3(1.0) | 0.49/0.31| 0.40 | 0.18 | 0.82/0.71| 0.765| 0.11
PANI/WO3(1.5) Il Il I I Il 1l

Samples

Abbreviations: A : potential of anodic peakC : potential of catodic peakAE, : the peak-to-peak potential

separationky, : half-wave potential.

[11.3. Conclusions

Novel nanocomposites formed from W@anoparticles and the conducting form of
PANI was successfully obtained by chemical oxidatmethod in the presence of ammonium
persulfate as an oxidant. The synthesis of PANIAW@nocomposites were confirmed by
means of XPS, FTIR, XRD, SEM and UV-vis spectrosesp

The FTIR technique confirmed the presence of PANhWVO; nanoparticle and
provided clear evidence regarding the developméniewv hybrid materials. Moreover, the
XPS analysis indicated the details of comprisingmadnts contributing to the synthesis of
PANI/WO3 samples. In addition, the XRD patterns studiedicoed the increase of crystalline
portion in the nanocomposites upon that additionw®; nanoparticle for PANI matrix.
Observation of the samples by SEM showed dispersmnogeneity of the PANI chain at
nanoparticle. The optical band gap of materialsibto increase with the content of WO
Furthermore, the TGA results demonstrated a changfge thermal performance of the PANI

by the presence of WfQOnanoparticles. Further, the electrochemical progserwere
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investigated with cyclic voltammetry, the PANI/W@.5) and PANI/WQ@ (1.0) samples have

excellent electroactivity properties suggestingdrtpetential application in the electrode
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IV.1. Introduction

A wide variety of nanoparticles have been studiét the aim of improving polymers
for their applications , alumina AD3; or aluminium oxide is an amphoteric oxide thatsexin
nature as the minerals corundum@; diaspore (AlO3.H,0); gibbsite (A}O3.3H,0) and most
connoly as beauxite , which is an impure form dibgite [1], among the different metal oxide
NPs , alumina NPs have a range of useful propeitiekiding good thermal conductivity, high
strength and stifness, mechanical strength, ingstte most ocides and alkalis, high adsorption
capacity, wear resistance, oxidation, thermal Btaland electrical insulation and so on, Iin
addition, it is inexpensive , no toxic and highbrasive [2-4], due to physiochemical properties
may of studies propose A); NPs with great potential to fit targeted appl@atin the field of
the pigment porous ceramique membranes, catalystxatalysts cariers ultrafiltration
membranes, electrical insulation, high voltage lssus finance liner tubes ballistic armor

abrasion resistant tube and thermometry sensors.

Polyaniline (PANI) has been recognized to be thetnmportant conducting polymers,
althought it has exhibited great potential for cocred application due to its unique electrical,
optical and photoelectrical properties as well &s ease of preparation and excellent
environment stability [5-9], its mechanical projpestdon’t meet the requirement of a number
of applications because PANI is neither solubleammon solvent nor thermally processable
.therefore, researches have attempted to prepaM PBlends or composites of improved
processability and mechanical properties while ma&mng the inherent electroactive

properties of the polymer [1].

So the potential use of such material as reinfgrcmmponent may results in increasing

of its commercial value besides giving a purposétis by product , in this paper , synthesis of
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conducting polymer nanocomposite based on alummdaPANI is reported , the influence of
prepared nanosized Ab; content on the morphology, thermal stability , #iecand dielectric

properties of resulting nanocomposites are alsestigated .

Table IV.1. the conditions and yeild of our synthesis

Polymer/Al,O; HCI 86,92%, |24h 5 monomer:
For The first | oxydant
3h
1:1
From the
reaction

IV.2 Results and discussion

IV.2.1. X-ray photoelectron spectroscopy (XPS)

The nanocomposites were examined by XPS. Figuré Bhows the full scanning
spectrum in the range from O at 1300 eV and thmiateomposition of carbon (C), nitrogen

(N), oxygen (O) and aluminum (Al) in nanocompostgathetized (Table I1V.1).
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Table IV.2. Summary of the XPS binding energy values (eV) ioleth for nanocomposites:

(A) Al O3 nanopatrticles, (B) PANI/AD3 (2%) and (C) PANI/AIO; (4%).

Samples & Binding
Elements Energy/eV Remarks
(A) (B) ©
Al2p 74 Il I Al-O
Al2s 117 Il Il Al metal
I 284.61 | 284.55 C-C,C=C,C-H
Il 285.63 | 285.64 C-N
Cis i 287.07 | 287.05 C=N
I 289.05 | 288.90 C=0
Il 398.20 | 398.26 Imine =N-
N1ls i 399.46 | 399.53 Amine -NH-, -NC-
Il /l 401.00 -N"H-, =N"-
527.65 531.26 | 531.47 Al,O3
Ols 528.98 | 532.72 | 533.60 Hydroxides
530.09 534.38 | 534.88 Carbonates

In Al O3 nanoparticles, the core level binding energieshef ALO3; spectrum shows
into the clear two peaks at 74 eV and 117 eV wiaigh ascribed to Al2p and Al2s species,

respectively.
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Figure IV. 1. XPS spectra (survey scan) ob@ and PANI/ALO; samples.

The Cl1s signal for PANI/AD; (2%) can be resolved into four bonding environraent

(Figure V. 2).

The lowest binding energy state at 284.61 eV (#®)3%ith a FWHM (full width at
half maximum) of 1.50 eV corresponds to C—C, C=@ @rH bonds. The second at 285.63 eV
(31.16%) with a FWHM of 1.67 eV can be assigneddatral C—N bonds, that corresponding
to the carbons bonded to neutral amine and imittegans (Table 1V. 1). The third, at 287.07
eV (9.61%) with a FWHM of 1.92 eV is bound to thegion radical nitrogen, while the highest
energy state at 289.05 eV (3.64%) with a FWHM @&R21eV is given to C=0 bond. Similar
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Cls binding energy values are reported in thedlitee [12, 13]. In addition, the formation of
PANI/AI,O3 (4%) further confirmed by Cls spectrum presenah@84.55 eV (38.86% and
FWHM is 1.64 eV), 285.64 eV (31.18% and FWHM isA&/), 287.05 (78.74% and FWHM
is 1.67 eV) and 288.90 eV (24.01% and FWHM is &Y% attributed to C-C, C-N, C=N and

C=0, respectively; that corresponds to formatioRPANI chains.

PANI@WOQOs (1.5)

PANI@WOs(1.0)

PANI@WOs (0.5)

302 300 298 296 294 252 250 288 286 284 282 280
Binding Energy (eV)

Figure IV. 2. XPS spectra C1s of three PANI{®s nanocomposites synthetized.
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Furthermore, the intensity report C—C/C—N is hdlpiu study the existence of
crosslinking in the nanocomposites under studiea aseasurement of cross linking grade
PANI/AI,O; (4%) demonstrated the highest C—C/C-N ratio of (d&ble 1), which is the
degree related with no crosslinking. Also, the slioking value of 1.8 for PANI/AIO; (6%)
shows some important level of crosslinking, while PANI/ALO3 (2%) degree of 1.1 explains
the common ratio for highly crosslinked nanomatsrialthough these are merely semi

guantitative measures.

The fitting data for the N1s spectra of all nanoposites synthetized are presented in

Figure IV. 3.

PANI@AI203 (4%)

PANI@AI203 (2%)

I T T T T v T T T
404 402 400 398 396
Binding Energy (eV)

Figure IV. 3. XPS spectra N1s of three PANIAS; nanocomposites synthetized.
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its deconvolution leads three main components @adWbl 1). The lowest binding
energy peak which is concerning to the imine likeicture (=N-) can be utilized to evaluate
the degree of defects within the PANI, becausestingcture is considered to interrupt the
electron jumping on the polymer chains. The secbigher energy state is owing to the neutral
and amine-like structure (-NH-), while the highessérgy state is due to the protonated amine
units. (-NH-) [12]. The doping level was calculated from th&o of the area of the highest
binding energy peak to the total area of the Nlakpand the defect density from the ratio of
the area of the lowest binding energy peak to thal tarea. The doping level of PANI in
PANI/AIL,O; (2%) is 0.57 and the degree of defects is only,0vihile, the doping level of
PANI/AI,O3 (4%) is 0.75 and the density of defects is up.i®0The PANI/A}Os (4%) has a
higher doping degree and lower defect density, wpiobably results in its higher capacitance
and faster charging discharging rate. So, the réiffievalue of the N1s spectra suggests that
these three samples have dissimilar distributioNbfpecies, in other words, different doping

states.

Table 1V.3. Doping degree and defect density in different PARhostructures

Sample [N*/N]? [= N —/N]°
(doping degree) (defect density)
PANI/WO; (0.5) 0.57 0.24
PANI/WO; (1.0) 0.75 0.10

IV.2.2. X-ray diffraction

Figure IV. 4. shown the diffraction peaks of crylat@ Al,O; and nanocomposites, along
different planes. XRD patterns of pure PANI exhibgs of crystallinity. The peaks located at

260 values 9.59°, 15.47°, 20.23° and 24.76° are iaeagent with those reported by Sanches
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[13]. In addition, the peaks at Zalues 25.54°, 35.10°, 37.73°, 43.34°, 52.51508761.33°,
66.44° and 68.18° correspond to (012), (104), (1@ag), (024), (116), (018), (214) and (300)
reflections of A}JO3; nanoparticle (JCPDS no. 001-1243). In a similayviae diffraction peaks
in three samples synthetized are slightly shifiedotver angle (see Table IV. 2) due to the

interaction between PANI chain and.@k [10,14-18].

PANI@AI20 (4%)

PANI@AI203 (2%)

PANI pure

(012) (104) (113)

Al203 Nanoparticles

\ x o~ S
-

T ; T ' T . T : T : T : 1
0 10 20 30 40 50 60

2 Theta (degrees)

Figure IV. 4. XRD pattern®f pure PANI, AbO3 nanoparticle and PANI/ADs

nanocomposites synthetized.

Finally, the interplanar distances (d-space) weterthined through Bragg formula (eq.

1) [19-21].

- 2sin@ @
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where the diffraction angle is represented.byhe crystalline sizelY) was calculated

through Scherrer formula (eq. 2) [19-21].

k.A
[ cosfd

(2)

Thek is Scherrer constant, was considered as 0.9 snwtbrk. g8 is the line broadening

value at half of the maximum intensity (FWHM), whits expressed as26 in radians.

Besides, other XRD parameters such as Bragg amgbpacing, full width half
maximum (FWHM) and crystallite size of the mainnaipal peak for AlOs; nanoparticles and
three PANI/ALO3; samples are presented in Table 1V.2. The crystadize was found to be in

the range from 39.66 to 49.36 nm.

Table IV.4. XRD data and calculated particle sizes for,@l nanoparticles and

nanocomposites

Plane | Braggs anglg d-spacing| F.W.H.M | Size
Compounds peaks 26 A 26 nm
ALO. nanoparticled 204 35.10 3.08 0.17 | 48.99
28 P 1 (110 37.73 2.38 0.17 | 49.36
(104) 35.08 2.55 0.21 | 39.66

PANI/AI,O5 (2%
IA10s (2%) | — 110 37.71 2.38 021 | 39.96
(104) 35.16 2.55 0.20 | 41.66

(0]
PANIAIZOs (4%) (110) 37.77 2.38 021 | 39.96

IV. 2.3. FT-IR spectroscopy

Figure IV.5. shows the FTIR absorption spectra &fO4 nanoparticles, pure PANI,
PANI/AILOs3 (2%) and PANI/AYO; (4%) recorded in the range from 500 to 2000 trihe two

characteristic peaks at 553 ¢nand 635 cnT due to Al-O stretching vibrations in the 8%
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crystal lattice [22]. Also, the main absorption darof the pure PANI, the peak at 1637 tm
correspond to C=N stretching mode for imine. Thedsaat 1586 and 1492 chbe attributed

to the C=C stretching of the quinoid/benzenoid rimgpectively. The bands at 1309 and 1162
cm ! are ascribed to C—N stretching of the secondamynatic amine. This at 824 Chis
belonging to the out-of-plane bending of C—H on paga-disubstituted ring. These typical
bands of as-synthetized PANI are in good accorth wibse registered for PANI, confirming

the formation of PANI chains [23].
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Figure IV. 5. FTIR spectra of pure PANI, AD3; nanoparticle and three PANI/AD;

nanocomposites synthetized.
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Moreover, the all typical pure PANI absorption bancbrresponds to C=N, C=C
(quinoid/benzenoid ring), C-N, C-C and out-of-pldr@nding of C—H can be clearly seen in
the three nanocomposite samples. Furthermore, liaeacteristic stretching frequencies are
shifted towards the lower frequency side in the posite when compared to pure pani ,The
above peaks confirm the formation of the nanocomgasd also suggest an electrostatic kind

of interaction between the polymeric chain angOAlnanoparticle

IV.2.4. Optical characterization

Figure IV.6. shows the UV-vis spectra of nanocontpssrepared solutions in DMSO,
which were tested directly after dissolution. Timstfpeak at 335 nm is related to ther*
transition of the benzenoid rings, and the secah®25 nm is related to-polaron transitions.
Moreover, the three hybrid materials show two cti@rdstic absorption broad band peaks that
associated ta—t transition and n& transition of benzenoid ring and of benzenoidumnaid,
respectively (Table 1V.3) [24]. It has been fouhdttthe form of UV spectra of all samples are
similar with some moving of nanocomposites bandstHer, It can be seen that the peaks red
shift as AbOs; content increases in PANI matrix. So, the opticalperties of nanocomposites

strongly depend on composition of PANI{®s sample [25].
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Figure IV. 6. UV-vis spectrum

The gap energy of nanomaterials was calculatedditing (A% versus lfv) in the Tauc

formula (eq. 3) [26], the results are summarizedable IV.3.

Table IV. 5. Characteristics of UV-Vis absorption spectra ofNR/AIl ;O3 nanocomposites.

Compounds Alnm | ALlInm | Eg/leV

Pure PANI 335 625 3.22
PANI/AIO3 (2%) 334 563 2.95
PANI/AIO3 (4%) 334 678 2.88

A=(w-E)" 3

wherehv is the photon energy is Planck's constanEy is the optical energy gap, is the

constant, for direct transitions n = ¥%. We plotraph betweenahv)? versushv (Figure
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IV.6), the extrapolation of the straight line wh¢)?> = 0 axis givefy (where the absorption

is reduced near zero).

PANI@AL20s (4%) i s

PANI pure

(ahv)® (eV.cm™)

T T T
25 3,0 3.5

Energy (eV)

Figure IV.7. Tauc plots (b) corresponding to pure PANI and FANO3; nanocomposites

dissolved in DMSO.

The optical band gap of the pure PANI, PANKB} (2%) and PANI/AJO;3 (4%) is
3.22 eV, 2.95 eV and 2.88 eV, respectively. Thhig optical properties of samples are
defined by the highest occupied molecular orbitdOMO) and the lowest unoccupied
molecular orbital (LUMO) energy levels. Generaltiie augmentation of band gap by an
increase in content of AD; nanoparticles in the PANI matrix is associated the
destabilization of HOMO-LUMO through nanoparticleeptacement. In addition,
augmentation in the energy gap values of samplgshaaclarified in terms of the modified
in the structure of polymer due to the creatiorsae kinds of bonding between the.®@d

nanoparticles and polymer matrix [27].

137



CHAPTER IV : PANI/Al ;03 NANOCOMPOSITES

IV.2.5. Thermogravimetric analysis (TGA)

The TGA of the samples were characterized (Figute8). It can be seen that as the
Al,O3 nanoparticles content increased, the thermallgiebiof the nanocomposites improved.
For all of the samples, the weights of the materddcreased rapidly from 250°C to 450°C,
which may be due to the thermochemical decompaositiothe organic materials. It also, the
weight loss onset around 550-900°C indicates théctstral decomposition of materials. In
particular PANI/AbO3; (4%) which seems more stable than the other nanpasites, where
the first mass loss step of 2.03% due to the \iaation of water molecules at 160°C, and the
second one of 12.86% related to degradation oP#ieIl chain between 160-550°C. The third
and final step is the carbonization of nanocomposithich occurs within the temperature of
550-900°C (8.28% mass loss). In addition, a minassnoss (~0.64 %) was observed when
heating the nanoparticle up to ca. 900°C. This ligbts the high thermal stability of this
nanoparticle. This phenomenon may be related toiritexactions between the PANI and
Al,0O3, which improve the thermal stability of the hybnghterials. Furthermore, this overall
confirms that the PANI amount formation onto theaarticle significantly increases in the
order PANI/ALO; (2%) < PANI/ALO3 (4%). Besides, these results were in good agreemen

with those obtained through analysis of the XPSyaisa
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Figure IV .8. TGA of pure PANI, A}O3 nanoparticle and PANI/AD; nanocomposites.

IV.2.6. Surface morphologies

Figure IV.9. represents the SEM images of all PANID; nanocomposites. From the
surface morphology of PANI/AD; (4%) (IV. 9 (b)), it can be seen that the surfasese more
uniform, which indicates that the PANI and.@ nanoparticles have high interactions with
good compatibility. Compared with PANI/AD; (2%) sample, the SEM showed small change
in the thickness of the nanocomposite occurredh vaih inhomogeneous distribution of

nanoparticles.

Figure IV. 9. SEM images of nanocomposites prepared for (a) IABO; (2%) ; (b)

PANI/AIL,O; (4%)
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IV.2.7. Electrochemical Analysis

Among the electrochemical analysis methods, théayoltammetry (CV) has become
an important and widely used electroanalytical megphe in many areas of chemistry. It is
widely applied to investigate a variety of redoogesses. The CV was used to study the

electrochemical stability of the pure PANI and PAN}O3; samples prepared (1V. 10.).

PANI pure

PAN[@AlZOB t4%)

HA)

Current (

T y T g T T T ¥
0.0 0.2 0.4 0.6 0.8 1.0

Potential / V vs. RHE

Figure IV. 10. Stabilized CV recorded at 50 m*.;n a 1 M HCIQ solution for a GC

electrode covered by pure PANI and PANK&4 nanocomposites.

The pure PANI shows two typical redox peaks, trat fedox peak appearing between
0.46/0.28V is the oxidation leucoemeraldine to tmmeraldine radical cation with the peak-
to-peak potential separationK,) was 180 mV, whereas that the second redox pedleis
emeraldine radical cation to emeraldine and thedtmedox peak at 0.89/0.81V is the
transformation of the pernigraniline radical cattonpernigraniline withAE, = 80 mV (Table

IV.4). Furthermore, the CV of the all PANI/AD; samples present also the two redox pair
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characteristics of PANI, but the redox processesnptes a slight displacement in tg and

Eoc of both peaks as compared with pure polymer (Taple

Table IV.6. Parameters of the peaks of electrochemical saioradf pure PANI and
PANI/AI,O3 nanocomposites in 1M HClGolution on the GC electrode according to the CV

data.

Electrochemical parameters (mV)
X1/y1 =0 AEp X2/y2 =0 AEp
Pure PANI 460/280 | 370 180 | 890/810| 850 80
PANI/AIOz (2%) | 480/290 | 385 190 | 940/830| 885 110
PANI/AI,03 (4%) 570/310 | 440 260 | 870/730| 800 140

Electrodes

where,x: Anodic peak ;y: Cathodic peak E;/,: halfwave potential AE,: peak to peak potential separation.

This behavior can be attributed to the intercatatid the PANI with A)Os, whereas
that the difference in the CV curves shows thateli® variation in the chain structure. Further,
all hybrid materials shows two electrochemical pegwocesses and the PANI deposited at

Al,O3 appeared to keep electroactivity and the elecewital properties.

IV.3. Conclusions

Nanocomposites are synthetized by aniline monom#r eifferent contents of ADs
nanoparticles using a chemical oxidative polyméiaramethod by ammonium persulfate as an
oxidant. As synthesized samples were charactebyedPS, FTIR, SEM, XRD and UV-vis.
which confirms the formation of hybrid materialds@ gives the confirmation about an
interaction between PANI and A); nanoparticles. TGA result show that thermal sigbdf
PANI/AI,O3 (4%) is higher than their (6%) and (2%) samplespectively. Importantly, this
work represents an efficacious way of setting thpical properties of the synthesized

nanocomposites, obtained by adjusted the amount&lgd; during polymerization, the
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analysis of the band gap shows the lowest valwptéal band gap of 2.88v for PANI/Al,O3
(4%) compared to PANI/AD; (2%) with 2.95 eV and 2.91. Further, the electesulcal
properties were investigated with cyclic voltammetthe all samples synthetized have
excellent cycle stability suggesting their potentagplication in the electrode material for

electrochemical field.
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V.1 Introduction

Opuntia ficus indica (prickly peais a tree native to arid and se«arid regions of
Mexico. it is a succulent plant capable of storing adaggantity of water and presents
danger to human health. , Adgeria this plant Is available in veryuantities this culture has
several interests in differeateas: forage and market gardenitige cosmetics industry , foc
, medicine and alsm the field of adsorption chemistrythe opuntia ficus indica (OFI's
amixture of acidic and neutral polysacharide camgjsprimarily of 24.-42 % of arabinose
21-40.1% of glactose , 82.7% glacturonic acid ,-13.1% of rhamase and 2-22.2% of

axylose [1]. Figure.V.1

Figure.V.1 OFI cladodes

These hybridmaterials can be used in numel field including ion exchang

materials:conducting materials , photocatalysis , adsorpgi@n....

148



CHAPTER V : PANI/OPUNTIA Ficus indicat NANOCOMPOSIT ES

Table IV.1. the conditions and yeild of our synthesis

Polymer/Al,O; HCI 79,43% 24 h 5 monomer:

For The first | oxydant

3h
1:1
From the
reaction

V.2 Results and discussion

V.2.1. FTIR

FTIR spectrum is utilized to analyses the functoigeoups , nature of bonding and
the chemical structure of compounds , it is alslizatl as the probe technique to determine
the oxidation state of Pani fig. 02 displays thelRT spectra of Pani , OFI-A , and Pani/OFI-

A composite.
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Figure V. 2. FTIR spectra of pure PANI, OFI and three PANI/@Bhocomposites

synthetized.

For the PANI gained by a simple oxidation reactighe bands at 1637¢m
correspond to C=N stretching vibrations for imirfhe bands at 1587 and 1498 ¢m
attributed to the C=C stretching of the quinoidgrand benzenoid ring, respectively. Those at
1314 and 1152 cmare assigned to the secondary aromatic amine @eldtsing vibrations.
The peak at 829 crhis belong to the out-of-plane vibration of C—H the 1,4-disubstituted
ring. The peak at 1251¢mcan be identical to various bending and stretckimmgesponds to
C—C bond. These characteristic IR spectra of athstimed Pani are in excellent agreement
with those obtained for Pani, proposing the Parmnémd [2]. Likewise, the FT-IR spectra of

OFI-A appear in the group 500-2500 ¢mthe bands around 2100-2300 ¢mmay be owing
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to assymetric stretching vibration of €ldnd the symmetric stretching vibration of —CH
respectively ,of aliphatic acids [3]. the stretghimibration band at 1560cm is owing to
assymetric stretching of the carboxylic CO@ouble band of deprotonated carboxylate
functioned groups [4], at 1511 ¢his of phenolic —OH stretching , the peaks obserated
1368cm* which reflect stretching vibration of symmetriaal assymetrical ionic carboxylic
groups (-COOH of pectine) [4], the band at 1078crmould be owing to the vibration of —C-
O-C and OH of polysaccharides [5] , the peaks &011022 cm® are owing to the C-O

stretching vibration of ketones , aldehydes antblaes or carboxyl groups [6].

Moreover, the intensity of the vibration bonds aftiee formation of the composite

became smaller in the FTIR spectra of PANI/OFI-A.

V.2.2 XRD analysis

XRD analysis was utilized to inspect the structoir€ani and Pani/OFI-A composite
and investigated the effect of the OFI-A on theiR&amcture. Figure. 03 displays the typical
XRD patterns of Pani and Pani/OFI-A composite abrdiffraction peaks exist between 10°
and 30° owing to the parallel and perpendiculafréhe polymer Pani chain , the Pani peak
diffracted at an angle of62= 5.01A° and 2 = 21.24A° with a d-spacing 1.76A° and 0.41A°
respectively . the XRD pattern which shows lowstajinity of the conductive polymer due
to the repetition of benzoide and quinoide ring®ani chains [7], Pani crystal size ,d, is in
the range of 6.84-11.7 nm which was counted by i8clseequation , in the existing of OFI-
A, crystal size of composite stay in the range.6268.02 nm according to fig 03 in the given
range registered for the broad peak , two featshedlp peaks atd2= 4.57° and 2 = 18.21°
with planes of (121) and (113) ,respectively ,andfted to lower angle owing to the

interaction between Pani chain and OFI-A [8-13]
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Figure V. 3. XRD patternsof pure PANI, OFI and PANI/OFI composites synthetiz

Finally, the value for the plane spacirgspacing) is calculated from Bragg's law (eq.
1) [14-16].

A
2sind

(1)

where the average crystallite size (D) was detezthiftom XRD data analysis is

represented l®ybased on the Debye-Scherrer law (eq. 2) [14-16].

k.A
[ cosf

)

with D : volume averaged crystallite side; Scherrer constant was considered as 0.9
in this contextp : size is line broadening at half of the maximuntensity (FWHM) in radian

and.Z : wavelength.
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Besides, other XRD parameters such daspacing, Bragg angle, full width half
maximum (FWHM) and crystalline size of the mainngpipal peak for OFI-A particles with
Pani/OFI-A composite are shown in Table.01. The resadisure previous results test which
describe the effect of OFI-A in PANI/OFI-A compasias we shown In fig.03 the OFI-A
have an effect on the crystal identity of PANI vehihey can developing in properties of this

conductive polymer

Table V.1.X-ray diffraction data with Bragg anglé;spacing, FWHM and crystallite size of

the main principal peak for PANI, OFI-A and OFI-Amsples.

Plane | Braggs anglg d-spacing| FWHM | Size

Samples peaks 29) A) 29 | (nm)
AT (121) 5.01 1.76 3.65 | 6.84
(113) 21.24 0.41 2.17 | 11.70

— (121) 4.78 1.84 3.77 | 6.62
(113) 19.97 0.44 3.16 | 8.02

(121) 457 1.93 3.98 | 6.27

PANI/OFI-A (113) 18.21 0.48 337 | 7.50

V.2.3. SEM analysis

The morphology of the composites we are examinesichyning electron microscopy
SEM analysis of the surfaces of the compositesiréig04a presents micrographs of OFI-A ,
while figure. 04b presents the morphology of thediative polymer Pani , as can be seen in
figure. 04c the combination of the two material®iRa@ith OFI-A . to optimally improve the
conductivity of the composites it is significant fine particles to form a percolation network
within the polymer matrix .fig. 04c the SEM imagkRani/OFI-A composites seems like a
similar morphology of Pani in fig.04b, it indicatekhat the OFI-A nanocrystals are
impregnated within the Pani which means that the [gacoated on the crystals during in situ

polymerization.
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Figure V.4. SEM images of the materials prepared for (a) Ob) PANI; (c) PANI/OFI

4 points method:

Conductivity values are measured by the four pomisthod , the conductivity
measurement are obtained after having the resistivith the the method of four points in
line[17] , using lucas lab equipement , the samphesdried under vacuum for 24hours ; of
pellets (0.013m of diameter) are prepared usingTdR-mold by applying pressure of
7,4108 pa . measuring the conductivity of a conductive posite by applying ohm’s law
requires injecting a current into the sample . as be seen in table n°2 , the electrical
conductivity of Pani/OFI-A composite has found 6145 S.cmi’. previous studies observe
that the conductivity of semiconductor materialbésweeri0~7- 10? and the conductivity of
the most doped conductive polymers are locatedocappately in this region [18]. The
addition of OFI-A particles in the conductive polgmmatrix pani causes an increase in
electric conductivity compared to pure PANI 4.84n$™. these results illustrate that OFI-A is
a good conductive materials .polymers such as pavé a conjugated system facilitate the
transport of electrons. So , the increasing increductivity of the composite shows that the
presence of OFI-A particles has reforced the transy electrons in the path of the molecular

chains of polymers .
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Table V. 2. The electrical conductivity values of PANI, OFlahd OFI-A samples.

Samples PANI | OFI-A | PANI/OFI-A
Conductivity/S.crit (10°) | 4.84 | 9.25 6.24

Table V.2: the values of the electrical conducyiat composite and the pure materials

pani and OFI-A, respectively.

V.2.4. TGA analysis

Thermal stability of Pani/OFI-A composite and pumeaterials Pani OFI-A are
examined using TGA measurements , as we showigumef V.5 , TGA curve of OFI-A
presents that about 10% weight loss occurring & tdfmperature range of 10C° - 140C°
which can be attributed to expulsion of water moles , major weight loss (60%-70%) was
observed in the temperature range of 140 °C-70€ofCerning the decomposition of protein
chain within the OFI-A . the decomposition temperas obtained from thermograms of pure
Pani shows three stage mass loss behavior , gtesfiap at 140C° lost about 5,63% of mass is
mainly due to release of water , and the secondab&7,69% related to removal of the
dopants between 140-450C° range , the mass lossrimecbetween the range of 450 °C-700
°C around 13% corresponds to decomposition or thledegradation of the polymers chain .

the thermal stability was decreased after comimnavith Pani.

In addition, the decomposition temperature was mese from thermogram of
Pani/OFI-A composite shows also 3 step mass lokavier, the first step at 140 °C, the
weight losses during this step is about 6% owinddsorption of physically absorbed water,
the evaporation of residual solvents such as methamhile the second step is a
decomposition step and has the great mass lossat &1% attributed to removal of dopants,
the final step of mass loss estimated at 15% bet\8&0 °C-700 °C due to decomposition of
the polymers chains in the composite, the weigbd bt all stage is for composite compared to
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that of pure PANI, the difference in mass loss leetwv composite PANI/OFI-A and pure

PANI may be owing to the difference in their cheahiand geometrical nature.

80 —
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200 400 600

Temperature / °C

Figure V.5. TGA of pure PANI, OFI and PANI/OFI nanocomposites.

V.3. Conclusion

The composites polyaniline / OFI-A have been pregdry in situ chemical oxidative
polymerization , the results of spectroscopie sash(XRD,SEM,FT-IR,TGA, electrical
conductivity) indicate that Pani/OFI-A composisesuccesfuly prepared in this research , the
thermal stability of pani is known to be effectgddeveral factors such as the structure of the
polymer backbone and oxidation state [19-22]. ia literature the existing of interaction
between Pani chains and OFI-A surface is reportetvgéaken the polyaniline interchain
interaction, thus lowering the thermal stabilitytbé composite [21, 23-28] . this can explain
the lower thermal stability of our composite widspect of Pani ref. on the other hand, the

composite pani/OFI-A have shown good electrocheimipeoperties, the electrical
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conductivity was increased as compared to that ppa@i from 4,84 S.ci to

6,2410~° S.cm*.overal, the pani/OFI-A composite has excellenttebactivity properties
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This thesis work focused on the synthesis by simghemical oxidation and the
characterization of the properties of metal andgaaic elements: tungsten oxidé0; and

aluminaAL,0; and opuntia ficus indica OFI cristallins with taen of better understanding
the link between the conditions of development, gosition and properties of thin films in

order to promote their future application.

The first chapter of the bibliographic nature highted the knowledge useful for this study
concerning the structural, optical, electrical abelctronic structure of tungsten oxitlé0;
and alumina and opuntia ficus indica in crystallioem. In particular, the main models
proposed to explain the physical and chemical ptagseof the particules¥0; andAL,0;
and OFI during the insertion of cations or from gey subsechimetry as well as the

electronic structure diagram of molecular orbitatse presented.

in Chapter 2 the different profiling techniquesdsn this work as well as the associated
experimental devices have been revealed. For thpopes of our study, the basic principle of
each technique was called and described the comdspy devices. In each case, examples
and related factors were identified. Performancd lmits were also noted. Finally, the

characteristics of these techniques have beemglisshed to show their areas of excellence
and their respective borders on the one hand, arttieoother to show their complementarity

when they exist.

in chapter 3 Hybrid materials basedltt®; , modified with polyaniline have been obtained.
Samples have been synthesized by chemical polyatiemzof aniline monomer with/ 05

nanoparticles, the ammonium persulfate have beed as oxidizers , The resulting samples
were fully characterized by XPS, XRD, FTIR, SEM ddd-vis spectroscopies which have
shown that polymerizations have been carried aupottantly, this work represents an

efficacious way of setting the optical propertiéthe synthesized nanocomposites , we have
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been confirmed the successful synthesis of theetR®&NIW0; samples. TGA shows an
improved thermal stability by the presencelo@; in nanocomposites compared to PANI.
Interestingly, the analysis of the band gap shawmsest value of optical band gap of 188

for PANI/WO; (0.5) compared to PANVO; (1.0) and PANWO; (1.5) with 1.91eV
and 1.98eV, respectively.in chapter 4 with the samamner by adjusted the amounts of
AL,05; during polymerization, the analysis shows alsat the lowest evaluate of optical
band gap is 2.88V for PANI/AL,0; (4%) compared to PANL,0; (2%) with 2.95 eV.
The XRD exhibit that the nanoparticules give thgstallin shape to our nanocomposites .the
surfaces morpholgy informations was given by SEMt tisplay a homoginity of the nano
composites synthesized , Good electroactivity nespo where achieve two pairs
oxidation/reduction with improved thermal stabilfty the synthesized hybrid materials have

been observed.

chapter 5 presents the conductuvity and thermhblligyacharacterisation of polyaniline Pani

with nopal opuntia ficus indica OFI-A, the compaesitas synthized via a chemical oxidation
methode of the aniline with nopal powder in ackek.composition morphologie and structure
of the composite Pani/OFI-A were characterizedfeiaier transform infrared spectroscopie
FTIR ,X-ray diffraction XRD , scaning electron miscopy SEM , this characterizations
assured the succesful synthesis of the nanocoreposie composite shows a good
conductivity (6.24 S.cm-1) than to pure polyanilind.84 S.cm-1). Nevertheless,
Thermogravimetry analysis TGA displays a deacrgasm the thermal stability by the

existence of nopal in the composite compared tee molyaniline the present chapter is
focuses on the study of the synthesis of polyamiwith nopal opuntia ficus indica

(Pani/OFI-A) owing to their chemical interest ,peutarly those having the most promising

expected adsorption benifit with good conductivity
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finaly, Polyaniline in various forms has been widekplored as an electrode material for
supercapacitors due to its high theoretical chastyggage capacity, facile-cost-effective
synthesis, good mechanical strength and ultrafabtarge transport. However,
commercialization of such pristine forms is veryanuestricted by low solubilities, rapid
agglomeration during device design accompanied bgr pelectrochemical life and fast
environmental decomposition. The blending with nraadon materials, metal oxides and
other competent materials, may result in high duatnaterials— “nanocomposites” with
superior features is ideally fit for future generatenergy storage devices. The present
chapter deals with detailed discussions on degignine fabrication of such binary and
ternary nanocomposites, correlating their morphphgh electrochemical behavior, so as to
optimize their supercapacitive performances. Suchattempt would help to outline the
present status and future aspects of these mateviach will be of first-hand assistance

especially to the beginners to this field of reskar

We can see in our work the successful of the tm@gocomposite synthesizing and the
guantite propotional to start your work depend onryfield of application . besides, we are

looking forward to progress a new nanocompositéls great adsorption capacity
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Abstract

Structuring composite materials, at the nanometegles that is to say synthesize
nanocomposite materials, is an interesting wayptoyoze their properties. This is the context
of this PhD dealing with the synthesis of nanocosites constituted of palyaniline with
metallic and inorganic nanopatrticles (tungesteird®xalumina, opuntia ficus indica), the
nanocomposite was synthized via in-situ oxidatioethode of the aniline with the
nanoparticules, The main objective of this papetoisdemonstrate that it is possible to
synthesize a hybrid material collect with good aasttvity and good thermal stability , FTIR,
UV-Vis, XPS, SEM, and XRD confirmed the successfsynthesis of the three
nanocomposites . TGA shows an improved thermalilgyaby the presence of W{and
alumina in nanocomposites compared to PANI , theyars of the band gap shows a good
conductivity (6.24 S/cm) of the PANI/opuntia ficusdica nanocomposites than to pure
polyaniline (4.84 S/cm) . interestingly, they sholesvest value of optical band gap of
1.88eV for PANI/WG; (0.5) compared to PANI/W£X1.0) and PANI/W@ (1.5) with 1.91eV
and 1.98eV, respectively. In addition, the eleattivty properties were investigated by
cyclic voltammetry to explore the benefits of thegges of hybrid materials in

electrochemical applications.

Keywords: nanocomposite , polyaniline , tungestein oxidieména, opuntia ficus indica
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Resumé

La structuration des matériaux composites, ademanométrique, c'est-a-dire synthétiser
des matériaux nanocomposites, est une manieresstinte d'optimiser leurs propriétés. C'est
le contexte de cette these traitant de la syntdésganocomposites constitués de palyaniline
avec des nanoparticules métalliques et inorganifuegle de tungestéine, alumine, opuntia
ficus indica), le nanocomposite a été synthétisdaviméthode d'oxydation in-situ de I'aniline
avec les nanoparticules, L'objectif principal déeétude est de démontrer qu'il est possible
de synthétiser une collection de matériaux hybralesx une bonne conductivité et une bonne
stabilité thermique, FTIR, UV-Vis, XPS, SEM et XRiht confirmé la synthése réussie des
trois nanocomposites. La TGA montre une stabiligrmique améliorée par la présence de
WO3 et d'alumine dans les nanocomposites par rapd@ANI, I'analyse de la bande interdite
montre une bonne conductivité (6,24 S / cm) deocamposites PANI @ opuntia ficus
indica par rapport a la polyaniline pure (4,84 ®)c Fait intéressant, ils montrent la valeur la
plus basse de la bande interdite optique de 1,882V PANI @ WO3 (0,5) par rapport a
PANI @ WO3 (1,0) et PANI @ WO3 (1,5) avec 1,91eM &8eV, respectivement. En outre,
les propriétés d'électroactivité ont été étudiéas \ltamétrie cyclique pour explorer les

avantages de ces types de matériaux hybrides éaapplications électrochimiques.

Les mots clés nanocomposites , polyaniline , oxyde de tungesiéalumine, opuntia ficus

indica



