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ABSTRACT

Metal oxides show promising electronic properties in energy storage applications. The
goal of this thesis would be to develop a composite material associating these oxides, then to
explore its electronic and electrochemical performance. In the first part, studying theoretically
CuO (II) using the FP LAPW method based on DFT with mBJ corrective approach, and
experimentally by the effect of the annealing temperature on the properties of the NPs of the
CuO produced by the Solgel method. In the second part, fabricating the CPTNT (CuO / Pt-
TiO2) composite material from an initial anodic fabrication of the well-ordered TiO2 NTs,
sputtering the Pt NPs followed by electrodeposition of the Cu NPs in the material as obtained,
followed by oxidation of the copper by thermal annealing. The electrochemical properties and
capacitive behavior of this material are evaluated using cyclic voltammetry (CV),
electrochemical impedance spectroscopy (EIS) and chronopotentiometry (GCD). A high
specific capacity of 423 F gt is achieved at a current density of 0.5 A g%, with long term stability
of 93% over 5000 cycles. The results show that this electrode will be able to deliver a high
energy density of 19.62 Wh Kg* and a power density of up to 442.89 W Kg. DFT is used to
study the electronic structure of TiO2 codoped by (Cu, Pt), in order to better understand its
electrochemical behavior. The results obtained throughout this study demonstrate that this new

nanocomposite is a notable candidate for high performance supercapacitors.

Keywords: Anodization, Titanium dioxide, CuO, Energy storage, Electrical conductivity,
DFT.




RESUMFE

Les oxydes meétalliques présentent des propriétés électroniques prometteuses dans
différentes applications comme le stockage d'énergie. Le but de cette thése serait d’élaborer un
matériau composite qui rassemblera ces oxydes, puis d'explorer ses performances électroniques
et électrochimiques. D’une part étudier théoriquement le CuO (1I) en utilisant la méthode FP
LAPW, basee sur la DFT avec l'approche corrective modifiée Becke-Johnson mBJ, et
expérimentalement par I'effet de la température de recuit sur les propriétés des NPs du CuO
élaboré par la méthode Solgel. D’autre part, fabriquer le matériau composite CPTNT (CuO/Pt-
Ti0O2) a partir d'une anodisation des NTs de TiO2, pulveérisant les NPs du Pt en dessus suivi par
une électrodéposition des NPs du Cu dans le matériau, et une oxydation du cuivre par recuit
thermique. Les propriétés électrochimiques et le comportement capacitif de ce matériau sont
évalués en utilisant la voltampérométrie cyclique (CV), la spectroscopie d'impédance
électrochimique (EIS) et les chronopotentiométrie (GCD). Une capacité spécifique élevée de
423 F gt est atteinte a une densité de courant de 0,5 A g, avec une stabilité a long terme de
93% sur 5000 cycles. De plus, les résultats démontrent que cette électrode pourra délivrer une
haute densité d'énergie de 19,62 Wh Kg™* et une densité de puissance jusqu'a 442,89 W Kg™.
La DFT est utilisée pour étudier la structure électronique du TiO2 codopé par (Cu, Pt), afin de
mieux comprendre ses comportements électrochimiques. Les résultats obtenus tout au long de
cette étude démontrent que ce nouveau nanocomposite est un candidat notable pour les

supercondensateurs a haute performance.

Mots clés : Anodisation, Dioxide de titane, CuO, Stockage d’énergie, Conductivité électrique,
DFT.




RESUMF DFTAILLF

Le stockage de 1’énergie est I’un des grands défis du XXIe siécle, et c'est une solution optimale
pour faire face aux fluctuations de la production et a la demande croissante d’énergie et afin de
soutenir notre mode de vie moderne. 1l existe plusieurs technologies qui sont développées et
utilisees comme dispositifs de stockage d'énergie comme les supercondensateurs ou bien
condensateurs électrochimiques, ces derniers ont suscité un intérét considérable de la part des
chercheurs en raison de leurs principaux avantages, a savoir une densité de puissance élevée,
une excellente capacité de débit [6], une longue durée de vie [7] et une relative stabilité de sa
température caractéristique par rapport aux batteries.

Le supercondensateur est capable de stocker de I'énergie en utilisant deux mécanismes de
comportement capacitif, les pseudocondensateurs basés sur des réactions d'oxydation —
réduction pres de la surface et les condensateurs électrochimiques a double couche (EDLC) qui
sont fournis par I'accumulation de charge électrostatique a I'interface électrode / électrolyte.
Du point de vue des types de matériaux, les matériaux traditionnels pour les condensateurs
électriques a double couche comprennent du carbone a large surface spécifique et des substrats
nanostructurés a faible conductivité tels que TiO2 (titane), limitent I'accumulation de la charge
stockée au niveau des EDLC électrigues a double couche conventionnels, qui conduisent a une
réduction de sa propre capacité spécifique a moins de 160 F g*. [8]

Le dioxyde de titane (TiO2) a été largement étudié et utilisé dans un éventail d'applications
industrielles en raison de ses propriétés singulieres, notamment un indice de réfraction éleve,
une activité photocatalytique et une semi-conductivité. Des efforts considérables ont été
consacrés au contréle de divers paramétres tels que la morphologie, la taille des particules, la
cristallinité et la porosité pour des applications spécifiques. Il a été considéré comme un
substitut prometteur pour remplacer les anodes en graphite dans les batteries lithium-ion,
principalement en raison de sa capacité spécifique théorique compétitive (335,6 mAh.g-1), de
son faible co(t et de sa bonne stabilité chimique. Néanmoins, TiO2 présente une mauvaise
conductivité électronique et un faible coefficient de diffusion ionique ; ces problémes peuvent
étre limités en réduisant la distance de diffusion des ions (par exemple en utilisant des structures
nanoporeuses). Par conséquent, I'amélioration de la conductivité TiO2 NT est nécessaire pour
les matériaux d'électrode de supercondensateur en raison de sa conductivité limitée [10]. Ainsi,
les chercheurs se sont concentrés sur I'amélioration de la conductivite électronique du TiO2
(par exemple par dopage d'atomes métalliques) ou sur I'amélioration du transport électronique

(par exemple en utilisant des composites carbone-dioxyde de titane).
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Les oxydes de métaux de transition (TMO) incluant le MnO2, Co304, V205, CuO and WO3,
etc. [11,12] ont suscité un grand intérét en tant que matériaux d'électrode de supercondensateur
en raison de leurs performances électrochimiques exceptionnelles et de leur variété d'états
d'oxydation pour le transfert de charge redox.

Parmi ces TMO, l'oxyde de cuivre Cu(I1)O est connu pour ses capacites catalytiques et ses
applications prometteuses dans de nombreux domaines (catalyseur, lithium-ion batteries
capteurs de gaz).

C'est dans ce contexte que I'objectif de nos travaux était de combiner TiO2 et CuO a la fois pour
réaliser un nouveau composite pour électrode de supercondensateurs et pour réaliser I'étude
systématique, indispensable pour améliorer la conductivité électrique et les performances de ce
nouveau matériau composite et améliorer ses propriétés électrochimiques.

Le premier chapitre délimite les principaux sujets de cette étude en apportant un apercu général
de la littérature sur les concepts et notions essentiels sur les supercondensateurs et leurs types,
et donne une breve description de la structure cristalline et des propriétés des matériaux
d'électrodes utilisés dans nos travaux (Dioxyde de titane TiO2 et oxyde de cuivre CuO).

Le chapitre Il comprend une étude des propriétés électroniques des matériaux utilisés dans nos
travaux poursuivie par une description de la synthese, des caractérisations et une évaluation de
leurs performances en utilisant les principales méthodes de caractérisation employées dans ce
travail (diffraction des rayons X, spectroscopie UV, cyclage €lectrochimique... etc).

Le chapitre 11l résume les idées de base du DFT et contient une bréve description de la
méthodologie des calculs.

Dans la premiere partie du chapitre 1V, nous exposons les investigations théoriques des
propriétés structurelles et électroniques de la supercellule CuO réalisées par la théorie
fonctionnelle de la densité (DFT) avec approximation généralisée du gradient (GGA-mBJ) et
dans la deuxieme partie, nous rapportons la synthése / caractérisation des CuO NP recuits a
differentes températures en analysant leurs propriétés structurelles, électroniques, optiques et
photocatalytiques.

Le chapitre V traite de la synthése et de la caractérisation du CuO / TiO2 (CPTNT) et des
résultats de ses propriétés électroniques, optiques et électrochimiques et de ses applications.

Enfin, une conclusion générale, qui résume les principaux résultats, obtenus dans ce travail.
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Chapter I

Introduction and state of art

1.1 Introduction and scope of the thesis

In the past several decades, the global economy developed rapidly as well as the world
population, which resulted in a strong demand for energy. Since the global energy consumption
is increasing continuously due to human civilization, which causes fossil-fuel shortage and
ecological deterioration, the exhaustion of this global energy will soon threat human society in
the near future. Due to a massive use of these fossil fuels, our society is facing a huge depletion
of their reserves, which significantly increase the greenhouse gas content [1], in particular, the
carbon dioxide CO2 [2]. Thus, renewable energy sources such as solar, tide and wind become
either a viable alternative or a supplement to fossil fuels and nuclear energy. An important

intermediate step between these energy resources and versatile energy applications is energy
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storage, which attracts a lot of attention in academia and industry [3]. Hence, energy storage is
one of the great challenges in the twenty-first century with its importance of storing energy to
cope with production’s fluctuations and the growing demand of energy [4]. To provide optimum
energy requirement for the rapidly developing global economy, we are in need of the promising
energy sources and at the same time, those sources must be non-polluting, sustainable and
environmental friendly, simultaneously, this development will help to overcome the problem
of the depletion of fossil fuels. There are several technologies, which are developed and used
as devices for energy storage. One can list the prominent technologies, which are dedicated to
the energy conversion and storage called as electrochemical devices. For this purpose the use
of the high-energy storage devices such as the fuel cells and the batteries being used till last
decade.

Among the various energy storage devices, supercapacitors, called electrochemical capacitors
have gained considerable interest from researchers owing to their main advantages, i.e., high
power density, fast charge—discharge [5], excellent rate capability [6], a long cycle life [7] and
a relative stability of its temperature characteristics with respect to the batteries. Supercapacitor
is able to store energy by using two mechanisms of capacitive behavior, Pseudocapacitors based
on near-surface oxidation—reduction reactions and electrochemical double layer capacitors
(EDLC) which are provided by electrostatic charge build-up at the electrode/electrolyte
interface.

By material types point of view, traditional materials for electrical double layer capacitors
include high specific area carbon and nanostructured low conductive substrates such as TiO2
(titania), limit the accumulation of the stored charge at the conventional electric double layer
EDLCs, which lead to a reduction of its own specific capacity to less than 160 F g~*.[8]
Titanium dioxide (TiO2) has been widely studied and employed in an array of industrial
applications due to its singular properties including high refractive index, photocatalytic
activity, and semiconductivity. Considerable efforts have been devoted to controlling various
parameters such as morphology, particle size, crystallinity and porosity for specific
applications. It has been considered as a promising substitute to replace graphite anodes in
lithium-ion batteries, mainly due to its competitive theoretical specific capacity (335.6 mAh.g-
D, low cost and good chemical stability. Nevertheless, TiO2 presents poor electronic
conductivity and low ion diffusion coefficient; those issues can be limited by reducing the

distance of ions diffusion (e.g. by using nanoporous structures). TiO2 nanotubes arrays have
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been used for electrochemical capacitor applications [9]. Therefore, TiO2 NTs conductivity
improvement is needed for supercapacitor electrode materials because of its limited
conductivity [10]. Thus, the researchers have focused on improving the electronic conductivity
of TiO2 (e.g. by metal atoms doping) or improving the electronic transport (e.g. by using
carbon-titania composites).

Transition metal oxides (TMOs), including MnO2, Co304, V205, CuO and WO3, etc. [11,12]
has attracted great interest as supercapacitor electrode materials because of their outstanding
electrochemical performance and their variety of oxidation states for the redox charge transfer.
Among these TMO, copper oxide Cu(l1)O, has been known for its catalytic capabilities and its
promising applications in many fields including catalyst, lithium ion batteries and gas sensor
[12, 13]. It is in this context that the aim of our work was to combine TiO2 and CuO both to
make a new composite for supercapacitors electrode and to carry out the systematic study,
which is essential to improve the electrical conductivity and performance of this new composite
material and enhance its electrochemical properties.

The first chapter delimits the main topics of this study by bringing a general literature overview
of the essential concepts and notions about supercapacitors and its types, and gives a brief
description on crystal structure and properties of electrode materials used in our work (Titanium
dioxide TiO2 and copper oxide CuO). Chapter Il includes a study of electronic properties of
materials used in our work pursued by a description of the Synthesis, characterizations and
evaluation of their performances using the principle of the main characterization methods
employed in this work (i.e.c X-ray diffraction, UV spectroscopy, electrochemical
cycling...etc). Chapter IIl resumes the basic ideas behind the DFT and contains a brief
description of the methodology of calculations.

In the first part in chapter IV, we are exposing the theoretical investigations of the structural,
and electronic properties of CuO supercell carried out by density functional theory (DFT) with
generalized gradient approximation (GGA-mBJ) and in the second part, we report the
synthesis/characterization of CuO NPs annealed at different temperatures by analyzing their
structural, electronic, optical and photocatalytic properties. Fifth chapter discusses the synthesis
and characterization of CuO/TiO2 (CPTNTSs) and discusses the results of its electronic, optical
and electrochemical properties and its applications. Finally, a general conclusion, which

summarizes the main results, obtained in this work.
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1.2 Energy-storage devices

Generally, Energy is able to be stored electrostatically in conventional capacitors, or
electrochemically either in cells or batteries (electrochemical power sources). Among all,
electrochemical energy storage and conversion technologies, such as batteries, fuel cells and
supercapacitors are some of emerging fields to meet energy demands and each of them has its
unique merits and become complement or supplement to each other [14]. Batteries and fuel
cells rely on the conversion of chemical energy into electrical energy.

The energy density and power density comparison of various energy conversion and storage
devices is presented in the simplified Ragone plot, as depicted in Figure 1.1 supercapacitors
occupy an important position in terms of the specific energy as well as the specific power. With
a high power capability and relatively large energy density compared to conventional
capacitors, supercapacitors offer a promising approach to meet the increasing power demands
of energy storage systems in the next days. Because of the advantages of supercapacitors, they
can replace conventional batteries or even novel energy storage devices utilized in electrical
vehicles [15]

Supercapacitors have more widespread applications than traditional batteries and is one of the
emerging energy storage device to meet all technical and economical amenities. Therefore,

many researchers are sparing no efforts to study the electrode materials of supercapacitors.
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Figure 1.1: Ragone plot of energy density vs. power density for various energy-storing
devices. [16]
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1.3 Supercapacitors

A supercapacitor (SCs), also known as electrochemical capacitor (ECs) have many advantages
[17]. The most intriguing one is that they can store an extremely high amount of energy, and
discharge that energy at rates demanded specifically by the application, which can lead to an
ultrahigh power density resulting from the fast charge-discharge [18]. Besides, the long cycle
life, 100-1000 times longer than batteries, inevitably earns itself an important place in all of the
energy storage devices [19]. Moreover, simple principle and relatively cheap materials simplify
the application and reduce the cost. Another important advantage of ECs is that in general, they
do not contain hazardous or toxic materials and that they are easy to dispose. All of the
abovementioned assets open various directions for the applications of supercapacitors.

A supercapacitor consists of two electrodes impregnated by an electrolyte and separated by an
insulating and porous membrane, the separator (Figure 4.3). Under the effect of an electric field,
the ions of the electrolyte will interact with the electrodes. The anions and cations will move
respectively to the positive and negative electrodes. Thanks to this surface phenomenon, the
supercapacitor can charge and discharge in a very fast manner (a few seconds to a few minutes),
unlike batteries, which store energy via slower redox reactions (several hours). Supercapacitors
therefore have a higher power density than batteries (> 2000 W / kg vs <1000 W / kg for
batteries) but a lower energy density (<10 Wh / kg vs 20-150 Wh / kg for batteries) [20]. (Figure
1.1)

The key for increased energy density of supercapacitors resides on the electrode material.
Currently, the development of new electrodes for enhanced energy density supercapacitors are
receiving considerable attention, with some promising results being available.

However, to achieve more promising energy density and power density, supercapacitors still
need to be improved. The key to this is improving fundamental understanding of the processes
in supercapacitors and their electrode materials.

Thus, this PhD dissertation aims at contribution for this crucial objective by delivering novel

electrode materials characterized by increased energy storage performance.
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Figure 1.2: Diagram of a supercapacitor. Adapted from [20].

1.4 Types of Supercapacitors

Based on the energy storage mechanism, supercapacitors can be classified into two categories.
One is the electrical double layer capacitor (EDLC), where the capacitance comes from the pure
electrostatic charge accumulated at the electrode/electrolyte interface; therefore, it is strongly
dependent on the surface area of the electrode materials that is accessible to the electrolyte ions.
The other category is the pseudocapacitor, in which fast and reversible faradic processes take
place due to electro-active species [21]. Hybrid supercapacitors are the combination of both
EDLSC and pseudocapacitor. These supercapacitors are capable of accumulating extremely
high amounts of charge and hence these kinds of supercapacitors are called as high-energy

storage devices are detailed classification of supercapacitors as follows Figure 1.3.
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Figure 1.3: Supercapacitor types: electrochemical double-layer capacitors and

pseudocapacitors as well as hybrid capacitors. Adapted from [22].
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1.4.1EDLC

Electrochemical Double Layer Capacitor (EDLC) have a relatively simple energy storage
mechanism among the different categories of supercapacitors. Double Layer Capacitor (EDLC)
are similar to electrostatic capacitors in terms of the energy storage mechanism, the charges are
accumulated on the electrode surfaces during charging. Opposite charged ions in the electrolyte
solution diffuse into the pores of the charged electrode. Thus, a double-layer of charge is
produced at each electrode surface. These double-layers, along with its large electrode material

surface area, allow EDLCs to achieve much higher specific energy densities than conventional

capacitors [24, 25].
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EDLCs can accumulate more energy due to capacitance improvement. The increase in
capacitance comes from the porous structures of the electrode materials that increase the contact
area. Electrode materials are often composed of carbon with high porosity such as activated
carbon, air gel carbon, graphene, carbon nanotubes ... etc. The configuration of the EDLCs is
shown in Figure 1.5. Nowadays, EDLCs are presented as a mature technology. Their use is the
most widespread among all the supercapacitors available on the commercial market.
The energy density of these devices does not exceed 10 W h kg™, but their power is around 10°
to 10° W kg™. [26]
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Figure 1.5: EDLC diagram and its corresponding voltammogram, taken from [27, 28]

1.4.2 Pseudocapacitors

Pseudocapacitors are faradic in origin, quite different from the classical electrostatic
capacitance observed in the double layer, and it helps to increase the charge storage capacitance
in supercapacitor shown Fig.1.6. Pseudocapacitors stores energy by means of fast and reversible
redox reaction between the electrodes and electrolytes. Faradic reactions are allowed by the
addition of electroactive materials (redox), these electroactive materials may be added to the
electrodes or dissolved in the electrolyte.

In the case of electrodes, electroactive materials are often transition metal oxides, [29] such as
Ruthenium oxide RuO2 [30] Manganese oxide MnO2 [31], Fe203 and NiO [32], electrically
conducting polymers such as polyaniline [33]. The energy density for pseudocapacitor can
reach values greater than 50 Whkg-1 and powers ~ 103 WKkg-1 [34, 35].
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Figure 1.6: Pseudocapacitor diagram and its corresponding voltammogram, adapted from
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1.5 Basic definitions and electrochemical concepts

1.5.1 Capacitance:

Capacitance is an important parameter to evaluate active materials and determine the
ability of a material to store an electric charge. The theoretical specific capacity (C) can be
calculated from Eq. (1.1), based on the total amount of charge transferred (q) as a voltage
is applied to the plates (V):

C =% (1.1)

Therefore, specific capacitance can be calculated based on the amount of charge transferred per

unit mass (F g) or specific surface area of the electrode (F cm), according to Eq. (1.2) :

IxAt
Cs = avemeors) (12)

where, Cs is the specific capacitance (F g2), | is the charge-discharge current (A), m is the
active material mass (g), s is the specific surface area (cm?), AV is the potential window
(V), and At is the discharge time (s).

1.5.2 Energy density:

Energy density is a term used for the amount of energy stored in a given mass of the
system (Wh kg™) or region of space per unit volume (Wh L™). It determines the
supercapacitor weight or size required to achieve a given performance target. It can be

calculated using the following equation Eq. (I.3):



Chapter I: Introduction and state of art 10

Ec =% Cyx AV? (1.3)

1.5.3 Power density:
Power density is the abilities of the cell to transfer energy in unit time (h) per unit mass of the
system (W kg™) or unit volume (W L?) (Eq. 1.4):

Es
Ps == E (|4)

1.5.4 Cycle life:

This term refers to the number of charge-discharge cycles which electrochemical
supercapacitors or batteries can experience before they fail to meet a specific performance
criterion.

1.6 Supercapacitors electrode materials

Transition metal oxides (TMOs) are widely studied as the electrode materials for
supercapacitors because of their high pseudocapacitance and better cycle stability compared to
conductive polymers. As faradaic materials, TMOs have two or more oxidation states in the
same phases. When charging and discharging take place, TMOS are able to convert between
different oxidation states and protons can insert into and extract from the oxide lattice during
reduction and oxidation. The redox reactions are fast and reversible, since no phase changing
occurs in the process. Several TMOs such as RuO2 [30] MnO2 [31], V205 [38], NiO [39] and
Co0304 [40], have been found to have the above properties and been tested as supercapacitor
electrode materials.

Specific capacitance of more than 1500 F.g-1 has been reported [41], but Ru-based electrode
are expensive, and small voltage window also limits their applications [29, 42, 43]. So instead
of ruthenium-oxides, other metal oxide systems have also been tested as possible electrode
materials for supercapacitor, such as NiO [39], Co304 [40], MnO2 [31], TiO2 [45] and CuO
[46].
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1.7 Copper (I1) oxide (CuO)
1.7.1 Crystallographic structure:

CuO or tenorite oxide is distinguished from the transition metal monoxides 3d by its monoclinic
structure. It is a black ionic solid having as melting and evaporation temperature 1064 and
1100°C respectively. In this structure, copper is located in the center of square planes defined
by oxygen anions (Figure 1.7). Tenorite crystallizes in the C2/c space group with mesh

parameters defined in Table 1.1.

Figure 1.7. Schematic representation of the crystallographic structure of CuO: gray spheres
represent the Cu2+ ions and red spheres the O2- ions [47].

Table 1.1: Crystallographic data of the CuO tenorite.

CuO
Space group C2/c

a=4.6883

: b = 3.4229

Lattice parameters (A) c=5.1319

B =99.54°
Volume (A%) 81.08
Molar volume (cm®.mol™) 12.21
Density (g.cm™) 6.505
Z 4

dcu-0 =1.96
Interatomic distances (A) do-0 = 2.62

dCu-Cu =2.90
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The elemental cell of CuO (a = 4.6837A °, b = 3.4226A °, ¢ = 5.1288A °, = 99.54 °) [48-49]
comprises Cu®* ions coordinated by four (4) O% ions in an approximately square planar

configuration.
1.7.2 Electronic and optical properties:

Copper oxide CuO is considered as a "p" type semiconductor because of the presence of
acceptor levels attributable to copper gaps, it has a band gap that can vary depending on the
mode of preparation between 1 eV to 2 eV [50, 51, 52].

However, experimentally, the exact value of the band gap and the direct or indirect character of
the band transition are not yet determined with certainty. In addition, by calculation by means
of the DFT, it is found that the CuO has an indirect gap between the points I' (0 0 0) and C (0
1 1),

Y,

P Y \ )
W gvs Ve “

Figure 1.8: Electronic band structure and density of states for CuO calculated by the DFT

[52].

Evaluation of the refractive indices of optical materials is considerably important for
applications in integrated optic devices, such as switches, filters, and modulation, among others,

in which n is a key parameter for the device design [53]. The refractive index of CuO at a



Chapter I: Introduction and state of art 13

nanoscale has a value that is between 1.90 and 2.4 depending on transparency of the

semiconductor to incident spectral radiation.
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Figure 1.9: Refractive index against wavelength of CuO thin film [54]

Understanding the optical properties of CuO nanostructures is very important in their

applications in electronic and optical devices.
1.7.3 Broad range of CuO applications
1.7.3.1 Photocatalytic applications

Organic dyes are extensively used for various industrial applications including textile dyeing,
photographic, coating and photochemical industries. Most of the dyes used as coloring materials
are toxic to aquatic organisms. The pollutants can be effectively removed from wastewater by
the photocatalytic process using semiconductor photocatalyst. Among several metal oxides,
CuO is one of the suitable photocatalyst for this purpose, because of its photocatalytic activity,

reusability, nontoxicity and other properties. It is used also to degrade many dyes and chemicals
1.7.3.2 Supercapacitors

Electrochemical capacitors, also known as supercapacitors (SCs) or ultra capacitors are
promising energy storage systems as they bridge the gap between traditional dielectric
capacitors and chemical batteries. Supercapacitors are particularly useful in applications

requiring fast charge/discharge rates such as power backup for electronic devices, cell phone
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cameras, regenerative braking and hybrid electric vehicles. Metal oxides often exhibit higher
specific capacitances and electrochemical stability than most conductive polymers, so they are
preferred electrode materials for building high-energy supercapacitors. Copper oxide (CuO) is
a promising candidate due to its, easy preparation in various shapes at the nanoscale and good
electrochemical performance. For example, Wang et al., [55] synthesized nanosheet arrays of
CuO on nickel foam with a high specific capacitance of 569 F/g in KOH electrolyte; however,
the method employed is relatively complex and the yield is quite low.

1.7.3.3 Anticancer agent

The anticancer activity of CuO had reported by the report they said that nanostructures depends
on the level of reactive oxygen species (ROS) production which is dependent on the presence
of defects sites in the metal oxide crystal structure. The white light can generate electron hole
pair in CuO by exciting the valance band electrons to conduction band. These holes in the
valance band are migrated to the surface of the nanostructures and interacted with water
molecules which lead to generate hydroxyl radicals (OH). On the other hand, the photo-
generated electrons are reached the surface which interacts with adsorbed oxygen molecules to
form oxygen radicals after interacting with H+ ions and generate H202. These free radicals
induce damage to the cellular components like DNA, lipids and proteins of the cancer cells and

cause their death through apoptosis [56].

1.7.3.4 Solar cell observers

In the context of the developing of energy saving technologies, much attention has been devoted
to the selective absorbers of electromagnetic radiation and the related alternative energy
sources, in particular, to thermal converters of solar energy, which employ coatings based on
such selective absorbers. The selective solar energy absorbers must obey certain requirements.
These materials should possess a large absorption coefficient (o) and a small reflection
coefficient (R) in the photon energies E > 0.5 eV, on the one hand, and exhibit low emission or
high reflection in the IR spectral range at E < 0.5 eV. In other words, a selective monoabsorber
(i.e., an absorber based on a single component) must exhibit a strong absorption of radiation of
the given source at a minimum level of the energy reradiated to the atmosphere in the IR range.
These conditions could be satisfied by solar energy absorbers with an optical gap width of Eg
~ 0.5 eV and a small refractive index n in the IR range. It was suggested to use various copper

compounds as selective absorbers of solar energy operating at T < 500°C. [57].
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1.8 Anatase Titanium dioxide (TiO2)

Among the various wide-band-gap oxide semiconductors, titanium dioxide (TiO2) is a
very attractive candidate electrode material that is used in a broad range of
electrochemical applications because it is non-toxic, environmentally friendly, low-
cost, and has excellent chemical and photochemical stability.

Titania has three common polymorphs: rutile (tetragonal), anatase (tetragonal), and
brookite (orthorhombic). The structure of the three main phases is well characterized
by TiOs octahedron building blocks, as illustrated in Figure. 1.10. All these three
crystal forms are wide- band-gap (Eg 3 eV) semiconductors [58-63].

(b)

Figure 1-10: Three different polymorphs of titanium dioxide: (a) rutile, (b) anatase and (c)
brookite. [63]

Most preferred form of TiO2 is anatase phase due to their nature of strong photoactive and high
electron mobility, prime reason to be used in DSSC and photocatalysis applications [64, 65].

1.8.1 crystal structure

For the allotropic forms of titania, their structural difference generally lies in the way of the
connectivity of TiO6 octahedra subunits where each titanium is octahedrally surrounded by six
oxygen atoms. Depending on the crystal structure, TiO6 octahedra are connected by a various

number of corner, edge and/or face-sharing.
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The crystal parameters of TiO2 anatase are gathered in Table 1.2. TiO2 anatase crystallizes in
a tetragonal cell with a space group of ls1/amd. The unit cell contains 4 formula units, i.e. 12
atoms (Figure 1.11a). TiO2 anatase involves one cation site for Ti and one anion site for O with
multiplicities of 4 and 8, respectively. TiO2 anatase consists of distorted TiO6 octahedra
sharing four edges. Two different Ti-O distances can be distinguished. Larger distance (1.964
A) originates from two Ti-O bonds along c-axis, while shorter distance (1.937 A) comes from
four Ti-O bonds at (ab) plan. Each oxygen atom is coordinated with three titanium atoms. The
3D anatase network is formed by the stacking of zigzag chains along the c-axis (Figure 1.11b).
The stacking mode for anatase results in a density of ca. 3.9 g/cm3, which is lower than rutile
and brookite. It means that, anatase shows larger area for same weight of material, indicating a
higher degree of structural openness. Moreover, the stacking of zigzag chains creates vacant

sites which are able to accommodate heteroatoms, i.e. intercalation properties.

Figure 1.11: Structural representation of TiO2 anatase: (a) ball-stick configuration of a unit

cell, (b) extended unit cell showing the connectivity of TiO6 octahedra (Grey: Ti, red: O).

Table 1.2: Crystal structure information of TiO2 anatase (Reference: ICSD #44882).

Crystal Space Lattice Volume Density . .
system group constant (&) (A3) drio (A) (g/cm?) Atomic positions
Atoms  Site x vy
a=b=3.785 2*1.964
Tetragonal 141/amd 136.3 3.88 Ti 4a 0 0
c=9.514 4*1.937
o) 8 0 O

z
0
0.2064
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1.8.2 Electronic structure

Figure 1.2 presents the molecular-orbital bonding diagram of TiO; anatase [66]. It shows that
the upper valence band (\VVB) are dominantly composed of 2p orbital of oxygen atom. 3d orbital
of titanium atom are mainly located at the bottom of conduction band (CB). For pure TiO2
anatase, the energy gap Eg between the top of VB and the bottom of CB is 3.2 eV. This value
of band gap induces adsorption of photon below wavelength of ca. 380 nm. Consequently, TiO2
is a white powder. It can absorb the light in the ultraviolet region, making it a good candidate

as UV absorber and providing applications in cosmetics.

Ti 4s

() (b) (©) (b) ()

Figure 1.12. The molecular-orbital bonding diagram for pure anatase TiO2: (a) atomic

states, (b) crystal field split states, (c) final states. O p o and O p 7w are the oxygen 2p states in
and out of the Ti 3 O plane, respectively. [66]
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1.8.3 Applications of Titanium dioxide:

1.8.3.1 Dye sensitized Solar Cells [DSSCs]

Dye sensitized solar cells are based on a semiconductor formed between a photo sensitized
anode and an electrolyte. TiO2 semiconductors are widely studied as an efficient candidate in
dye sensitized solar cells [180].

DSSCs generated from semiconductor nanostructures such as nanorods, nanowires, and
nanotubes are of great relevance because direct connection of the point of photo generation with
the collection electrode using such structures may improve the cell performance. Recently
nanostructured TiO2 are used in DSSCs for improving the performance [180]. DSSCs made
from TiO2 nanotubular structure show much higher efficiencies as compared to other structures
[65].

1.8.3.2 Photocatalysts

Light-facilitated chemical reactions are referred as photo catalytic. High photo activity, low
cost and high stability makes TiO2 an efficient material for photo catalysts [178]. TiO2 adsorbs
the reactants on its surface, with the energy supplied from the electromagnetic radiation
(photons) and facilitates the reaction between the adsorbed reactants. Photocatalytic oxidation
(PCO) with UV light rays and TiO2 coated filter creates hydroxyl radicals and super-oxide ions,
which are highly reactive electrons. These highly reactive electrons aggressively combine with
other elements in the air, such as bacteria and Volatile Organic Compounds (VOC), which
include harmful pollutants such as formaldehyde, ammonia and other common contaminates
released by building materials and household cleaners. Once bound together, the chemical
reaction takes place between the super-charged ion and the pollutant. Thus, the pollutant breaks
down into harmless carbon dioxide and water molecules, which make the air more purified.
Ti0O2 has been most commonly studied photocatalysts due to its ability to break down organic
pollutants and even achieve complete mineralization among various photoactive
semiconductors like ZnO, Fe203, CdS, ZnS etc.

Photo catalytic and hydrophilic properties of TiO2 make it close to an ideal catalyst. Owing to
their high photo catalytic activity, strong oxidizing ability coupled with chemical inertness and
unique optical properties, the nano materials based on the titanium dioxide are able to
revolutionize the creation of various electro-optical and electro-chemical systems that can be

used as efficient power sources, gas sensors, which are operating at high temperatures devices
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for the decomposition of water using solar energy, nanofilters for air purification and carbon
dioxide consumption.

1.8.3.3 Controlling environmental pollutants

Rapid urban development causes terrific air pollution and it becomes a great threat in our
society. TiO2 based photo catalysts are used to combat air pollution [116, 117]. TiO2 when
exposed to sunlight convert air pollutants such as nitrogen oxides (NOx), volatile organic
compounds (VOCs), carbon monoxide (CO), and ozone to more environmentally acceptable
products such as calcium nitrate and carbon dioxide. In Japan, air purifiers equipped with TiO2
coated filters are very popular for indoor air treatment. TiO2 based paint is used for the self-
cleaning purpose.

1.8.3.4 Wastewater purification

Like air pollution, another serious environmental problem that the modern society faces is water
pollution. According to official reports of some countries, 41.3% of the United States’ water is
polluted. TiO2 becomes superior in water purification as in air purification. Various studies
have been reported on the photo degradation of the organic compounds present in industrial
wastewater using TiO2 semiconductor as photo catalyst [227, 228].

In recent years, photocatalytic degradation mediated by illuminated TiO2 has received
considerable attention for treating polluted water. The semiconductor photocatalytic process is
based on aqueous phase hydroxyl radical chemistry and couples low energy UV. It has been
proved that this process can degrade many toxic compounds in wastewater into carbon dioxide
and water.

1.8.3.5 Cosmetics

UV light causes sunburns and skin cancer after prolonged exposure. Sunscreens have the benefit
of protecting consumers from the UV light. Most frequently used materials in these cosmetics
items are TiO2 and Zn0O2 [229,230].
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Experimental methodology

11.1 Elaboration and synthesis of nanomaterials

The formation of metallic or semiconducting nanoparticles in aqueous solution by the various
synthesis processes is based on the nucleation of the solid phase in the solution. The constituent

elements of the particle have stronger interactions with each other than with the solvent from

which they tend to separate.
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In a solution, the presence of a solute in a concentration greater than the solubility leads to the
formation of molecules, their combination into particles and the precipitation of these.
However, the formation of small nanoparticles with a narrow size distribution in solution

requires special experimental conditions.

Although the nanoparticles formed in aqueous solution are very small crystallites, they tend to
evolve rapidly to the massive state because they are thermodynamically unstable toward
growth. The formation of nanoparticles of controlled size can only be possible if complexing
agents or ligands, inorganic or organic, can protect the surfaces and prevent the growth of

particles.

Numerous methods have been recently developed to synthesize various CuO nanostructures
with diverse morphologies, sizes, and dimensions using various chemical and physical

strategies, among them, Solgel method, which we chose in our work.
11.1.1 Sol-gel method

Sol-gel syntheses (production of a gel from powder-shaped materials) are wet-chemical
processes for producing porous nanomaterials, ceramic nanostructured polymers as well as

oxide nanoparticles.

Sol-gel can be defined as a process in which solid nanoparticles dispersed in a liquid (sol)
agglomerate together to form a continuous three-dimensional network extending throughout the
liquid (a gel). The idea behind it is to “dissolve” the compound in a liquid in order to bring it

back as a solid in a controlled manner.

In sol-gel processes, material production or deposition takes place from a liquid sol state, which
is converted into a solid gel state via a sol-gel transformation.

To start with, adding organic substances in the sol-gel process produces an organometallic
compound from a solution containing an alcoxide (they are typical precursors). The pH value
of the solution is adjusted with an acid or a base which, as a catalyst, also triggers the
transformation of the alcoxide.

The subsequent reactions are hydrolysis (splitting of a chemical bond by water) followed by
condensation and polymerization (reaction giving rise to many- or long-chained compounds
from single-chained ones). The particles or the polymer oxide grow as the reaction continues,
until a gel is formed.

These reactions are defined below:

» Hydrolysis of the alcohol group
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M —-OR+ H,0 — M — OH + ROH
» Condensation of the resulting hydroxyl group
M—-—OH4+M—-0OR—M-0-M+ ROH

M—OH+M-—0OH—M—0-M+H,0

(11.1)

(11.2)
(11.3)

The course of hydrolysis and the polycondensation reaction depend on many factors: the
composition of the initial solution, the type and amount of catalyst, temperature as well as the
reactor- and mixing geometry. For coatings, the alcoxide initial solution of the sol-gel process
can be applied on surfaces of any geometry. After the wetting, the build-up of the porous
network takes place through gel formation, yielding thicknesses of 50-500 nm. Thicker layers,
suitable as membranes for example, are created by repeated wetting and drying. The sol-gel
process can also be used to produce fibers. In all cases, gel formation is followed by a drying

step. Figure 4 illustrates the different reaction and processing steps of the sol-gel process.
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Figure 11.1. Reaction and processing steps in the sol-gel process. [67]

A distinct advantage of the sol-gel process lies in the processability of the sols and gels,
depending on processing step, into powders, fibers, ceramics and coatings. Moreover, highly
porous nanomaterials can be produced. Composites can be created by filling in these pores

during or after gel production. The low process temperature also enables substances to be
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embedded into the gel during the synthesis step; these can then be stored or released in a

controlled manner.

11.1.2 Anodized Titanium dioxide nanotubes TiO2 NTs
11.1.2.1 Material synthesis

The one dimensional (1D) tubular structure of TiO2 is of great scientific interest as well as
practical significance particularly if the nanotubes are highly ordered, and aligned perfectly in
close packed arrays. These outstanding characteristics are realized by the potentiostatic
anodization of Ti substrates as it is a simple, straightforward and cheap preparation technique
(see Fig. 11.2). The majority of reported preparation methods only result in random networks of
TiO2 nanotubes with uncontrolled dimensions. However, template-assisted atomic layer
deposition (ALD) can produce nanotubes with controlled geometries. It requires long time and
complicated preparation steps which is reflected in the high cost, and thus, a limit in use [68].
The first anodic oxidation study of pure Ti and Ti-6Al-4V substrates resulted in uniform porous
films of TiO2 as reported by Zwilling et al. [69] in 1999. However a previous report before
Zwilling’s work had explored the anodization of Ti substrates in the presence of fluoride ions
only results in a porous structure [70]. In 2001, Grimes and co-workers [71] reported that well-
defined nanotube arrays were synthesized by the anodic oxidation of Ti substrates in HF
containing electrolyte. These results aroused numerous attention and pushed the research
towards the optimization of synthesis parameters (i.e. electrolyte configurations, applied
voltage, reaction time, pH, agitation and temperature, etc.), to understand the formation

mechanism and to employ these nanotubes in various research applications.
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Fig.11.2. Schematic illustration of the formation of anodized TiO2 nanotubes (a); SEM

micrograph of anodized Ti substrates in formamide based electrolyte containing 0.2 M NH4F
at different anodization voltage 20 V (b), 40 V (c) and 60 V (d); The cross-sectional view (e),
the inset shows the bottom view of the nanotubes prepared at 60 V reprinted from ref. [72].

Extensive studies proved that the TiO2 nanotubes obtained by anodic oxidation are self-
organized, well-aligned perpendicular to the substrate, and exhibit uniform tube diameters, wall
thicknesses as well as high surface areas. Furthermore, the nanotube dimensions (i.e. diameter,
wall thickness and tube length) can be precisely controlled by tuning the applied voltage, the
used temperature the electrolyte composition especially F- concentration [71-73]. The
anodization is normally performed in a two-electrode electrochemical cell with the metal/alloy
sheets as the working electrode and platinum foil or graphite as counter electrode in aqueous or
organic electrolytes containing F—ions as shown in the schematic of Figure I1.3.

Aqgueous HF solutions were firstly used as electrolytes to manufacture TiO2 nanotube arrays
with tube lengths below 500 nm [71, 74]. Replacing the aqueous solutions with organic
electrolytes composed of ethylene glycol as solvent in addition to a fluorine source such as
NH4F at high pH values allows for TiO2 nanotube formation with lengths reach up to 1000

micrometer [75, 76].
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Fig. 11.3. Schematic illustration of anodic oxidation. [77]

The nanotubes fabricated with these electrolytes always exhibited average diameters and wall
thicknesses larger than 50 nm and 15 nm, respectively. Using neutral electrolytes such as those
containing (NH4)> SO4 with NH4F leads to a reduced dissolution rate of TiO2 resulting in
nanotube arrays with length in the micrometer range [78]. These electrolytes are considered as
mild oxidation conditions for Ti substrates. Note that, the chemical composition of the
electrolyte also plays a central role in the physical properties of the fabricated nanotubes [79].
For instance, addition of acetic acid results in the formation of robust tubes. Furthermore,
increasing the F- concentration allows control of the tube wall thickness [80].

11.1.2.2 Formation mechanism of TiO2 NTs

In anodization process, the achievement of vertically aligned TiO2 nanotubes directly from Ti
foil under a sufficient applied potential in an electrochemical cell consists of working electrode
(Ti foil) and counter electrode (Pt), which were immersed in the suitable electrolyte solution.
Once voltage is applied to titanium alloys connected to the anode of the electrochemical cell,
the reactions occurring are the oxidation of Ti, which releases Ti*" ions (Eq. 11.4) and the
reaction of Ti*" ions with O? and OH- (Egs. I1.5 and 11.6 respectively).

Ti — Ti*t + 4e” (1.4)
Ti** + 202 - Ti0, (11.5)
Ti** + 40H™ - Ti(OH), (11.6)

After the formation of the initial oxide layer, the O anions can migrate through the TiO2 layer

reaching the Ti/oxide interface, where they react with the metal producing new amounts of
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TiO2. The above reactions (Eqg. 11.4 to Eq. 11.6) represent a field assisted oxidation process in
which the applied potential controls the rate of ion migration within the TiO2 layer.
During anodization, the oxide film will continue to grow as long as the electric field is strong
enough to drive the ionic conduction across the oxide [18].
When these electrochemical reactions are carried out in the presence of fluoride ions in an
electrolyte solution, the anodization process is strongly affected by two possible ways and forms
water soluble (TiF6)? according to the equation given by:

Ti** + 6F~ — [TiFs)?~ (11.7)

TiO, + 6F~ — [TiFg)*~ + 2H,0 (11.8)

Under specific concentration of fluoride ions, the formation of TiO2 nanotubes is achieved as
a result of equilibrium between the electrochemical oxidation of Ti to TiO2 and chemical
dissolution of TiO2 [82]. Normally, the formation of TiO2 NTs in the anodization process
depends on three simultaneous reactions: field-assisted oxidation of Ti metal to form TiO2,
field-assisted etching of the oxide layer by the electric field weakening the bond between Ti
and O, and the chemical dissolution of TiO2 by fluoride ions [231-233].

The growth of nanotubes is a result of competition between electrochemical oxide formations
(Egs. (11.4) to (11.6)) and chemical dissolution of the oxide by F-ions producing [TiF6]% complex
ions (Egs. (11.7) and (11.8)) by fluoride ions [234-236]. These three stages, which are undergone
during the formation of TiO2 nanotubes, are illustrated in Figure I1.4:

(Stage 1) There is a sudden drop in current value at earliest stage of anodization process (as
soon as potential is applied between electrodes) which is due to formation of passive TiO2 layer
which offers resistance to the current flow.

(Stage I1) In next stage, the current value is increasing due to field assisted and chemical
assisted dissolution/etching of the passive oxide layer, so the resistance is decreased, pores and
pits are appeared in the compact oxide layer due to the fluoride ions react with oxide layer, this
region represent the nanopore formation.

(Stage 111) In final stage, the steady state of TiO2 nanotubes is established and formation of
regular shape of nanotubes occurs [83]. The curve is reaching a saturation at certain current
value and there will not be much change in current value or there will be slow decrease, this

region represents the tube lengthening.
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Fig 11.4: Growth process of TiO2 nanotubes by electrochemical anodization method. [82]

.

The formation of nanotubes can be mainly depends upon the rate of formation of oxide and
dissolution of oxide layer, which are greatly affected by factors such as anodization voltage,
electrolytes concentration, temperature, water content etc. The thickness of the tubular layer
remains unchanged when the rate of oxide growth and the rate of dissolution of oxide become
equal. Later, the growth of nanotube length is independent on the anodization time, as define
by the given voltage and electrolyte solutions.

Therefore, by increasing the applied voltage, the oxide formation and oxide dissolution rates
increases, which helpful for growth of tubes length. Meanwhile, chemical dissolution is
significant for the formation of vertically aligned TiO2 nanotubes, which mainly depend on
both applied voltage and electrolytes concentrations [84].

11.2 Characterization techniques

11.2.1 X-ray diffraction study

X-ray diffraction (XRD) is a well-known technique for structural characterization of the
material. Structure identification, determination of lattice parameters and grain size are based
on the X-ray diffraction pattern. In X-ray powder diffractometry, X-rays are generated within
a sealed tube that is under vacuum. A current is applied that heats a filament within the tube,
the higher the current the greater the number of electrons emitted from the filament. This
generation of electrons is analogous to the production of electrons in a television picture tube.
A high voltage, typically 15-60 kV is applied within the tube. This high voltage accelerates the
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electrons, which then hit a target, commonly made up of copper. When these electrons hit the
target, X-rays are produced. The wavelength of these X-rays is characteristic of that target.
These X-rays are collimated and directed onto the sample, which has been ground to a fine
powder (typically to produce particle sizes of less than 10 microns). A detector detects the X-
ray signals. Fig. 2.2 shows the schematic of X-ray diffractometer. The phenomenon of X-ray
diffraction can be considered as reflection of X-rays from the crystallographic planes of the
material and is governed by the Bragg’s equation.

2d sinf = ni (1.9)

Where, “d” is lattice spacing, ‘A’ is the wavelength of the monochromatic X-ray; ‘n’ is the order
of diffraction and ‘0’ is diffraction angle. The “d” values are calculated using above relation for
known values of 0, A and n. The X- ray diffraction data thus obtained is compared with
American Standard for Testing of Materials (ASTM) or Joint Committee Powder Diffraction
Standards (JCPDS) powder diffraction data to identify the unknown material. The sample used
may be in the powder, single crystal or thin film form. The broadening of the XRD peaks
reflects either crystallinity or the size of nanocrystal. The average crystallite size in a sample
from XRD patterns is calculated using the Scherer’s formula [85].

091
- BcosB

(11.10)

Where, “D” is the average crystallite size, “A” the wavelength of X-ray, '0' the Bragg angle and
“B”, line broadening at full width at half maximum (FWHM) of peak.

Figure

11.5: X-ray diffraction and schematic representation of Bragg’s law. [86]
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11.2.2 XPS spectroscopy

X-ray photoelectron spectroscopy (XPS) is a quantitative technique which is used to
measure the elemental composition of the surface (usually down to 10 nm), and find
the empirical formula of the pure material, and the chemical and electronic states of the
elements that exist within the surface of material. This technique requires ultra-high
vacuum (UHV) conditions, pressures lower than about 10~° Torr. The XPS spectra are
obtained by irradiating the sample with an X-ray beam and recording the kinetic energy
and number of electrons that escape from the surface, usually from work, the XPS data
were collected by a SPECS system employing Al Ka radiation (10 kV; 100 W), and a
pass energy of 20 eV. [87]
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Fig. 11.6: Basic components of a monochromatic XPS system.

11.2.3 Laser Raman spectroscopy

Raman spectroscopy is commonly used in chemistry to identify materials. It is a
spectroscopic technique based on inelastic scattering of monochromatic light, usually from
a laser source. The laser light interacts with molecular vibrations, phonons, or other
excitations in the system, resulting in the energy of the laser photons being shifted up or

down. As a result, it provides a fingerprint by which the molecule can be identified.
11.2.4 Scanning Electron Microscopy SEM

A scanning electron microscope (SEM) is a type of electron microscope that produces images
of a sample by scanning it with a focused beam of electrons. The electrons interact with atoms

in the sample, producing various signals that contain information about the sample’s surface
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topography and composition. The electron beam is generally scanned in a raster scan pattern,
and the beam’s position is combined with the detected signal to produce an image. Specimens
can be observed in high vacuum, in low vacuum, in wet conditions (in environmental SEM),
and at a wide range of cryogenic or elevated temperatures. The most common SEM mode is
detection of secondary electrons emitted by atoms excited by the electron beam. The number
of secondary electrons that can be detected depends, among other things, on the angle at which
beam meets surface. By scanning the sample and collecting the secondary electrons that are

emitted, using a special detector, an image displaying the topography of the surface is created.
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Figure 11.7: Schematic diagram of the core components of an SEM microscope [88].

11.2.5 Energy Dispersive X-ray Spectroscopy

Energy Dispersive X-ray Analysis (EDX) technique is used to determine the elements present
in the samples. To analyze the sample, it is bombarded by a focused electron beam. As shown
in Fig. 11.8, the applied electron beam excites the electrons in inner orbital of the atoms and
removes it from the shell while leaving a hole in previous position of the electron.

The electrons of the outer shell prefer to transfer to inner orbital with lower energy and fill the
vacancy. The energy difference between the outer and inner shell is released as X-rays. A

detector reveals the number and the energy of X-rays emitted from the sample.
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As each atom has a unique atomic structure one can detect the elements present in the material

with an experimental error of about 3 %.

Incident
electron

)

Ejected
electron

Figure 11.8: Principle of Energy Dispersive X-ray Analysis [89]

11.2.6 Transmission electron microscopy

Transmission electron microscopy (TEM) is an indispensable technique for the structural

characterization of nano-objects and nanostructures, in particular nanotubes, nanoparticles,

nanocomposites ... etc. It allows the observation on the atomic scale of these nanostructures

and the characterization of their morphology.

In a Transmission electron microscope, the electrons are used as light sources. Lower

wavelength of electrons enables TEM to get a resolution thousand times better than a light

microscope, the electrons from a source such as an electron gun enter the sample and are

scattered as they pass through it.

They are focused by an objective lens and are amplified by a magnifying (projector) lens, to

produce the desired image. The wavelength of the electrons in the incident beam is given by:
A1 = (0.0388/V)nm (11.11)

Where the energy acquired by the electron is E = el and V is the accelerating voltage expressed

in kilovolts. If widely separated heavy atoms are present, they can dominate the scattering, with
average scattering angle 8 ~ %, where d is the average atomic diameter. Images are formed

because different atoms interact with and absorb electrons to a different extent. A schematic

representation of TEM is as shown in Figure.ll.9.
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A transmission electron microscope can form images by the use of the selected area electron
diffraction (SAED) aperture located between the objective and projector lenses. The main part
of the electron beam transmitted by the sample consists of electrons that have not undergone
any scattering. The beam also contains electrons that have lost energy through inelastic
scattering with no deviation of their paths, and electrons that have been reflected by various hk

planes.
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Figure 11.9: Schematic diagram of the core components of an TEM microscope
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11.2.7 UV-visible spectroscopy

Ultraviolet-visible (UV-vis) spectroscopy is used to obtain the absorbance spectra of a
compound in solution or as a solid. What is actually being observed spectroscopically is the
absorbance of light energy or electromagnetic radiation, which excites electrons from the
ground state to the first singlet excited state of the compound or material. The UV-vis region
of energy for the electromagnetic spectrum covers 1.5 - 6.2 eV which relates to a wavelength
range of 800 - 200 nm.

The Beer-Lambert Law, Equation 11.10, is the principle behind absorbance spectroscopy. For a

single wavelength, A is absorbance (unitless, usually seen as arb. units or arbitrary units), € is


https://chem.libretexts.org/Bookshelves/Physical_and_Theoretical_Chemistry_Textbook_Maps/Supplemental_Modules_(Physical_and_Theoretical_Chemistry)/Spectroscopy/Electronic_Spectroscopy/Electronic_Spectroscopy_Basics/The_Beer-Lambert_Law
https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Book%3A_Physical_Methods_in_Chemistry_and_Nano_Science_(Barron)/04%3A_Chemical_Speciation/04.4%3A_UV-Visible_Spectroscopy#mjx-eqn-1
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the molar absorptivity of the compound or molecule in solution, b is the path length of the
cuvette or sample holder (usually 1 cm), and c is the concentration of the solution.
A = ebc (1.12)

reference

source
monochromator

mirrors®

' 7 detector
sample

Figure 11.10: lllustration of a double beam UV-vis instrument.

11.2.7.1 Optical absorption spectroscopy

Absorption spectrometry is a technique that allows us to observe not only the formation of
nano-objects, nanoparticles in the solution, but also to probe the excited energy levels of the
nanoparticles present in this solution, since they have levels of discrete energy, which results in
the presence of absorption peaks on the optical spectrum.

The position of the absorption peaks corresponds to the energy of the excited levels. The shape
and width at half maximum of these peaks tell us essentially about the particle size dispersion.
The first absorption peak observed on the spectrum corresponds to the first excited level, which
generally has an excitonic character.

The average width of the band gap or the gap of the nanoparticles is estimated from the position
of its maximum. The position of the excitonic peak makes it possible to calculate the average
value of the size of the nanoparticles.

After irradiation, the products formed are analyzed by an optical absorption spectrophotometer.
The irradiated solution is placed in a quartz vessel whose optical path is known. According to
the spectral domain to be analyzed, we used in our study a Perkin-Elmer Lambda 9 UV-Visible
Spectrophotometer. The range of analysis ranges from 200 nm to near-infrared 3200 nm. This
double-beam apparatus allows the analysis of the reference at the same time as the irradiated

solution (Figure 11.10).
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11.2.7.2 Kubelka-Munk theory and Tauc plot

Kubelka-Munk theory provides an equation that relates the reflection of a sample under diffuse
illumination to certain of its properties. In diffuse reflectance spectrum, scattered radiation is
collected excluding secularly reflected light matching closely with the Kubelka-Munk function
given by [90]:

(1-R)?
2R

F(R) = (11.13)

Where R is the reflectance. Kubelka-Munk parameter F(R) is related to the absorption spectrum,
which can be used for obtaining the charge transition information in the range of reflectance
wavelength.
In order to get the band gap value for different size samples, Tauc plot [90] has been used.
(hva)¥/™ = A(hv — E,) (11.14)
Where h is the Planck’s constant, v is frequency of vibration, « is absorption coefficient, Eg is
band gap and A is proportional constant.
The value of the exponent n denotes the nature of the sample transition.
For direct allowed transition, n=1/2; for direct forbidden transition, n=3/2; for indirect allowed
transition, n=2; for indirect forbidden transition, n=3.
Generally, the direct allowed transition has been reported for BiFeO3, n=1/2 is used in this
work. The acquired diffuse reflectance spectrum is converted to Kubelka-Munk function. The
« in the Tauc equation is substituted with F(R). Thus, in the actual experiment, the relational
expression becomes:
[hvF (R)]? = A(hv — E,) (11.15)
A line is drawn tangent to the point of inflection on the curve of equation, and the h value at the
point of intersection of the tangent line and the horizontal axis is the band gap Eg value.
11.3 Electrochemical measurements techniques
11.3.1 Cyclic voltammetry
Cyclic voltammetry (CV) is one of the potentio-dynamic measurements in which a voltage is
applied linearly between two values to an electrode at a fixed time against a reference electrode
which has a constant potential. This technique is mainly used for providing specific information
about the electrochemical reactions of electrodes such as redox reactions and charge-transfer
kinetics as well as adsorption processes. The rate of voltage change with time during the
measurement is known as scan rate (Vs-1). In typical voltammograms, the current of the

working electrode is plotted versus the applied voltage. From voltammograms, the location of
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redox potentials of electroactive materials as well as diffusion properties for the redox reactions
can be easily determined. The typical shape of Cyclic Voltammetry is shown in figure I11.11.

The most important step in characterizing any electro active material is to perform cyclic
voltammetry under the selected potential window. In a three electrode system, a working
electrode is immersed in the electrolyte, a potential is applied to it and the resulting current is

recorded, yielding a cyclic voltammogram.

Current, i

Ancodic (+)

Cathodic (-)

Applied Potential, £

Fig 11.11: Typical shape of Cyclic Voltammetry

A three-electrode system consisting of a working electrode, a reference electrode (usually, SCE
or Ag/AgCl) and an auxiliary or counter electrode as shown in figure 11.12.

In cyclic voltammetry, a reversible dc potential sweep (using a triangular potential waveform)
was applied between working electrode and counter electrode and resulting current response

versus a reference electrode (SCE) is measured.

Counter Electrode

Working Electrode Reference Electrode

Electrolyte -

Fig 11.12: Three-electrode CV setup
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In cyclic voltammetry, on reaching t = t1 the sweep direction is inverted as shown in fig. 11.13
and sweep until E,,,;,, then inverted and sweep to E,,,,, etc. The important parameters involved
are: [91]

e The initial Potential Ei

e The initial sweep direction

e The sweep rate

e The maximum potential, Emax

e The minimum potential, Emin

e The final Potential, Ef

E .

Eﬂ"‘ ax

Ei

E"]I."l

Figure 11.13: Variation of applied potential for Cyclic Voltammetry

11.3.2 Galvanostatic charge discharge (Chronopotentiometry)

Galvanostatic cycling (CD) is widely used to calculate the capacitance and cycling stability of
electrodes or devices. The principle of CD is to measure the resulting voltage simultaneously
when applying a constant current to an electrode or a device between two preset voltage limits
[19].

Galvanostatic charge and discharge is a more accurate technique to evaluate the specific
capacitance of active materials than CV method. Positive and negative constant currents come
across the working electrode to charge and discharge the electrode in a set voltage range with
recording the time. A typical GCD curve is shown in Fig 11.14, in which the voltage is drawn
as a function of the time. Then, the specific capacitance can be determined by the potential
window, current density and discharge time with the following equation:

where 1 is the current, At is the discharge time, m is the mass of electrode material, and U is the

potential window.
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Figure 11.14: Charge-discharge curve [92].

11.3.3 Electrochemical Impedance Spectroscopy
The equivalent series resistance, charge transfer resistance and diffusion impedance of
electrochemical devices can be studied by electrochemical impedance spectroscopy (EIS). The
main difference between EIS and CV that in EIS a sinusoidal voltage signal is imposed at a
range of frequencies and the resulting current is measured, while a linear voltage is applied in
CV.
In electrochemical impedance spectroscopy (EIS), the system under test is excited by a small
amplitude ac sinusoidal signal of potential or current in a wide range of frequencies and the
response of the current or voltage is measured. For typical impedance measurements, a small
excitation signal is used. The system excitation caused by the time-dependent potential
fluctuation has the form:

E(t) = Eycos(wt) (11.16)
Where E (t) is the applied potential at time t, E, is the potential amplitude, and ® is the angular
frequency that is defined as the number of vibrations per unit time (frequency, Hz) multiplied
by 27 and expressed in rad/s. In a linear system, the output current signal I(t) has amplitude I,
and is shifted in phase by ¢.

I(t) = Iycos(wt — @) (1.17)
Then, the impedance of the system Z(t) is calculated from Ohm’s law

I1(t) = E(t)/1(t) = Zycos(wt)/cos(wt — ¢p) (11.18)
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By using Euler’s relationship defined as: exp(j¢) = cos(¢) + jsin(¢), the system impedance
IS expressed as a complex function. The excitation potential input and the resulting current
output are described as:

E(t) = Eyexp(jwt) (11.19)

I(t) = Ipexp[j(wt — $)] (11.20)
Based on Ohm’s law, we get the expression for the impedance as a complex number,

Z(w) = Zoexp(jo) = Zy(cosd + jsind) (1.21)

When the real part of the impedance is plotted on the axis of the abscissa and the imaginary
part is plotted on the axis of the ordinate, we get a “Nyquist plot.” The example presented in
fig. 11.15 (a) is a graphical expression of the complex plane of the electrical equivalent circuit
of fig 11.15 (b). In the Nyquist plot, a vector of length |Z| is the impedance and the angle between
this vector and the real axis is a phase shift, ¢.

(b)

Lre

Fig. 11.15. Graphical representation of EIS and (b) its equivalent circuit

The equivalent circuit of insertion materials includes the diffusion impedance, originating from
the solid-state diffusion of the active species. Assuming a semi-infinite diffusion process, the
Warburg element with an impedance of Z,, is connected in series with the resistor representing
the interfacial charge transfer R, as shown in fig. 11.15 (a) The Nyquist plot for the equivalent
circuit features an inclined line with a slope of 45° in the low-frequency region, due to the

Warburg impedance fig. 11.16 (b).
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Fig. 11.16. Nyquist plot (a) Graphical representation of EIS and (b) its equivalent circuit with

different parameters.
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Computational methodology

I11.1 Introduction

The physics of condensed matter and the materials science are fundamentally concerned by the
understanding and exploiting the properties of interacting electron and atomic nuclei systems.

This is well known since the development of quantum mechanics. With this, comes the
recognition that at least, almost all properties of materials can be studied by suitable

computation tools for solving this particular problem of quantum mechanics.

Unfortunately, the electrons and nuclei that compose the materials constitute a highly
interacting multi-body system and this makes solving the Schrédinger equation extremely
difficult, and as Dirac (1929) stated, progress depends on the development of approximate
techniques sufficiently precise. Thus the development of density functional theory (DFT). To
describe a material, one must know its properties (electronic, structural, optical ...), and this

implies the knowledge of the interactions between the electrons and ions that constitute it.



Chapter I11: Computational methodology 41

111.2 Many body problems
111.2.1 Schrodinger Equation
The electronic structure of N-body system is described in nonrelativistic quantum mechanics
using the equation of Schrddinger:

Hi((r), {R}}) = B (i}, {R;}) (111.1)
Where Y ({r;}, {Rj}) is the wave function for a molecular system consisting of M nuclei and N
electrons and contains all the information of the system, {r;} stands for the term of the variables

which describe the electrons and {R; } describes the nuclei.

E is the total energy and H is the corresponding total Hamiltonian operator of the system and
describing the set of interactions occurring, and hence it can be written in its exact form as

follows:

Hiot =Te + Ty + Vee + Ven + Viw (111.2)

1
- _21 Zlij |r ey Zii] | 211:] |

V27 V2 RL e?z;

Rr|

eZZ]

e =~ 25T (111.3)

T,: is the kinetic energy of the N electrons of mass m,.

Ty: is the kinetic energy of the M nuclei of mass M,,.

V,.: is the repulsive coulombic electron-electron interaction.
V.- is the attractive coulombic interaction nucleus-electron.
Vyn: is the repulsive coulombic nucleus-nucleus interaction.
r;, 13- are defining the positions of the electrons.

R;, R;: are defining the positions of the Z nuclei.

+ 4+ o+

m,, M, are respectively the mass of the electron and the nucleus.

The treatment of the N-body problem in quantum mechanics consists in solving the exact
Schrodinger equation where the global wave function depends on 3N coordinates of all the
particles and time, which is extremely difficult or impossible because the Modern quantum
mechanics has no method to solve problems when particles are in large numbers in the system.
Therefore, this equation will be simplified by various approximations, so that it can be solved.
111.2.2 Born Oppenheimer:

In order to reduce the complexity of solving the Schrodinger equation, the Born-Oppenheimer

approximation [93] was introduced based on the fact that nuclei are much heavier than
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electrons, and therefore much slower, than the electrons. As a result, nuclei can be considered

as effectively frozen at fixed positions, while only electrons being considered as mobile.

Consequently, the kinetic energy term of the nuclei is zero. The nuclei-nuclei potential term

also reduces to a constant. Therefore, the above Hamiltonian equation become simplified as:
Hior = Te + 17;ze + 17ext (111.4)

Where the electron-nuclear interaction represented by Vext. We can further explain the

remaining terms as:

~ h2

T.= =iV, (111.5)
0 —_y.y._ Zier

Vext = = 2i 2 o rir] (111.6)
Ve = 28 Sy = N i (1n.7)
ee T 2SI F e |11 LEIZ ameg |-t ’

The Hamiltonian obtained after applying the Born-Oppenheimer approximation is simpler, but
still far too difficult to solve, due to the correlation of the electron distribution interactions.
Thus, Additional approximations are used including Hartree’s.
111.2.3 Hartree-fock Approximation
The method of Hartree [94] reduces the N-body system into a one-particle system by
considering the electrons as independent, and each of them moving in the mean field created
by the other and matching an orbital to each electron. The wave function of the electronic
system is considered as the direct product of the one-particle wave functions:

Y@, 7 e, T) = Y1) P (1) - Yy () (111.8)
In 1930, Fock [95] showed that the solutions of the Hamiltonian (111.4) violate the Pauli
exclusion principle, because they are not antisymmetric with respect to the exchange of any two

electrons.

(P, By, By oo, By oo, By) = — W(Ty, Bay o, By oo, By oon, TN (111.9)
The anti-symmetrization of the electronic wave function is written by permuting two electrons
for example:
Such a description thus obeys the Pauli’s exclusion principle that “two electrons cannot exist
simultaneously in the same quantum state, as well as the indiscernibility of the electrons”.
However, the Hartree's approximation doesn’t contain this feature, because the electron i

occupies precisely the state i. As an improvement, an antisymmetric wave function is
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constructed via a Slater determinant of the individual orbitals generalized by Hartree and Fock

by showing that the Pauli Principle is respected:

01(r)  @1(2) .. @1(y)
Py o) = |92 9202 @ali) (111.10)
on() on() .. en(ry)

This equation is self-consistent and received the name of self-consistent field (SCF).

Because in deriving the Hartree equation, it depends on itself on the orbitals that are the solution
of all other Hartree equations.

These Hartree-Fock equations are difficult to solve when the system studied has a large number
of electrons. Electron-electron interactions produce additional energy terms in addition to the
Hartree-Fock approximation, which are called correlation energy terms according to Wigner
[96]. A whole category of methods, called configuration interaction, was built on this basis.
Their goal is to come up with an exact solution to Schrodinger's equation.

However, the scope of calculations for very small systems is limited by the number of
configurations which grows rapidly with the number of electrons involved.

To remedy this, the density functional theory was developed for the resolution of the
Schrodinger equation from the electronic density which is taken as the fundamental variable
describing the state of a system, and not wave functions. Thus giving a considerable conceptual
simplification of this problem since it reduces the number of degrees of freedom by 3N, to the
degrees of freedom of a scalar function in three-dimensional space, reducing thus an N body
system to a particle system.

111.3 Density Functional Theory

The DFT consists in describing the system according to its electronic density and not the wave
functions [97-99]; it was derived from the physics of the solid, where it was intended to
determine the ground state properties of a system composed of a fixed number of electrons in
coulombic interaction with point nuclei, with the sole knowledge of electron density. This
theory was seen in 1927 by the works of Llewellyn Thomas and Enrico Fermi [100]. During
which, Thomas and Fermi considered the system as a homogeneous gas and its kinetic energy
as density functional where they have dismissed the interactions and neglected the exchange-
correlation effects that appears between the electrons. In 1930 Dirac [101] corrected this defect
by introducing the local exchange approximation to give the Thomas-Fermi-Dirac model, but

it was not approvable because of its poor results.
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Another model was proposed by Slater in 1951 [102] called Hartree-Fock-Slater, to reform the
Thomas-Fermi-Dirac model, which was based on the study of an improved uniform gas with a
local potential where it has been particularly used in solid physics. However, it was in 1964 that
the DFT really began with the two fundamental theorems, demonstrated by Hohenberg and
Kohn [103]. It was initially designed and applied to solid-state problems, and then expanded to
chemical applications [98]. Later, thanks to Kohn-Sham's approach [104] the theorems of
Honberg and Kohn find an application framework.

111.3.1 Hohenberg-Kohn Theorems
+ First theorem: The total ground state energy of a interacting N electron system in the

presence of an external potential is a unique functional of the electron density.

This theorem highlights a unique correspondence between the external potential and the
electronic density. Since this sets the number of electrons, it also uniquely determines the wave
function and thereby the electronic properties of the system. Thus, for a given system, the

energy is written as follows:

Elp()] = Tlp(r)] + Vee[p(r)] + Vexe [p(r)] (1n.11)
Elp(M)] = Fuklp(M)] + [ p(¥) Vexe (r)dr (1.12)
Fuk = Te[p(r)] + Vee[p(1)] (11.13)

F g is the Hohenberg-Kohn functional containing the kinetic energy and potential energy due
to the electron-electron repulsive interaction.

+ Second theorem : The functional energy is minimal when the electron density coincides

with the true density of the ground state.
This second theorem stems from the fact that the total energy functional of any multi-particle
system has a minimum which corresponds to the ground state. The particle density of the ground
state satisfies:
E(py) = Min E(p) (1.14)

Hohenberg and Kohn have shown that the true density of the ground state is that which
minimizes the energy E(p), and all the other properties are also a functional of this density. The
ground state energy of an electronic system in an external potential is determined by the

variational method.
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111.3.2 Kohn-Sham Equations

In 1965 W. Kohn and L. Sham [104] introduced the notion of a fictitious auxiliary system of N
electrons without interaction, moving in an effective potential instead of a system of N electrons
interacting in an external potential, this is what makes us write the problem in the form of three
interdependent equations, the Kohn-Sham equations:

The first gives the definition of the effective potential in which the electrons immerse:

Veff[p(r)] = Vext + VH[p(r)] + ch[p(r)] (|||.15)
Where:
[p(r)] = f Il; (—rr,3| dr': Hartree potential for electrons

Veelp(mM)] = % Exchange correlation potential

The second uses the effective potential in the N mono-electronic Schrodinger equations in

order to obtain the single-particle (¢;) wave functions:

[‘%VZ + Veff(r)] @i(r) = &¢i(1) (111.16)

With, g; and ¢; (1) are respectively, the energy of a Kohn-Sham orbital and the particle-specific
wave function.

The third shows how to access the density from the N mono electronic functions:

p(r) = Xililei(M)I? (111.17)

This formalism of Kohn and Sham is a practical and powerful tool for the resolution of an
equation involving mono-electronic wave functions, because, equation (111.16) can be seen as
a Schrodinger equation at a particle where the external potential has been replaced by the well-
defined effective potential in equation (I111.15) and can be used to determine the electron density.

111.3.3 Solving KS equations

Determining the fundamental state of the system is then equivalent to solving the Kohn-Sham
equations, in a self-consistent manner, "or Self-Consistent Field SCF", the set of these
eigenvalue equations. Where a starting density is injected into the self-coherent cycle to

calculate the functionals of the initial density, we calculate V, ¢, with equation (111.15) as a

second step, which allows us to solve the differential equation (111.16) for ¢;.
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In the last procedure, the ¢; solutions are reinjected into the equation (111.17) to compute a new
density that allows us to calculate a new potential V(... and so on. The iterative procedure

continues until convergence is reached. The procedures are grouped in the diagram below.

=~

Initial density pgo(r) J

-

Effectif potentiel calculations

Veff('r} = Vext(r:) + VH[P(T)] + ch[.p(r)]

Solving Kohn-Sham equations

Hgs@; = €
1 2 i . i
(=597 + Vay ) bi() = e16hir)

Calculating output electron density

NE
pr) = D |1 2
i=1

Calcul of properties

Figure 111.1. Self-consistent iteration process used to solve Kohn Sham's equations.

111.4 The exchange-correlation functionals

The method of Kohn and Sham remains accurate in its formulation, and all its terms can be
evaluated except that of exchange correlation which is not known exactly.

It is therefore necessary to approximate this exchange-correlation potential to be able to apply
the DFT, because the more precise the knowledge of this potential, the more precisely the
density will be obtained. Here we present standard approximations, which have been widely
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used such as the local density approximation (LDA) and the generalized gradient approximation
(GGA).

111.4.1 LDA approximations

The Local Density Approximation (LDA) was proposed in 1965 by Kohn and Sham [104]
which treats an inhomogeneous system as being locally homogeneous, with an exactly known

exchange and correlation energy:
Ex24[p()] = [ exeDp(@)]d* 7 (111.18)
exc () = 2™ [p()] (111.19)
Where:

hom
Exc

is the homogeneous density of an electron gas that may be constant, but in most cases it
is determined by parametrization procedures such as that of Wigner (1938) [96], Hedin et al
(1971) [105], Vosko-Wilk-Nussair (1980) [106] or even Perdew-Zunger (1981) [107].
The density €,.[p(#)] can be considered as the sum of a contribution of exchange and
correlation:

Exc[p(P)] = ex[p(P)] +e.[p(F)] (111.20)
& [p(#)] is the exchange energy for a homogeneous gas of electrons (Dirac exchange term
[102]):

glp(@)] = _z [3,,_(7)]1/3

T

(111.21)

The correlation energy &.[p(7)] can not be expressed exactly. The approximation of this energy
is established, based on an interpolation of very precise quantum Monte Carlo results on the
uniform electron gas produced by Ceperley and Alder [108].
111.4.2 LSDA approximation:
In the case of magnetic materials, the electron spin provides an additional degree of freedom
and the LDA must then be extended to the Local Spin Density Approximation (LSDA)
approximation where the energy of exchange and correlation becomes a functional of both up
and down spin densities:

ExzP4lpn pu] = [ &xc(@)pr (), pu ()] d°7 (111.22)
111.4.3 GGA approximations
The generalized gradient approximation (GGA) [109] is an improvement of LDA and LSDA
in the point where the electron gas is in its real form, i.e, non-uniform and non-local, which
holds account the inhomogeneity of the electronic density. Therefore, the exchange-correlation

energy depends on the electronic density p(r) and the gradient Vp(r) as follows:
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EgZPp)] = [ p(r) eZé [p@1Vp(r)[1d°r (111.23)
Where €594 represents electron exchange-correlation energy, in a non-homogenously
interacting electron system.
In the case where a polarization of the spins is taken into account, the exchange and correlation
energy is described as follows:

EZEApr(r), pu(M] = [ p(r) e2¢41pr, pu, Vor (), Vpu ()]d®r - (111.24)
Despite the many successes of LSDA and GGA, it can not be said that these methods are perfect
for approximating the exchange-correlation potential.
111.4.4 DFT + U approximation
For highly correlated systems that contain a transition metal or rare earths with d or f orbitals,
partially filled, it is difficult to correctly describe and predict the properties of their excited
states by the L(S)DA and GGA approaches [110]. So to improve the results, an attempt was
proposed by Dudarev et al [111] in the context of the correction of the DFT called DFT + U
(LSDA + U, GGA + U), where U is the effective Coulomb repulsion intra-site between
localized electrons (Hubbard term).
The fundamental principle of this approximation is to add the additional term U to the potential
LSDA or GGA for each orbitals d and f, in order to obtain the good gap and the good magnetic
properties for the magnetic materials. The DFT + U is based on a Hamiltonian, which is called

Hubbard's Hamiltonian (H) and is written in the following form:

Aiusbara = 5 Zmnt o Aot —o + =2 et o mofimt o (111.25)
i, s 1S the operator that gives the number of electrons occupying an orbital of magnetic
quantum number m and of spin o at a particular site. J is the parameter that corresponds to the
exchange energy. U is the spherically averaged Hubbard parameter where;
U=E(") +E(" 1) —2E(d") , this parameter describes the energy cost for placing an
extra electron on a particular site and it depends on the spatial extension of the wave functions
and screening.
Therefore, the DFT+U contains the energy contributions previously accounted for by the
functional DFT. According to the form:

EPFT+U = EPFT 4 Epip — Egc (111.26)
Where, EPFT is the contribution of energy by the standard DFT (LSDA or GGA), Eyyp is the
correction of electron-electron interaction energy and E,;. is the double counting term that

corrects contributions to the total energy included in both EP*Tand Eyy 5.
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The expression proposed by Dudarev et al [111] for the evaluation of energy EPFT+U js as

follows:

Epprev = Eppr + (UZ;DZma(ﬁm,a - ﬁzm’,a) (111.27)
m, a: The number of Kohn-Sham orbital occupancies such as, the total number of electrons for
a given angular momentum and spin.
Finally, the value of U can be determined by three different methods, which are:
> Either from the additional calculations called “constraint LSDA calculations” [112]
» Either from the experimental results.
» By the regular variation from 2 eV to 8 eV.

111.4.5 Modified Becke Johnson Potentiel mBJ

The most commonly used approximations (LDA, LSDA, GGA, and DFT + U) can not
accurately predict the gap energy of semiconductors and insulators, where they underestimate
the value of this energy.

For this, in 2006 Becke and Johnson [113] proposed a version of the exchange potential (BJ).
It was modified and published by Tran and Blaha in 2009 [114] to become the modified Becke
Johnson Potential (mBJ), which makes it possible to calculate the gap energies of the solids

with a better precision. It is written according to the following form:

_ 1 |5 [tg
Vo2 ™I (r) = cVBR(r) + (3¢ — 2);\/; /F((:)) (111.28)
ps(r) = Z?£1|¢i,a(r)|2 Electron density
ts(r) = %Zi"l Vi (Vs (r) Kinetic energy density

The parameter c is given by the following relation:

1

_ 1 VoDl ;3_,\2
c=a+p (Vceuf—p(m d3r ) (111.29)

With: V,,,; is the volume of the elementary cell, o and 3 are two independent parameters whose
values are: o.=-0.012 and p = 1.023 Bohr'/2. These two parameters are obtained according to
an adjustment to the experimental results.

And V28 in equation (111.28) represents the potential of Becke-Roussel (BR) [115] which has
been proposed to model the Coulomb potential created by the exchange hole, and it is given by

the following formula:



Chapter I11: Computational methodology 50

VER(r) = — (1 — e 1 xa(r)e—xa(r)) (111.30)

bg (1)
Where: The term x,is determined from a non-linear equation containing p, (), Vp,(r),

V2p, (1), ts(r), and the term b, (r) is calculated by the following relation:

1
xg_(r)e_xo‘(r):lg

81ps(r)

b,(r) = |

111.5 Full-Potential Linearized Augmented Planewave Method

(IN.31)

The choices made to simplify the resolution of Kohn Sham's equations are based mainly on two
points:

Indeed, different calculation methods have been developed based on the formalism of the DFT.
The choices made to simplify the solving of Kohn Sham's equations are mainly based on two

points:

1- The choice of the wave functions basis to project the mono-electronic Kohn-Sham states,
these bases of wave functions are classified in three types as follows:

» Linear combination of atomic orbitals LCAO

> Plane waves PW

» Linearized augmented plane wave LAPW

2- Choice of the form of the effective potential generated by an infinite number of nuclei or
ions, that is to say, the external potential, where we can cite three forms of the potential:

» The jellium model.

» The pseudopotential method.

» The all electron method

In this manuscript, we are interested only in the description of a single approach implemented

in our "WIEN2K" calculation code: Full-Potential Linearized Augmented Planewave

Method (FP-LAPW).

111.5.1 Augmented Plane wave Method
In 1937, Slater [116] stipulated that the solution of the Schrédinger equation for a constant
potential is a plane wave, with a view of a base that uses functions other than plane waves,

whereas for a spherical potential it is a radial function.
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However to describe the crystalline potential it is necessary to introduce the Muffin tin
approximation, according to this, the unit cell is divided into two types of regions, illustrated in
Figure 111.2, such as:

» The region inside atomic sphere "tin muffin" defined by spheres of radius Ra Rp,
respectively, which do not overlap. The latter is considered as the first region, in which the
potential is spherically symmetrical and the radial solutions of the Schrédinger equation
are employed.

» The second region that describes the remaining interstitial region with basic waveband

expansion and potential is considered constant.

Sphere a

Interstitial region

Figure 111.2: Distribution of the unit cell into atomic spheres a & £ and into interstitial

region.

The two regions are defined by the wave functions S and | respectively for spherical and

interstitial regions as follows:

0s(1) = Yim A U (M Y (1) where r <R, (11.32)

1(r) = =375 L CoelC O where r > R, (111.33)
Where Q is the volume of the cell, 4,,, and C; are the coefficients of development in spherical
harmonics, Y;,,,(r) is the position in polar coordinates inside the sphere. K is the wave vector
in the irreducible Brillouin zone (IBZ), G vector of reciprocal space. The function U;(r) is the
numerical solution of the radial part of the Schrodinger equation with the energy E; written in

the form:



Chapter I11: Computational methodology 52

{_d_Z_I_ Wy V(r) — El}rUl(r) -0 (111.34)

dr? r2
V(r) and E; respectively represents the Muffin-tin potential and the linearization energy.
The radial functions indicated by equation (111.34) are orthogonal to any proper state of the core,
where this orthogonality disappears on the border of the sphere [117, 118]. The overlap of these

is constructed from:

_ U derl dZTUZ
T U2 gp2 1 gr2

(E, — E)rU, U, (111.35)

With U; and U, are the radial solutions corresponding respectively to energies E; and E,.
Slater introduces an approximation, called the muffin-tin approximation (MT), where he
justifies the particular choice of these functions [118-121], presenting the plane waves as
solutions of the Schrddinger equation in a constant potential.

The fact that the representations defined in the expressions (111.32) and (111.34) are continued
on the limits of the MT spheres, is necessary, therefore the coefficients A;,, must be defined
according to the coefficient C of the plane waves existing in the interstitial regions. Where the
latter is expressed as follows:

amil

A, =—-
Im ™ 01/2y,(Ry)

3 Cojt(IK + GIRy)Yim (K + G) (111.36)

Jji is Bessel's function and the origin is taken at the center of the sphere. R is the radius of the
MT sphere.

In this method (APW), the plane waves C; and the parameters of the energy E; are called the
variational coefficients, where the coefficients A;,, are determined from these two coefficients
C; and E;. On the other side, the individual functions indicated by G also become compatible

with the radial functions in the spheres, where we can obtain augmented plane waves (APW).

111.5.2 Linearized Augmented Plane wave Method

The linearized augmented plane wave method (LAPW) [122, 123] was proposed in 1975 by
Anderson [124] in which, he conceives a linearization of the APW method, where this method
was intended to solve the Kohn and Sham equations in order to find the density of the ground

state. In those equations, the energy of each radial wave function at the inside of atomic spheres

MT is linearized, taking a linear combination of the radial functions U;(r), Y;,,(r) and their

derivatives U,(r), Y;,, (), with respect to energy.
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1 .
() = w7z 2 Coe! T "> Ka (111.37)
Zlm[AlmUl(r) + BlmUl(r)]Ylm(r) r < Ra

Where the U;(r)functions have the same determination established in the APW method
(Equation 111.35), B, are coefficients of the same nature as the coefficients 4;,, and they
correspond to the function U;(r), in which the function U;(r), Y;,,,(r) must satisfy the

following condition:

{_(j_:z + 1(l+1) + V(T) —_ El} ’I"Ul(’]") = T‘Ul('r) (“|38)

r2

111.5.3 Full Linearized Augmented Plane wave Method

In the Full Potential Linearized Augmented Plane Waves (FP-LAPW) method [125], no
approximation is made for the shape of the potential or the charge density. They are rather
developed in harmonics of the network inside each atomic sphere, and in Fourrier series in the
interstitial regions. Which is at the origin of the name "Full-Potential".

This method thus ensures the continuity of the potential at the surface of the sphere MT and is

developed in the following form:

i Ve Kr r>R
V@) = { a (111.39)
Zlm Vlm(r)ylm (T) r< Ra
In the same way, the charge density is developed in the form:
Yxpxe™” r> Ry
p(r) = { (111.40)
Zlm plm(r)ylm(r) r< Ra

111.6 WIEN2k package

The Wien2k is a simulating calculation code developed by Blaha, Schwartz and Luitz [126,
127] from the Institute of Chemistry of materials in the Technical University of Vienna
(Austria).
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This code was first distributed in 1990, it has been
continuously revised since then and has undergone
several updates. The versions launched later are named
according to the year of their publication (WIEN93,
WIEN9S5 and WIEN97... WIEN2016... etc.). This
simulation code is a computer program written in
FORTRAN language and works under a UNIX
operating system, it is based on the density functional
theory and method (FP-LAPW). It consists of several
independent programs which are linked by a C-SHEL

script allowing to perform self-consistent calculations

and for each calculation we will specify the important

procedures which are as follows:

111.6.1. Insert of parameters:
In this step, we fill an input file called case.struct (Meaning: material name. Struct) with the
following atomic parameters:

e Type of the crystal lattice.

e The space group.

e The lattice parameters (a, b and ¢ in Bohr or A).

e The angles (0, B and v).

e The atom’s positions inside the cell (x, y and z).

e The radii of muffin-tin (RMT), given in atomic units (radius of Bohr).
111.6.2. initialization:

After having generated this file "case.struct”, we carry out the initialization by the command

“init_lapw” to start several programs and executing in a successive way; these programs are as

follows [128]:

+ NN: It is a program which gives for each atom, the list of its first neighbors and the
distances between the closest neighbors. Thus it makes it possible to determine the
atomic radius of the sphere and checks the overlapping of the muffin tin spheres; the
output file for this program is called cas.output nn.

+ SGROUP: This program makes it possible to determine the space group of the structure

which is defined in the file cas.struct, and all the point groups of nonequivalent sites,
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thus a new structural file is produced with the appropriate type of network called
cas.struct-sgroup.

SYMMETRY: is a program, which lists the symmetry operations of the spatial group
and saves them in the file called "case.struct_st", it determines the point group of the
different atomic locations and highlights the quantum numbers (I, m) for spherical
harmonics materialized in file "case.in2_st".

LSTART: A program, which generates the atomic densities and determines how the
different orbitals are treated in the calculation of the band structure, like core states with
or without local orbitals.

KGEN: generates a k-mesh in the irreducible part of the Brillouin zone (B.Z).
DSTART: this program generates an initial charge density for the SCF cycle “self-
consistent” cycle by superimposing the atomic densities generated in LSTART, the

information will be written in the file “case.clmsum”.

111.6.3. Self-consistent calculation

When the initialization steps are complete, the SCF "Self Consistent Field" cycle processes are

then launched and iterated until the solution converges.

+
+

LAPWO: Generates the potential from the density.

LAPWZ1: Calculates the matrix coefficients of the Hamiltonian in the LAPW wave base
and finds, by diagonalization, the eigenvalues and the eigenvectors.

LAPW?2: It determines the Fermi level, the expansions of valence electron densities
made up of electron densities inside each MT sphere and in the interstitial region.
LCORE: Calculates the core states inside the M spheres, keeping only the spherical
part of the potential.

MIXER: calculates the new electron density by mixing the electron densities of the
core, semi-core states and valence states in order to generate the input density for the
next iteration.

These main calculation steps using the Wien2k code are illustrated in Figure 1.4 below:
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Figure 111.3: Program flow in Wien2k.
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111.6.4. Determination of properties
Once the Self Consistent Field SCF has been completed, several properties can be determined,
including: the band structure, the density of states, the charge density and the optical

properties... etc.



Chapter IV

Structural, optical and electronic
properties of copper oxide CuO

IV.1 Introduction:

Copper oxide CuO is considered one of the oldest semiconductor materials studied since 1920
with the chemical formula CuO. It has attracted the attention of the scientific community because
of its interesting physical properties as a p-type semiconductor and its narrow band-gap energy
(Eg) ranging from 1.2 to 2.06 eV [129]. This semiconducting nature gives it a real importance in
several applications in different scientific and industrial fields such as: such as gas sensors,
magnetic storage media, spintronic [130-134], photovoltaic cells [135,136], supercapacitors
[137,138], lithium-ion batteries [139,141] and photocatalysis [142].

Previous work carried out in several research laboratories has also developed many techniques
and theoretical and experimental methods in order to determine the physical properties of

semiconductor materials.
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Theoretical studies based on analytical models of numerical simulations, among these methods,
the theory of functional density (DFT), based on Ab initio techniques [145,146], which allow to
model solid materials like CuO and to study its electronic structure and its physical properties.
There have been many experimental researches to evaluate copper oxide properties at nanoscale
in different synthesis forms (thin films, nanoparticles...). The synthesis procedure plays a crucial
role in controlling the size, the shape of the nanostructure and hence detecting different properties
of the material. Various methods are used for the synthesis of CuO nanoparticles including sol-
gel [147], solid-state reaction, microwave irradiation and thermal decomposition. Among all the
processes sol-gel method was reported as having many advantageous aspects as pointed out by
Chand & al [147], such as producing materials at ultra-low temperatures, synthesizing almost
any material, co-synthesizing two or more materials simultaneously, controlling the
microstructure, the physical, the mechanical and the chemical properties of the final products
etc..[148].

The aim of this chapter is to present our results on copper oxide according to two parts:

The first part being to present a theoretical study leading to investigate the structural, electronic,
optical properties for CuO supercell (nanoscale approach), which are obtained by means of ab
initio calculations within the framework of the density functional theory (DFT) using the
potential Becke-Johnson modified (mBJ) implemented in the Wien2k code.

The second part we are reporting the experimental approach used in our study for the production
of copper oxide NPs via the sol-gel method through the reduction of copper acetate in water as a
solvent. The as-prepared nanoparticles are characterized by X-ray diffraction (XRD), UV-Vis
spectrophotometer and transmission electron microscopy (TEM). The obtained nanoparticles are
then annealed at different temperatures to study the effect of temperature and particles size on
their morphological, optical and potential photocatalytic properties.

The photocatalytic activity of the obtained NPs examined using the degradation of methylene
blue (MB) under UV and visible light in four different annealing temperature to see how we can
control the photodegradation of the material for each temperature.

V.2 Abinitio study on CuO

The structural, electronic and optical properties of CuO copper oxide have been examined using
the Linearized Augmented Plane Wave (FP-LAPW) method [125] implemented in the Wien2k
code [128] in the framework of the DFT. Non-relativistic calculations were performed.
Generalized Gradient Approximation (GGA) suggested by Perdew, Burke and Ernzerhof (PBE)
is used for evaluating the exchange correlation energy [149] for structural properties, and the

modified Becke and Johnson (mBJ) potential for electronic and optical properties. The latter
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approach is reputed to give good results for the band gap as well as the band structure of the
material. The cut-off vector that defines the separation between heart states and valence states is
-8 Ry. The muffin-tin radius is chosen to be respectively 1.66 a.u, 1.34 a.u for the Cu and O
atoms respectively. The cutoff energy as well as the number of k points, have been optimized so
that the total energy converges with an accuracy of 10° Ry. The electronic configuration of
copper and oxygen are [Ar] 3d104sl and [He] 2s22p4 respectively. For more accuracy with
experimental work, supercell is built containing 46 atoms.

1V.2.1 Structural properties:

The optimized three dimensional (3D) crystal structures of 2x2x2 supercell containing 46 atoms
of Cu and O and primitive cell of CuO containing 6 Cu atoms and 2 O atoms are illustrated in
Fig. X. The optimization is ended by minimizing the energy from the structure with respect to

the volume of the system cell.

Figure IV.1: crystal structure of CuO (a) (2x2x2 supercell) and (b) primitive cell.

The CuO material crystallizes under ambient conditions (temperature and pressure) in the
monoclinic structure [150-153], which belongs to the C2/c space group. The calculations of total
energies according to the volume were carried out in order to have the parameters of the network
and the modulus of compression. These parameters are calculated by adjusting Etot by the

Murnaghan state equation [154] given by the following formula:

E(V) = Eo(V) + | 33","1)] [BO (1-%) (%)B - 1] (IV.1)
Where :

E and V are the total energy and the lattice volume respectively.

E, and V, are the total energy and the lattice volume at equilibrium respectively.

B, and B’ are bulk modulus and its pressure derived respectively.
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The compression modulus is evaluated at the minimum of the curve E (V) by the relation:

d%E

BOZVW

(IV.2)

The variations of the total energy as a function of the volume are shown in the figure (1V.2).
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Figure 1V.2: Variation of total energy as function of volume.

Table IVV.1: Comparison of CuO monoclinic structural parameters

Lattice parameters (A) Interatomic distances ~ Volume (A3)
CuO a(d) bA c@  y@) deu-cu deu-o do-o v
Our work 4.685 3.390 5139 99 54 2.88 1.96 263 81.08
Theoretical results[155] 436 3.86 5.16 99.54

Experimental values[156] 46915 3.4127 52527 9954 2.9 1.95 262

The lattice parameters of the monoclinic copper oxide are compared with experimental results

and other calculations are grouped in Table IV.1.

IVV.2.2 Electronic properties:
IV.2.2.1 Band structure
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The electronic band structure (BS), total density of states (TDOS) and partial density of states
(PDOS) have been used to find out the electronic structure of CuO. The band structure gives
information about the nature of the material; i.e. conductor, semiconductor and insulator.

The density of states (DOS) of a system describes the number of states occupied at each energy
level in statistical and solid state physics [157].

Fig IV.3&4 illustrates the diagram of BS of pure monoclinic CuO obtained by the GGA and mBJ
approximation respectively. Fermi level is indicated by the red line. We can clearly see that there
is a difference between the two calculation methods. From fig IV.3, we can see that three
electronic levels crossed the Fermi surface, which is set at 0, thus there is no energy gap and CuO
is predicted to have a metallic or semi-metallic ground state, Heinemann and Nolan have also
reported a gap value of 0 eV for the pure CuO [173,174].

In the other hand, the band structure calculated by mBJ shows no electronic levels crossed by the
Fermi surface. Our calculated band gap value is energy gap 1.89 eV is also close to the
experimental values between {1.7-3.5 eV} [175,176].
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Figure 1V.3: Band structure of pure CuO obtained by the GGA-PBE approximation.
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16
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Figure 1V.4: Band structure of pure CuO obtained by mBJ approximation.

1V.2.2.2 Density of states:

The density of the states quantifies the number of electronic states having a given energy in the
material considered. In other words, it represents the number of states available to electrons. It is
a function that only depends on energy. The projected total and partial densities of states (DOS),
between —9 and 3 eV calculated respectively by the mBJ method and illustrated in figure IV.5,

the Fermi level is taken as the origin of the energies.
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Figure 1V.5: The total and partial density of states of pure CuO by mBJ approximation.
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The figure reveals that the first valence region is located between [-9.5 eV, -2.05 eV], this region
is entirely composed of a contribution from the 2p and 2d states of oxygen and copper
respectively, this is mainly due to the hybridization between O "p" states and Cu "d" state. The
second valence band is located between [-1.85 eV and 0.02 ¢V]. These are mainly “d” states of
Cu and a small amount of O “p” states. The last region [1.98 eV to 3.16 ¢V] is a conduction band
dominated mainly by the p-O states and the peaks of the d-Cu states. We note that there is no
symmetry between the spin up and down configuration of the state density of the copper element,
which indicates that it is responsible for obtaining an antiferromagnetic structure. These suggest
that the mBJ method proves good agreement with other theoretical results [158-160].

1VV.2.3 Optical properties
It is of great interest to know the different ways in which light interacts with matter in solid state
physics, for example absorption, transmission, reflection, scattering and emission. Studying the
optical properties of solids has proven to be a powerful tool in our understanding of the electronic
properties of materials.
Thus, the DFT makes it possible to calculate all the optical properties, namely the refractive
index, the extinction coefficient, the absorption coefficient, which are deduced from the complex
dielectric function € (o).
1V.2.3.1 Dielectric function & (®):
The dielectric function ¢ () is used to describe the material's linear response to electromagnetic
radiation, which is linked to the interaction of photons with electrons. The dielectric function is
determined by the electronic transitions between the valence band and the conduction band. It is
calculated by evaluating the matrix elements in representation of the impulse.
It brings into play a real part (the dispersive part) and an imaginary part (absorptive part), using
the formalism of Ehrenreich and Cohen, in the form of the following formula:

g(w) =g (w) +1i&(w) (IvV.3)

The imaginary part &, (o) is given by the following relation:

Ime(w) = &,(w) = == Xyl< iIMlj >* x (1 - £))8(E — E; —ho)d®k  (IV.4)
M represents the matrix elements for the transitions between the valence band and the conduction
band, with e and m are the charge and the mass of the electron respectively. w is the frequency

of the incident photon, £; is the Fermi distribution function for the i"" state, E; the energy of the
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electron in the i state; i and j are initial and final states, respectively.
The imaginary part €,(®) of the dielectric function depends on the electronic transition at the
origin of the absorption.

The real part £, (®) of the dielectric function can be obtained from the imaginary part €,(®) using

the following Kramers-Kronig relation:

£1(w) = 1+ 2 [ 2l@)ed’ (IV.5)

0 ® 1)

Figures 1V.6 (a,b) show the evolution of the imaginary and real part of £(w) respectively in the

energy range [0-13] eV, obtained by the mBJ method.
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Figure IV.6: Imaginary part (a) and real part (b) of the dielectric function.

The imaginary part of the dielectric function is directly linked to the electronic band structure in
a material.

Analysis of the peaks in this section for copper oxide (CuO) reveals threshold peaks at 3.04 eV,
in agreement with the others theoretical results [158-160]. We also note the existence of another
peak near 7.54 eV, these peaks are mainly due to the transition of the electrons from the Cu '2d
orbitals 'and O' 2p ".

The Figure shows a high intensity peak around 2.62 eV. The intensity of &;(®) begins to increase
with energy until reaching peaks at 7.02 eV then decreases until crossing zero at 9.41eV.
IVV.2.3.2 Absorption coefficient a(o):

The absorption coefficient a(w) characterizes the part of energy absorbed by the solid. It
determines how far light of a particular wavelength can penetrate a material before it is absorbed.
The absorption coefficient depends on the material and also on the wavelength of the light that

is absorbed. The absorption function can be calculated by the following relation:

21w ~Re(e(@))+ [£(@)]
C

a(w) = >

(IV.6)
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The evolution of the absorption coefficient is shown in Figure IV.7. We notice that the absorption
starts from the energies 1.92 eV. The absorption coefficient begins to increase until reaching a
first maximum at 3.1 eV, then another for energies 5.39 eV, then, it begins to decrease until
reaching a minimum for an energy of approximately 6.37 eV. We also note that the maximum
absorption is located in the energy range [6.7-11 eV].
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Figure 1V.7: The absorption coefficient.

1VV.2.3.3 Optical conductivity ¢ (®):

The term "optical conduction” means electrical conduction in the presence of the electric field
included in light. The real part of the optical conductivity is calculated according to the following
relation:

Reod(w) = %Im e(w) (IV.7)

The variation of the optical conductivity is shown in the figure (IV.8).
From Figure (1V.8), the optical conduction starts from the energies of about 1.81 eV. This value
represent the optical energy gap and arrives at a maximum level for 3.04 eV. Indeed, in the region
[1.32-6.65 eV], it reach a minimum at 6.3 eV then it begin to increase again to arrive at another

maximum greater than the first at 8.67 eV.
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1V.2.3.4 Refractive index n (®):

When designing optoelectronic devices, one always needs to know the spectrum of the refractive
index [161], which can be obtained from that of the dielectric function.

The propagation of a light beam through a translucent medium is described by the refractive
index n, this latter is defined by the relationship between the velocity of light in free space ¢ and
that in the medium v according to the relationship:

C
The refractive index depends on the frequency of the light beam, this effect is called dispersion.

The refractive index n (o) is calculated by the following relation:

1/2
/£%+£§ + &
n(w) = — (IvV.9)

The refractive index represents the dispersion behavior of the material. Its evolution is shown in

the following figure:
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Figure
IVV.9: Variation of Refractive index spectra as a function of energy (eV) of pure CuO.

Indeed, the refractive index could be linked to the static dielectric constant by n (0)= Ve, (0)
[162].

According to the figure (1V.9), the spectra begin to increase until reaching a maximum at 2.87.
The refractive index begins to decrease to a minimum, at energies 5.59 eV, then they increase
for another maximum to 7.07 eV, in this case, the intensity is higher, the spectra decrease until it
crosses 1, from this minimum, the variation of the index of refraction is low and therefore the
dispersion is very low. We note that the dispersion phenomenon is very important in the visible
spectrum region.

IV.2.3.5 Reflectivity R(o):

The reflection phenomenon which occurs at the front and rear surfaces is described by the
reflection coefficient which represents the ratio between the energy reflected and the energy
incident on the surface. It can be determined from the real and imaginary parts of the dielectric
function, given by the following relation:

1-n(w) 2
1+n(w)

R(w)=| (IV.10)
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Figure 1VV.10: The reflectivity spectra of CuO.

Figure 1V.10 illustrates the reflectivity spectrum of copper oxide CuO.

Reflectivity represents the amount of energy reflected relative to the incident energy. The static
values of the reflectivity are 0.1. It begins to increase until reaching maximum values of 3.02 eV.
The average values of the reflection coefficient in the visible spectrum region as well as in the
[7-13 eV] region show that the material is semi-transparent in this energy region. We note that

the maximum reflection occurs when &; (w) goes towards negative values.

IVV.3 Experimental study: Effect of annealing temperature on CuO NPs properties

IV.3.1 Synthesis protocol of CuO NPs

IV.3.1.1 Precursor used:

The quality of the powders produced by the sol gel route depends closely on the properties of the

precursors used.
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Figure 1V.11: Structure of copper (I1) acetate hydrate; Atoms: Cu-pink, O-red, C-black, H-
white, taken from [163]

The precursor used in this study is copper acetate monohydrate, a chemical compound with the
formula [(Cu(CH3COO0)2),H.0], an hydrated derivative form of copper acetate, which is used as
an important reagent for the synthesis and production of various inorganic and organic
compounds among them the copper oxide in its two forms CuO(Il) and Cu20(l).

The properties of the precursor are listed in Table IV.2:

Table 1V.2: Copper (I1) Acetate Monohydrate Properties [164]

Compound Formula C4HsCuOs
Molecular Weight 199.65
Melting Point 115°C
Boiling Point 240° C
Density 1.88 g/cm® at 20° C
Solubility in H20 Soluble in water (72 mg/ml at 20° C)
Solubility Soluble in alcohol, slightly soluble in ether and glycerin.

1VV.3.1.2 Preparation of the solution:
For the synthesis of CuO nanoparticles in the sol-gel process, 1.98 g of (Cu(CH3COO)., H20)
as a precursor were dissolved in 100 ml of water and stirred for 1 hour to get a homogenous

solution. Then 0.8 M of NaOH was added to this solution maintained at 60°C under constant

stirring during 2 hours.
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1V.3.1.3 Centrifugation treatment:

To separate the solid phase from the liquid of the solution, the obtained black precipitate is
centrifuged at 5000 rpm during 40 min, washed twice with distilled water, once with absolute
ethanol to remove all kinds of impurities.

1VV.3.1.4 Drying of powders:

Drying is a low temperature heat treatment to evaporate the solvents trapped in the structure of
wet powders. Conventional drying is carried out at atmospheric pressure, either at room
temperature or in an oven (but always at a temperature below the boiling point of the solvent).
In our study, the powders obtained after filtration (centrifuged) were dried at 50 °C for 18 h in
air.

1V.3.1.5 Heat treatment:

It appears necessary to thermally treat the raw powder in order to obtain crystallized
nanoparticles. So in order to evaluate the effect of the temperature on their different physical
properties, the samples were annealed under four different on temperatures: 200, 400, 600 and
800°C respectively. For all reactions, the copper acetate, NaOH concentrations, temperature and

time of the reaction were maintained constant.

e
e

Figure 1VV.12: Schematic representation of the CuO NPs production stages by the sol-gel route.

1VV.3.2 Characterization methods
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The obtained powders were characterized by X-Ray Diffraction with the use of the Panalytical
XPERT-PRO powder diffractometer with the Cu-Ka radiation. The Rietveld refinement was
performed using MAUD (material analysis using diffraction) software. The Rietveld routine was
performed in the 20 range from 10° to 90°, using an angular step of 0.03°/min and exposure time
of 3s. The morphology of the prepared CuO nanoparticles was carried out using the FEI
Transmission Electron Microscopy (TEM, Tecnai G2 12 TWIN, 120KV) with a LaB6 filament.
The UV-Visible absorption spectra were recorded using the UV-Visible Perkin Elmer
spectrophotometer (Lambda 900), we added Powders into the water and sonicated in an ethanol
bath for 10 min to form a homogeneous suspension with the concentration of about 0.1g/5ml.
IVV.3.3 Photocatalytic activity

The activity of the annealed CuO NPs was evaluated using methylene blue (MB) under a UV-
source functioning as a lamp of the spherical shape of 125W A-B-C (200-600 nm) irradiation.
A solid sample (200 mg) was preliminary dispersed in 100mL of a dye solution (10 mgL—1).
Before UV irradiation, an adsorption-desorption equilibrium is establishing by stirring during 10
min, based on the kinetics studies shown in (Fig. IV 19), the solution is then, exposed to UV light
under magnetic stirring. At each selected time, the suspensions is centrifuging at 14000 rpm for
15 min, and the supernatants are stored in the dark. The concentration of dye remaining in
solution C (mg.L—1) is measuring by using a UV-visible spectrophotometer (PerkinElmer
Lambda I1).

IV.3.4 Results and discussion

I1VV.3.4.1 Structural properties

X-ray diffraction measurements were carried out to study the crystal structure and crystalline
quality. (Fig 1V.13) represents the XRD patterns of synthesized CuO nanoparticles annealed at
200, 400, 600 and 800 °C, respectively.

It is clear that the intensity of crystalline peaks increases with the increase in temperature
indicating the improvement in the crystallinity of samples. Simultaneously, the peaks became
narrower as the temperature increase showing the increase in crystallite size and a decrease in
the full width at half maximum (FWHM), which indicates a possible change in the grain size of
CuO [165,166] that can be well seen from (Table IV.3). In addition, this decrease in the (FWHM)
values with the growing temperature indicates the enhancement of the crystallite size of the CuO
nanoparticles.

Further, it can also be seen that the major peaks (002) and (111) located at 26 values, see (Table
IV.3) correspond to the characteristic diffraction of monoclinic phase of CuO (JCPDS NO-65-
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2309), which concurs Hemanth et al. [148], XRD results thus confirm synthesis of pure and well

crystalline CuO nanoparticles without any impurity.
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Figure 1V.13: XRD patterns of CuO NPs, at different Temperature

Particle size can be calculated by Debye- Scherrer’s formula,

D =K.A[Bcosb (IvV.11)
where D is the diameter of the crystallite size, K is the shape factor (the typical value is 0.9), 1
is the wavelength of the incident beam, B is the broadening of the diffraction line measured in

radians at half of its maximum intensity (FWHM), and 0 is the Bragg’s angle [167].

Table 1V.3: FWHM values for the two major peaks and particle size values of annealed CuO

samples.
Temperature (hkl) 20 FWHM  Particle size (D) Particle size from TEM

o 002 35.35 0.3296
200°C 111 3869 0.8378 5.45nm 9.84nm=+1.02

002 35.62 0.3296
400°C 111 3881 0.4615 19.35nm 53.41nm+1.77

o 002 3545 0.2637
600°C 111 3863 0.3296 68.07nm 131.55nm+3.67
002 3567 0.2637

800°C 111 3888 0.2637 172.33nm 188.33nm=2.76

The structural parameters for all the calcined samples were refined using Rietveld refinement

method, and are given in (Table 1V.4). All the CuO nanoparticles were crystallized in the
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monoclinic (tenorite) structure with a space group of C2/c (No.15). The observed lattice
parameters agree well with the reported data in the standard JCPDS mentioned before. An
example of the observed, calculated and the difference refined XRD patterns of samples annealed
at 800°C are shown in Fig. IV.14. There is good agreement between the observed and calculated
patterns. Further, there is no appreciable change in the lattice parameters of low-temperature

calcined samples.
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Figure 1V.14: Rietveld refinement patterns of X-ray diffraction data for CuO NPs annealed at
800°C.

Table 1V 4. Rietveld refined structural parameters for annealed CuO nanoparticles.

Refined R-Factors Lattice parameters
Annealed samples
RWP Rexp RBragg a b C B
200°C 13.729 3.215 8.602 4.6869 3.4306 5.1361 99.298
400°C 10.269 4.123 7.847 4.6808 3.432 5.1336 99.32
600°C 13.62 3.6 9.07 4.68 3.42 5.1331 9941

800°C 11.33 4.068 5.504 4.69 3.42 5.13 99.49
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1VV.3.4.2 Morphological studies

(Fig IV.15) (), (b), (c) and (d) exhibit TEM images and size distribution of CuO nanoparticles
annealed at 200°C, 400°C, 600°C and 800°C respectively. As observed from the figure above,
the CuO NPs, which were annealed at 200°C and 400°C, are spherical, self-assembled and
consisting of particles with unfortunate fusion and aggregation. As the annealing temperature
increases to 600°C and 800°C, the sizes of particle are no quite uniform compared with
temperatures of 200°C and 400°C as observed from the TEM results, the particles size are not
small anymore and begins to agglomerate and becomes larger than those of lower annealing
temperature.

This increase of NP’s size with calcination temperature is mainly caused by the agglomeration
of particles, which means that at raised temperatures, the atoms possess enough energy (the
energy needed for oxide molecules to assemble into crystals). Therefore, this energy is
communicated to the system by increasing the temperature. Therefore, the molecules are allowed
to immigrate towards steady positions and as a consequence, the intensity of peaks and grains
size increase.

The histogram of TEM image of CuO NPs confirms that the particle sizes of NPs lie in the range
(9-189 nm) (Fig 1V.15), which is in good agreement with those calculated by the Scherrer-Debye
formula from the XRD analysis, see (Table 1V.13). The size distribution was obtained by
measuring each particle diameter. The random orientation of particles allows for a statistical
measure of the size distribution to be generated, and the mean value is calculated for each

distribution.
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Figure 1V.15: TEM images and particle size distribution of CuO NPs annealed at a) 200°C, b) 400°C,
¢) 600°C and d) 800°C respectively.
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I1VV.3.4.3 Optical properties

The optical properties of CuO nanoparticle are determined from absorbance measurements from
UV-Vis spectrophotometry in the range of 250-1000 nm. The optical absorption spectrum was
used to characterize optical absorption properties of obtained CuO samples [168]. Figure IV.16

shows the UV-Vis absorption spectra of the samples annealed at different temperatures.
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Figure 1V.16: Variation of the absorption coefficient of CuO nanoparticles as a function of

wavelength.

1VV.3.4.3.1 Determination of the Band gap value
The band gap Eg, can be estimated from the absorption spectra by using the relation (Willardson
and Beer):

(ahv) = A(hv — Ep)" (IV.12)
Where E, is the gap energy of the material, v is the frequency of the incident radiation, h is
Planck’s constant, a is the absorption coefficient in cm™. A, is a constant related to the material
and the matrix element of the transition, and n is a coefficient depending on the nature of the
transition (n = 1/2 for the direct allowed transition or 2 for an indirect transition).

The absorption coefficient is obtained using the relation
1
a.d=1n(3) (IV.13)
Where the transmittance T is calculated from the measured absorbance using the Beer-Lambert
law,

‘d’ represents the path length of the wave in centimeter (1cm) 13.
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The linear relationship was obtained by plotting (ahv)? against photon energy (hv). (Fig IV.17)
represents (ahv)? versus hv plots indicating that the absorption edge was due to a direct allowed
transition. The line fit to the (ahv)? versus hv plot is obtained by fitting a straight line to the
linear portion of the curve. The value of optical band gap was determined by extrapolating the
values of the coefficient of absorption a to zero. The values of the band were found to be 3.83
eV, 3.3 eV, 2.56 eV and 2.25 eV for the temperatures 200, 400, 600 and 800 °C respectively, as
(Fig 1V.17) shows.

(Fig 1V.18) shows the variation of band gap and grain size with temperature, based on it, it is
clear that the band gap decreases with the increase in temperature while the grain size increases.
It has been observed that the band gap was maximum (3.83 eV) when the grain was minimum
(9.84 nm) at 200 °C while it was minimum (2.25 eV) with a grain size of 205 nm at 800 °C.
Our results indicate a slight blue shift in the direct band edge as the particle size is reduced. Such
a blue shift has also been reported in the literature for CuO quantum dots [169] where the blue
shift has been attributed to the quantum confinement effects of nanoparticles [170].

The observed increase in the direct band gap values of CuO with the decrease in NNPs size is

attributed to the quantum confinement effect [170].
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Figure IV.17: The plot of ahv2 vs photon energy for 200, 400, 600 and 800°C respectively.
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Figure 1V.18: The variation of band gap and grain size with temperature

1VV.3.4.4 Photocatalytic activity

For the investigation of the possible mechanism of adsorption between samples (CuO NPs) and
MB, the kinetics of the photodegradation reaction was studied using the Lagergren pseudo-first
order kinetics model [171]:

The amount of MB adsorbed at equilibrium was calculated by using the following equation

(IV.15) and represented in (Fig 1V.19-a):
q =2y (IV.15)

¢ m
Where C, and C, are the initial and final concentration of MB in the solution (mg/L) respectively,
gt(mg/g) is the amount of MB dye absorbed, V is the volume of MB dye in ml and m is the initial
mass of CuO catalyst used (mg).

The pseudo-first-order and second order Kinetics equations are given as follows:

In(qe — qo) = In(qe) — 2=t (IV.16)

2.303

t__1 4t
e kz0e® Qe
Where, q. and q, are the amount of the dye adsorbed on the adsorbent (mol/g) at equilibrium

(IV.17)

and time t, ki is the rate constant (min') representing the pseudo-first-order kinetics, and k, is
the adsorption of pseudo-second-order rate constant (mol/g.min). The pseudo-second-order
adsorption kinetic plot is shown in (Fig 1V.19-b), the correlation coefficient obtained R? is
0.99141 i.e., close to 1 which shows that it follows a pseudo-second-order reaction and which
indicates that the equilibrium was established between MB dye and CuO NPs within 10 min.



Chapter IV: Structural, optical and electronic properties of copper oxide CuO 80

104
|
8- D —
v
6 -
4 4 —&— 200°C
— 400°C
_ —albe— G00C
24 v — 800°C
04
T T T T T ' T M | N | M |
0 3 10 15 20 25 30
Time(min)

Figure 1V.19-a: amount of MB adsorbed on annealed CuO NPs.
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Figure 1V.19-b: Kinetics of methylene blue adsorption on annealed CuO NPs.

Figure 1V.20 shows the linear plots of C/CO versus time for the photodegradation of MB on the
CuO NPs samples annealed at 200°C, 400°C, 600°C and 800°C under visible light after 400 min
illumination.

The absorption spectra of the samples were recorded by measuring the absorbance at 664 nm
corresponding to the maximum absorption wavelength of MB with UV-visible absorption
spectroscopy. The concentration of MB is proportional to the absorbance of MB according to the

Beer—Lambert law, so the degradation efficiency of MB can be calculated by:
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R(%) = ===+ 100 = 2=+ 100 (IV.18)
0

0

where Ag, 4, and C,, C are the absorbance and concentration of MB when the reaction time is 0
and t, respectively.

The results show that the photocatalytic activity of the samples depends on the temperature that
means in another term, the NPs size. It was found that almost 60.75%, 68.3%, 75.89%, and
80.03% of methylene blue dye were degraded after 540 min UV illumination for samples
annealed at 200, 400, 600, 800°C respectively. It is obvious that the photocatalytic activity of
CuO samples annealed at higher temperature (800°C) have better photocatalytic activity, and this
could be associated with their big particles size, so naturally exhibiting large specific surface
sites which have been exposed for dye molecules, compared to those annealed at lower

temperature, small particles size, smaller surface area.
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Figure 1VV.20: Photodegradation of MB on CuO NPs annealed at 200, 400, 600 and 800°C

V.4 Conclusion

In the first part of this chapter, we studied the electronic, structural and optical properties of pure
CuO using the generalized gradient approximation GGA and the mBJ approach. We’ve
calculated the value of the gap energy of pure CuO, the band structure, the density of states, the
dielectric function, the reflectivity, the refractive index, the absorption coefficient and the optical
conductivity, the results which were obtained are in good agreement with the other theoretical
and experimental results. In the second part, CuO NPs were synthesized by sol-gel combustion
method. X-ray diffraction measurements revealed that the crystallite size, lattice parameters and

crystallinity of CuO nanoparticles have enhanced with the elevation in annealing temperature.
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TEM analysis indicated that the grain size evaluates proportionally with the evolution of
temperature, which was well confirmed by XRD results. UV-Visible analysis indicated also that
by reducing the NP’s size the band gap raise to the higher values which was well confirmed in
other way by Jin Zhong Zhang that when reducing in NP’s size, the density of states becomes
more quantized [172], (effect of reducing temperature, lack of excitement for the electron), so
increasing in the band gap. On the other hand, the optical band gap of the CuO nanoparticles was
found to be higher as compared to a bulk value indicating a blue shift of band gap, which has
been attributed to the quantum confinement effect. Photocatalytic degradation of methylene blue
was carried out the as-synthetized nanoparticles at four different annealing temperatures under
visible light irradiation. The results have shown that the photocatalytic activity of the samples
depended on the annealing temperature that they endured, so in our experiment, the
photodegradation efficiency was promoted by increasing the annealing temperature so by
augmenting the CuO NPs size.



Chapter 'V

Electrochemical study on
CuO/Pt-T102 composite

material

V.1 Introduction

TiO2 has been one of the most extensively studied metal oxides because of its remarkable optical
and electrical properties and its potential utilization as low cost material for Photocatalysis
[177,178], photovoltaic cells [179], dye sensitized solar cells (DSSC) [180], gas sensors [181]
and energy storage devices [182]. Due to the wide band-gap (Eg = 3.2 eV), it is believed that
TiO2 behaves as a very attractive material for the development of optoelectronic devices, such
as light emitting diodes [44], and photodetectors. However, this advantage could limits the
application of visible light [183], since it can only show photocatalytic activity under UV light
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irradiation (A < 387.5 nm) that accounts for only a small portion of solar energy (approximately
5%), in contrast to visible light for a major part of solar energy (approximately 45%). Such
fundamental limitation is occurring also for the electrochemical due to the limited conductivity
[8], which is also due to the wide energy gaps of TiO2 phases, that makes the material rather
ineffective for most potential applications. Therefore, many researches were done to find optimal
solutions for this limitation, including reduction of the energy gaps by doping with both transition
metal [185-187] and nonmetal dopants [188,189]. Transition metals exhibits a unique d
electronic configuration and spectral characteristics, which make the transition metal doping, the
one of the most effective approaches to extend the absorption edge of TiO2 to visible light region.
Which either inserts a new band into the original band gap or modifies the conduction (CB) or
valence band (VB), improving the photocatalytic activity of TiO2 to some degree [190-192].
Transition metals doping methods have become hotspots of the research on TiO2 compound
since that introducing these impurities could generate donor or acceptor states in the band gap
and thereby increase the concentration of charge carriers. Consequently, numerous research
efforts concerning the doping or modification of TiO2 material have been made to eventually
improving its properties. Although, copper oxide Cu(l)O, as was discussed previously, a
semiconductor with a narrow band gap of 1.7 eV and has long been known for its catalytic
capabilities and have promising applications in many fields including catalyst, lithium ion
batteries and gas sensor [193,194], was reported alone, having a specific capacitance less than
100 F.g1 [195].

It is worth mentioning that improving electrical conductivity of electrode materials and
advancing its surface material would help to enhance its electrochemical properties. So far, TiO>
nanotubes TNTs based composite materials have been used widely for electrochemical capacitor
applications [9]. Therefore, TNTs conductivity substantial improvement is needed for
supercapacitor electrode materials because of its limited conductivity [196]. For instance, Yan &
al found that noble metals like gold, silver, and platinum, exhibit high conductivity and can
facilitate effective transport of electrons that arise from the oxidation/reduction of
pseudocapacitors to the current collectors [197].

Due to the unique advantages of Pt, these metals facilitate and orient numerous chemical
reactions by their mere presence or their high catalytic ability and power. The presence of the Pt
nanostructures as catalysts entails having major possible active surface, which can deliver a

maximum possible number of catalytically active sites [198], which makes it possible to improve
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the conductivity of electrons and ions and consequently gives a higher reversible capacitance at
a high rate. Although their scarcity and expensiveness, it has proved that, their integration with
other sustainable and inexpensive materials makes it possible to optimize their properties and
minimize their consumption [197]. In addition, Platinum is characterized by its chemical stability
against oxidation, its resistance to corrosion and its high durability and lifespan, which allows
the electrode to operate more efficiently over a longer period [199]. Therefore, combining these
interesting properties by elaborating CuO/Pt-TiO. (CPTNTS) composite, results in durable
electrodes with an appreciative electrochemical performance, cyclic stability as well as lower
value of charge transfer resistance. At last, to give a theoretical and more rational aspect to this
work, density functional theory-DFT-was used to investigate the electronic properties for the
TiO2 and (Cu, Pt) co-doped TiOa.

In this chapter, detailed results and discussion related to the characterization of CPTNTs
composite material are presented to emphasize the possibility to fabricate Pt-TiO2 Nanotubes
(PTNTSs) as a current collector, the introducing of CuO nanoparticles into the system will be also
discussed to explore then its electrochemical and conducting properties. Additionally, first-
principles calculations were employed to investigate in detail the structural, electronic, optical
and transport properties of Cu and (Cu, Pt) co-doped TiO2, to understand further its
electrochemical behaviors. These results obtained throughout this study were able to demonstrate
that this new and firstly reported nanocomposite is a noticeable candidate for high performance

supercapacitors.

V.2 Synthesis and elaboration of CuO/Pt-TiO2 (CPTNTSs) material

V.2.1 Preparation and surface treatment of Ti substrates

Titanium foil was primarily cut into small rectangular pieces of 2 x 1 cm?, as shown in Fig. V.1,
and cleaned via ultrasonication in ethanol and acetone then rinsed with DI water, and finally
dried with a hair dryer.

V.2.2 Anodic oxidation (growth of TiO2 NTs):

The electrochemical anodization was conducted in a two-electrode system using a DC power
supply (K. Source Meter 2400, Keithley Instruments), with the Ti substrate as working electrode
and steel foil as the counter electrode, under a constant 60 V anodic potential for an anodization
time of 2 h at room temperature (25 °C). The electrolyte consisted of (35; 55; 10 wt. %) of
ethylene glycol, glycerol and H2O respectively with 0.4 M of NH4F.
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In order to convert the amorphous phase to the crystalline phase (anatase phase), the samples
were heat-treated for 60 min at 300 °C in air.

V.2.3 Platinum sputtering on TiO2 NTs

Platinum nanoparticles were loaded on TiO2 NTs by DC magnetron sputtering (DC-MS)
deposition method.

The deposition was performed in a sputter coater (Sputter coater Emitech K575X) under an argon
work pressure of 2.0 Pa at room temperature, with a discharge current of 40 mA for a time rate
of 30 s. The TiO2 NTs surface was located at a distance of 40 mm from the Pt target. The control
of deposition rate was performed in situ by the optional 10454 consisting of a controller and
quartz crystal oscillator built into the Q150T device system.

Figure V.1: K575X turbo Sputter Coater used for Pt NPs deposition

V.2.4 Electrochemical deposition of Cu NPs and thermal oxidation

In order to electrodeposit the Cu NPs into the as obtained Pt-TNTs oxide electrode, an
electrochemical deposition was done in a conventional two-electrode system in 0.1 M CuSO4
and 3 M lactic acid aqueous solution. The concentrated lactic acid plays a role for the copper ions
stabilization [67]. Then, the pH of the solution was adjusted with NaOH. A pulsed galvanostatic
mode was rationally chosen, by applying 50 mA/cm? within 30 cycles to get a uniform
deposition. In order to investigate the effect of oxidation of copper, thermal oxidation was done
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by annealing sample at 400°C in 90 min to oxidize then copper into copper oxide and to get the
CuO/Pt-TiO2 composite material.

Cu deposition

IIm) ‘
Magnetron sputtering
TiOz2NTs F
‘
m
Ti foil Anodization
n

Figure V.2: Schematic representation of synthesis of Cu/Pt-TiO2 NTs composite material
(CPTNTS).

V.3 Physicochemical characterization of (CPTNTS) electrode material:

The surface morphology and microstructure of the as synthetized materials were determined
using a high-resolution scanning electron microscope (SEM, Ultra Plus, ZEISS, Germany),
equipped with an energy dispersive X-ray spectroscopy package (INCA, Oxford, UK) to identify
and quantify the nature of the chemical elements present in the sample. X-ray diffraction
measurements (XRD, X’Pert Pro diffractometer PANalytical, Holland) as well as Raman
scattering (Raman microscope, Senterra, Bruker, Germany) were carried out to determine the

crystalline structure and phase behavior of the material.

V.3.1 X-ray diffraction analysis

XRD patterns of the TNTs and CPTNTs are shown in Fig.V.3 a, the anatase phase of TiO2
appears to be present in both of the samples, according to (JCPDF PDF 075-2550), which are
assigned as A. The peaks, which are centered at 26 values of 40.05, 52.87, and 70.05, comes
from Ti metal substrates, and they are presents in each of the samples. The CPTNTSs exhibits few
additional peaks located at 35.57, 38.32, 39.06 belonging to (—111) (111) and (200) planes which
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correspond to the CuO (JCPDS PDF 089-5897), and the peak appearing at 35.12 hkl (311) is that
of platinum (JCPDS no 070-2057).

V.3.2 Laser Raman spectroscopy

The Raman spectra (Fig. V.3b) exhibits five characteristic peaks, the intense one that is located
at 151.5 cm™! is assigned as Eg peak along with 202.8 and 614.24 cm™* are as low intense Eg,
one Blg peak appears at 383.3 cm ™! and the (Alg + B1g) peak appear at about 514.51 cm™
which corresponds to the anatase phase. The symmetric stretching, the anti-symmetric bending
and the symmetric bending vibrations of O-Ti—O are the origins of the Eg, Alg and B1g active
modes, respectively [204].

CuO (I1) oxide belongs to the C$, (C2/c) space group ascribed to the structure of the tenorite,
with two molecules in the primitive cell. As reported before, by Chrzanowski and Irwin [205],
there are 12 vibrational modes at the zone center, which are scattered in the network as follows:
I'=4Au + 5Bu + Ag + 2Bg , the Ag + 2Bg are the only Raman active modes.

It can be seen from the Raman spectrum for sample CuO/ Pt-TiO2 composite represented in Fig.
V.3 b, that the 3 peaks which corresponds to 280.6, 329.73 and 620.84 are assigned to Ag and
two Bg vibrational modes, these wavenumbers are almost close to those reported in the literature
(288, 330 and 621 cm — 1) by Xu et al. [206].
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Figure V.3: (a) XRD spectra of a TNTs and CPTNTs composite, (b) Raman spectrum of
CPTNTs.

V.3.3 SEM & compositional study (EDX)
The SEM images reveals that the nanotubes pores opening are almost circular in shape as

observed from the top and cross section view of TNTs, Fig. V.4 (a-c) and they are vertically
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oriented from the surface of Ti metal substrate with tubular channels. The average size of the
NTs is 60-70 nm in width with around 2.7 pm in uniform length. Elemental composition of these
nanotubes show the presence of Ti and O species along as shown in Fig. V.4 d, also the weak
appearance of F peak is maybe due to the presence of F~ ion from NH4F in the anodization
electrolyte. Since their tubular channels offer a rigid support structure to permit a feasible loading
of various designated electroactive materials, few amount of Pt nanoparticles were loaded
uniformly in TiO2-NTs, constituting a hyperfine layer over the entire TiO2-NTs network. On the
other hand, this layer contributed to the growth of CuO NPs on its surface during the
electrochemical deposition.

The CuO nanoparticles deposited onto the inner surface and interface of the Pt-sputtered TNTs
are shown in Fig. V.4 (e-h). Figure V.4 e-g, represents the top view as well as the corresponding
cross-section of SEM images, it should be mentioned, that the CuO nanoparticles are dispersed
uniformly all along the material lattice, within uniform shapes, suggesting the effectiveness of
the preparation method of this composite. EDS results, presented in Fig. V.4 h, confirms the
presence and the distribution of copper, platinum, titanium and oxygens atoms that integrate the

material.

Y e\ 2 3 4 5 & 7 8 9 10

Element Weight% Atomic%
0K 2235 41.92

FK 3.93 9.10

TiK 73.72 48.98

Totals

Element | Weight% | Atomic%
0K 2081 | 5917
TiK 46.64 | 30.92
CuK 1804 | 002
PtM 3.5l | 0.90
Totals 100.00

Figure V.4: (a-d) SEM images of TiO2 NTs (TNTs) and (e-h) CuO/Pt-TiO2 (CPTNTS)

composite.

V.3.4 TEM transmission electron Microscopy

1 2 3 4 5 [} 7 8 9 10



Chapter V: Electrochemical study on CuO/Pt-TiO2 composite material 90

TEM images shown in Fig. V.5 a, b confirms the alignment of the TiO2 NTs and could confirms
the inner shape of the nanotubular structure of these nanotubes, which is in accordance with the
above SEM Results. We could clearly observe the uniformly distributed CuO nanoparticles with
a small average diameter of 30 nm on the inner surface of the Pt-TNs, as depicted in Fig V.5.
The inner diameter of the CuO coated on Pt/TiO2 nanotubes decreased compared to the pristine
TiO2 nanotubes owing to the uniform deposition of the CuO on the surface of the TiO2
nanotubes. TEM and SEM imagery results, both agrees with the as-found results see Fig. V.4 (e-
h).

V.3.5 XPS spectroscopy

Results of X-ray photoelectron spectroscopy (XPS) are shown in Fig. VV.5. The typical peaks of
Ti 2p, Ols, Cu 2p, and Pt 4f in the survey spectrum can be, clearly seen in Fig. V.6 a.

The peaks located at ca. 458.5 and 464.2 eV corresponds to the titanium peaks of Ti 2p3/2 and
2p1/2, respectively (Fig. V.6 b), which confirms the presence of Ti** ions in the lattice [207].
The other peak O1s located at 532 eV represents the lattice O anions bonding to the metal
cations in the Ti—O bond [208, 209].

The high-resolution Cu2p spectra are shown in Fig. V.6 c. The peak at 933.2 eV is attributed to
Cu2p3/2, whereas the peak at 953.61 eV is corresponding to Cu2pl/2, indicating the existence
of CuO nanoparticles with the +2 oxidation state of Cu [210]. In addition, satellite peaks of
Cu2p3/2 and Cu2pl/2 were observed as peaks (S1) and (S2), respectively, characteristic of a
partially filled d-orbital (3d° in the case of Cu?*) [211].
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Moreover, in Fig V.6 d, the binding energies located at 70.6 and 74.0 eV are the peaks of Pt0
4f7/2 and 4f5/2, as well the peaks located at 71.5 and 75.0 eV are attributable to the bond of Pt-
O [184].

Figure V.5: Typical TEM images of the TNTSs: top view and cross section (a), TEM images of
the CPTNTSs electrode (b).
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Figure V.6: General XPS spectra for the CPTNTSs electrode (a), High-resolution XPS spectrum

of Ti 2p and O 1s region (b); of Cu 2p region (c); of Pt 4f 5/2 and Pt 4f 7/2 core-level lines (d).

V.4 Electrochemical measurements

Electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) measurements
were performed with an electrochemical workstation (ZAHNER 1M6e, Kronach, Germany),
galvanostatic charge—discharge measurements with the Source Meter 2400 (Keithley). The
electrochemical performance of the different electrodes was characterized in 1 M Na2SO4
aqueous electrolyte at room temperature using a three-electrode setup with a Pt mesh as counter
and an Ag/AgCl as a reference electrode.

The specific capacitance Cg, (F.g’) was calculated from CV curves using Eq. (V.1) [200, 201]:

Cop = ———— [ CI(V)AV (V.1)

mv(Ve—Vq) °V

where Cg, is specific capacitance (F/g), m is active mass of materials, v is scan rate (mV/s), I is
the response current (mA), V. — V, (V) is the potential range window. Further, the capacitance
measurements were carried out from the galvanostatic charge and Eq. (V.2) was used to obtain

specific capacitance values from galvanostatic charge discharge curves:
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I*t
mxAV

Csp =

(V.2)

where | represents the charge—discharge current, t the discharge time; AV is the corresponding
potential window and m is the active mass of CuO/Pt-TiO2 composite electrode [19].
To evaluate more the supercapacitive behavior of the material, energy, and power density (P; W

Kg 1) were calculated according to the following equations [202, 203]:

E=2¢C

— Cop * & (V.3)

P = 3600 x Ait (V.4)

V.4.1 Cyclic voltammetry (CV)

Figure V.7 a shows the cyclic voltammetry curves for the pristine TNTSs at different scan rates,
in the potential window ranging from -0.4 to 1.2 V, a redox reaction peaks located at -0.06 V and
0.17 V, which is attributed to the transition between TiO2 and Ti(OH)3 by the reaction:

TiOz + 2H20 + e- < Ti(OH)3 + OH- [45].

Figure V.7 b compares the CV responses for TiO2- NTs and Pt-TiO2 NTs electrode at a scan
rate of 100 mVs™. One can clearly see that the CV curve of Pt-TNTSs electrode has a considerably
larger integrated area as well as higher current response than that of TNTSs electrode, which can
be attributed to the higher electrical conductivity, present in noble metals such as platinum that
facilitates the transport of charge carriers [197].

In Fig. V.7 c, it is shown, that the CV curves for Pt-TiO2 electrode recorded at different scan
rates exhibit an unchanged quasi-rectangular shape from 5 to 100 mV/s, indicating excellent
capacitive behavior and high rate capability of this electrode. Figure V.7 d shows the calculated

specific capacitance of the Pt-TNTs based on the CV curves. The specific capacitance of the Pt-
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TNTs electrode as calculated is found to be 18.94 mF cm—2 at a scan rate of 5 mV.s™, which is

about 13 times more than pristine TNTs electrode (1.65 mF.cm).
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Figure V.7: CV curves of TiO2-NTs at different scan rate a), Pt-TiO2-NTs at 100 mV s—1 b),
CV curves of Pt-TNTs at various scan rate c), Specific capacitance of TIO2-NTs and Pt-TiO2-
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CV curves of the CPTNTs (CuO/Pt-TiO2-NTs) composite measured at various scan rate in the

potential range -0.4 to 0.8 V is provided in (Fig. V.8 a), they are consisting of a pair of strong

redox peaks indicating that the capacitance characteristics of this material are mainly governed

by faradaic redox reactions, which can be described as follows:

2Cu0 + Na*+e~ & Cu200Na

(V.5)

The pseudo-capacitance behavior can be explained by these redox transition between Cu(l) and

Cu(Il) species and vice versa [46].
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V.4.2 Galvanostatic charge-discharge (GCD)

GCD measurements were carried out in 1 M Na2SO04 at different current densities ranging from

0.5to 5 A g, to understand the rate capability of the obtained CPTNTs composite.

As shown in Fig. V.8 b, GCD curves present similar charge-discharge procedure

at

current densities indicating its electrochemical reversibility [212].
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Figure V.8: (a) CV curves of CPTNTs at 100mV.s, (b) GCD curves of CPTNTSs, (c-d) Specific
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cyclic stability of CPTNTSs.
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Moreover, the relationship between voltage and charge/ discharge time is not linear and it can
be seen at the same time that, the charge and discharge profiles of the electrode are slightly
curved, confirming the existence of a pseudocapacitive charge storing mechanism, whichis in a
good accordance with the results of cyclic voltammogram test.

During the charge—discharge process, a reversible redox reaction has occurred [the redox
reactions given in formula above (Eq. V.5)]; and during the charge procedure, the Cu* can be
oxidized to Cu?*, while during discharge procedure, the Cu?* will be reduced to Cu*.

Figure V.8 c, d shows the corresponding specific capacitance values extracted from cyclic
voltammetry and charge discharge curves respectively. As shown in Fig. V.8 c, d, the specific
capacitance decreases with the increase in discharge current density. The reduction in specific
capacitance of active materials at high current densities is mainly attributed to the poor utilization
of materials, Fig. V.8 d.

Figure V.8 e show the Ragone plot of CPTNTSs material, the energy and power density values
elicited from galvanostatic charge—discharge curves, calculated using formulas in Egs. (V.3) and
(V.4). The maximum specific energy obtained for the CPTNTSs electrode is 18.03 Wh/kg and
power of 192.33 W/kg when the current is 0.5 A.g%, and it is also interesting to note that the
specific energy remains at 12.81Wh/kg at a specific power of 445 W/kg after increasing the
current density to 7 A/g.

As shown in Fig. V.8 f, 93% of the initial specific capacitance is retained after 5000 cycles, which
reveals that CPTNTSs electrode has good cyclic stability. Furthermore, specific capacitance and
cyclic stability are found to be the best among the previously published transition metal related
supercapacitor materials. A comparison is made with the current material and those reported in

literatures, as shown in Supplementary Table 1; see Supporting Information for more details.

V.4.3 Electrochemical impedance spectroscopy (EIS)
Figure V.9 b shows the Nyquist plots of electrochemical impedance spectra of the Pt-sputtered
TiO2- NTs and CuO/Pt TiO2 composite material (CPTNTS).
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Figure V.9: EIS spectra of pristine TiO2-NTs (a) and Pt-TiO2-NTs and CPTNTSs (b).

As can be seen from the plot is that the semicircle of the CPTNTs is smaller than the Pt-TiO2,
which is smaller than the pristine TiO2- NTs presented in Fig. V.9 a. From this, we can determine
an approximate value of the charge—transfer resistance (Rct) at the electrode/electrolyte interface,
this electrochemical charge transfer resistance Rct is determined by measuring the diameter of
the semicircles starting from the Nyquist plots. These values are found to be (13.72 Q) for
CPTNTs (31.83 Q) for Pt-TiO2 and (2.65 KQ) for TiO2-NTs, which leads to enhanced charge
transfer ability of CPTNTs material and proves its benefit for electronic/ionic transport that can
lead to an improvement in the his electrochemical performances. In addition, this is further

confirmed by the results gotten from the first principles calculations.

V.5 Ab initio investigation on Cu and (Cu, Pt) codoped TiO2

V.5.1 First principle calculations

First-principles calculations were carried out using the Modified Becke and Johnson (mBJ-GGA)
generalized gradient approximation in order to investigate electronic properties, based on density
functional theory (DFT) as implemented in WIEN2k package simulating code [213]. Tetragonal
structure of anatase TiO2 has been obtained by positioning Til, Ti2, O1, 02, O3 and O4 atoms
at (0, 0,0) (0.5, 0.5, 0.5) (0, 0.5, 0.5) (0.5, 0,0.5) and (0.5, 0.5, 0), respectively, with 141/amd as
space group.

To proceed into the doping and co-doping of TiO2 by Cu and Pt, two Ti atoms are substituted
with one Cu and Pt atoms. Here, one Ti atom was substituted with one Cu or Pt atom for a doping
concentration of 3.125%, 6.25%, and 12.5% respectively.
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In the package, we consider a 3x3x2 supercell of TiO2, which contains a consistent volume of
atoms, 96 atoms (32 Ti atoms and 64 O atoms). The energy cutoff parameter is chosen RMT x
Kmax equal to 7, where RMT is the average radius of the muffin tin (MT) spheres, and Kmax is
the cutoff for the wave function basis, the RMT values of Pt, Cu, Ti and O atoms are taken as
1.97,1.92,1.88 and 1.61 a. u., respectively. The schematic view of doped and the undoped TiO2
has been shown in fig V.10.

For a best convergence, the total energy has been converted to 10~ Ry/unit cell in the present
self-consistent calculations. The k-points were selected through script method by the k-mesh of

4 x 4 x 4 and convergence is set by iteration process up to 0.1 x 10 Ry.

Figure V.10: Crystal structures of elementary TiO2 (a), supercell TiO2 (b) and (Cu, Pt) co-
doped TiO2 (c).

V.5.2 Structural properties

The total energy as a function of the unit cell volume around the equilibrium VO with the aid of
Murnaghan’s equation [154]. The volume optimization curve is shown in figure V.11. The
optimized crystal lattice parameters found are on the basis of successful convergence of the cycle.
A comparison of these results with available literature has been given in Table 1, where we can
clearly see that the obtained results are matching closely with previous theoretical and

experimental results.

And according to the calculations performed on pure anatase, the use of the corrected DFT

method weather DFT+U, mBJ or scissor operators leads to improved accuracy in terms of
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energetic and crystallographic data and energy gap. The overall characteristics of the energy band
structure calculated in the research are consistent with those of previous investigations.
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Figure V.11:
The variation of total energy as a function of volume of anatase TiO2.

Table V.1: Comparison between calculated structural data with other experimental works.
Structural Data

3.72034 9.3530 2514 1.925 2.19 GGA:PBE [Present work]
3.7760 9.4860 2.512 1.985 3.205 GGA:PBE-mBJ [Present work]
3.792 9.4875 2.502 1.901 3.2 LDA+U [214]

3.880 9.497 2.448 _ 3.16 LDA+U [215]
3.785 9.5117 2.513 . 3.20 [214]
3.885 9.690 2.4942 2.0155 3.203 GGA:PBE scissor operator [216]

V.5.3 Electronic properties:

To compare the electrical conductivity of the two materials, electronic properties such as the

band structures and density of states of the undoped and doped system were investigated as
illustrated in Figs. V.12 and V.13.
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Energy (eV)

The calculated band structure of TiO2 is illustrated in Figure. V.12, the top of valence band
approximately locates near the F-point and the bottom of the conduction band locates at the G-
point, which relatively approves with other researches, the indirect band gap semiconducting
nature of anatase TiO2 [66, 216]. The calculated band gap value for anatase TiO2 is 2.19 eV is
consistent with the reported theoretical results [220], but is underestimated compared with the
experimental value (Eg = 3.23 eV). By applying the mBJ we can see that the band gap value of
TiO2 is increased to 3.205 eV, which has the error very small compared with the experimental
value of 3.23 eV, which accords other research having a band gap ranging between {2.7 eV and
3.45 eV} when employing the mBJ approximation [63,217,218]. The theoretical result is far from
3.37 eV obtained from experiment, indicating that the underestimation always exists in the band
gap calculations, caused by the lower exchange correlation between electrons made by GGA

function.
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Figure V.12: Band structure of pure anatase TiO2 with GGA approximation (a) and mBJ (b).

However, we noticed a significant difference in band gap between the undoped and (Cu, Pt)
doped and codoped TiO2, Fig.V.13. After the doping, the band gap is decreased slightly to the
value of 2.56 eV for Cu doped TiO2 and 1.75 eV for (Cu, Pt) codoped TiO2, extracted from the
band structure showed in Fig. V.13, this decrease in band gap is due to a charge transfer between
d orbital of Pt, Cu and Ti. It is worth mentioning that the lower band gap means the higher

electrical conductivity [219].

r
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Figure V.13: Band structure of Cu doped anatase TiO2 with mBJ approximation for various
doping concentration, Ti1-«CuxO with x = 0.03125 (a), Ti1-xCuxPtxO x = 0.03125 (b) and
x=0.625 (c).

The total density of states (TDOS) and partial density of states (PDOS) for Cu doped and (Cu,
Pt) codoped anatase TiO2 in comparison with those of pure anatase TiO2 are shown in Figure
V.14. The partial DOS of anatase TiO2, Fig.V.14.a, indicates that the valence bands are
dominated by O 2p states with a mixture of Ti 3d states. The mixture is a manifestation of
hybridization between O 2p and Ti 3d states. The conduction band has two sub-bands: the lower

t2g and the upper eg and they are split thanks to the O octahedral crystal field.

Based on the DOS calculation, it is observed that the 3d states of Cu is mainly appearing at the
valence band, particularly, dominated at the top and bottom of valence band in Fig. V.14. (b) and
(c). The Cu and Pt dopant in Cu-doped or either in Cu, Pt codoped TiO2, is the reason behind the
presence of the enhanced d states at the uppermost valence band which concords previous
theoretical results [155]. The hybridization between the O 2p states or Ti 3d states with the Cu
3d states and Pt 5d states which are delocalized, contribute to the formation of impurity energy

levels. This, therefore, can form energy levels in the band gap or hybrid between a minimum
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conduction band and a maximum valence band. This finally allows the photogenerated electron-
hole pairs to separate, thus contributing to the migration of the photo-excited carriers and the

photocatalysis process. [58]

As observed in fig V.14, for pure anatase TiO2, Ti1xCuxO (x=0.03125) and Ti1xCuxPtxO
(x=0.0625), a significant gap value is equal to 2.56, 2.384 and 1.77 eV respectively. This is due
to the increasing of d electronic states of Cu-doped TiO2 at the uppermost valence band, which
lead to the band gap narrowing, the same behavior was reported earlier by Guo et al [221]. These

results are also confirmed in the band structure plotted in figure above.

Thus, Cu, Pt co-doped TiO2, exhibits higher electrical conductivity than anatase TiO2. In
addition, the value of density of states near Fermi surface for doped TiO2 (25.6 electrons/eV) is
higher than pure TiO2 (11.7 electrons/eV).

According to quantum theory, only electrons near the Fermi level can contribute to current in the
external electric field, hence the electrical conductivity of material is proportional to the electrons

occupied in the Fermi level [222].
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Figure V.14: Total and partial DOS of pure TiO2 (a), Ti1-xCuxO (x=0.03125) (b) and Tis-
XxCuxPtxO (X:OGZS) (C)
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V.5.4 Optical properties:

The optical properties of pure and doped TiO2 compound were investigated. While the band gap
obtained by mBJ correction is close to experimental results, the optical properties are analyzed
by using only this approximation. They are described by considering the dielectric function &(o)
related to the interaction between photons and electrons [45], which is mainly contributed from
the electronic structures.

The dielectric function (o) as well as the absorption coefficient a(w) are described earlier in
chapter 1V see from eq (1V.1) to eq. (IV.2).

As shown in Figure V.15 (a), the calculated static dielectric constants &; (w) are 4.986, 6.01, 8.76
and 10.026 for pure TiO2, Ti1-xCuxO (x=0.03125), Ti1-2xCuxPtxO (x=0.03125) and (x=0.0625)
respectively. It has been observed for undoped TiO2 that &, (w) reaches a maximum at 2.85 eV.
The curve decreases and reaches a minimum at 9.3 eV. With the substitution of Copper and
platinum for 6.25 %, the constant reaches a maximum at above 3.85 eV. Then, it decreased and
becomes negative reaching a minimum at around 8.67 eV.

In the imaginary plot of dielectric function given in Fig. V.15 b. It is well known that the
imaginary part of dielectric function can describe the optical transition well. It can be found that
the pure TiO2 shows the optical transition at 3.38 eV, which is related to the intrinsic transition
between O2p states at the valence band and Ti 3d states at the conduction band. After doping,
the intrinsic optical transition is observed having a shift to the low energy range, which means
that the band gaps are narrowed by doping with Cu and Pt. The detailed optical transitions are at
1.74,1.69 and 1.55 eV corresponding to Ti1-xCuxO (x=0.03125), Ti1-2xCuxPtxO (x=0.03125) and
(x=0.0625) doping concentration respectively. Besides, the maximum of ¢,(w) is reached at
about 8.31, 8.25 and 7.61 eV for Cu doped TiO2 at Ti1xCuxO (x=0.03125), Ti1-2xCuxPtxO
(x=0.03125) and (x=0.0625) doping concentration respectively, which corresponding to an
important absorption peak.
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Figure V.15: (a) real part &, (w), (b) imaginary part &, (w)of the dielectric constant of

undoped and (Cu, Pt) codoped anatase TiO2

Figure V.16 a, demonstrates the optical absorption spectrums as function of wavelength in the
range 100-800 nm calculated by mBJ-GGA approximation. It can be observed that the doped
TiO2 shows the enhancement of visible light absorption compared to the undoped TiO2
compound. Upon doping with Cu and Pt, it can be seen that the absorption edge is being shifted
towards visible region.

The absorption center of Cu-doped TiO2 locates at 260 nm in the case of Ti1xCuxO (3.125%)
codoping concentration, and 237 nm in the case of Ti1-2xCuxPtxO (6.25%). The visible light
photo-activity of Cu-doped TiO2 was also observed by other experiment reports [223]. Dorothy
et al have also reported that the Pt incorporated into TiO2 would definitely enhance the
photocatalytic properties on TiO2, and similar optical properties had also been observed [224].
And this improvement could be also seen in fig V.16 b, which shows that the optical conductivity
increases with the Cu and Pt doping, compared to the pure TiO2.
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Figure V.16: (a) absorption coefficient a(w) and (b) optical conductivity o(w) of undoped

and (Cu, Pt) codoped anatase TiO2.

V.5.5 Transport properties:

The transport coefficients such as the Seebeck coefficient (S), electrical conductivities (c) and
the figure of merit (ZT) of undoped and doped anatase TiO2 compound have been obtained using

BoltzTraP Code based on the Boltzmann theory [8] within the following equation respectively

[226]:
—L@®
= erL© (V.6)
Where L™ is the Lorentz number:
1% = [*7 dE (22) g(B) V(E)*2(E)(E — Ep)* (V.7)
—00 af f )
((E_Ef)>_1
fo is the Fermi distribution function:  fy,=1+e\ *# (V.8)
E is the Fermi level, V(E) is the speed of electron:  V(E) = ! (V.9

hVkEK)

g (E) refers to the density of states, 7 is the relaxation time and T is the absolute temperature.

The electrical conductivity is calculated from the following equation:

o = e?L(0) (V.10)
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Figures V.17 a shows the temperature dependence of Seebeck coefficient in the range of 50 to
800K. From the Figure, the values of the Seebeck coefficient (S) for TiO2 compound appear
negative throughout the investigated temperature range, indicating the n-type nature of titanium
dioxide. Upon doping, it is noticed that the Seebeck coefficient slightly increases upon codoping
with Cu and Pt, for both 3.125 % and 6.25 %, which proves that the number of mobile charge
carriers is strongly enhanced.

Seebeck effect consists on the conversion of heat into electric power. It is caused by the
movement of free electrons from higher to lower temperature regions, producing a voltage of
several microvolts per Kelvin [225].

From Fig. V.17 b, we can obviously see that the electrical conductivity is improved upon adding
Pt and Cu impurities to the pure TiO2, and increasing simultaneously with temperature. The
noble metals have an electronic structure whose outer band (n-1) d is rich in electrons and the
band (ns) half-filled. This band (ns) is superposed with (np) to form a hybridized (sp). As a result,
the electrons of (sp) band have access to an almost empty band and will therefore, be able to
delocalize on all the atoms forming the solid, we speak then of electron gases providing

conduction within the metal.
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Figure V.17: Evolution of the Seebeck coefficient (a) and calculated electrical conductivity

(o/7)(b) as a function of temperature for undoped and (Cu, Pt) codoped TiO2.

The variation of the figure of merit (ZT) as a function of temperature can be calculated using the
values of the electrical conductivity (c), Seebeck coefficient (S) and thermal conductivity (k), by

the following relation [226]:
ZT = S%0T [k (V.11)

Figure V.18 shows the variation of the figure of merit (ZT) for undoped and doped TiO2
compound in different percentage at annealing temperature of 300K. The value of thermoelectric
figure of merit minimum is around 0.02 for pure anatase TiO2 against 0.077 for Cu, Pt codoped
TiO2 [Ti1xCuxPtxO(x=0.0312)]. The results shows that figure of merit values can be improved
by increasing Cu and Pt composition into the pure TiO2, hence it confirms that this material can
be chosen as a suitable candidate for tunable advanced optoelectronic and thermoelectric

applications.
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Figure V.18: Evolution of the figure of merit ZT for undoped and doped TiO2 at annealing
temperature of 300K.

V.6 Conclusion

In summary, the CPTNTs (CuO/Pt-TiO2 NTs) composite has been successfully fabricated by, a
simple electro-deposition anodization method. It has been proved that the combination made
between the Pt-TiO2 NTs with CuO nanoparticles is an effective way to improve performance
of the supercapacitor, and this effect is due from the coupling of pseudocapacitance behavior of
CuO NPs and higher surface area of Pt-TiO2 NTSs.

The present results for the obtained composite, displays better electrochemical properties,
showing high specific capacitance, lower charge transfer resistance than those of pristine TiO2-
NTs and Pt-TNTs and excellent cycling stability. It displayed a maximum energy and power
densities of ~12.81 Wh Kg! and 445 W Kg* respectively at ambient temperature, which
confirms the good cycling, and can retain almost 93% of its initial capacitance after 5000 charge—
discharge cycles in 1 M Na2S04 electrolyte.

In addition to that, we have used the density functional theory to investigate the electronic

structures and optical properties of undoped and Cu-doped anatase TiO2. Our calculated results
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show that the energy gap of anatase TiO2 is substantially improved by mBJ over GGA values
toward experimental results. Meanwhile, the energy gap is decreasing when adding copper
impurities to the pure TiO2. Our calculated results for optical properties as well as the dielectric
functions (both real and imaginary parts) demonstrate the enhancement of visible light absorption
of the Cu doped TiO2 compared to the undoped TiO2. Moreover, important transport properties
such as Seebeck coefficient (S), figure of merit (ZT) and electrical conductivity (g) were
investigated with the help of Boltzmann theory, which shows an enhancement when
incorporating the Cu atoms. Our further study reveals that these excellent improvements are
achieved because mBJ potential describes accurately the energy levels of Ti and Cu 3d states and
the hybridization between these d states and O p states. The results are promising and confirm
that the Cu doped TiO2 can be chosen as a suitable candidate for advanced optoelectronic and
thermoelectric applications, as well as energy storage owing to its good electronic properties.
These results confirmed and revealed the effectiveness of the CPTNTSs electrode by theory
through first principles calculations, which proves its effective performance for promising

supercapacitor applications.



Summary and outlooks

Summary:

The main goal of this work was to study the electrochemical performance of pure anatase
titanium dioxide and copper oxide combined TiO2 dioxide based electrode material for
supercapacitor application. During this thesis, an introduction was given about the history and
motivation of energy storage devices highlighting supercapacitors (electrochemical capacitors)
and its types, followed by a survey of literature of copper oxide and Titanium dioxide materials
properties, which are the subject focus of our work.

The essential results of this study can be summarized into two main parts as follows:
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1. Structural, optical and electronic properties of copper oxide CuO
In the first part, we studied the structural, electronic, optical and thermoelectric properties of pure
CuO using the FP LAPW method based on the DFT density functional theory with the modified
Becke-Johnson corrective approach, which provides an improvement for the correction of the
energy band-gap calculations. We’ve calculated the band structure, the density of states, the
dielectric function, the reflectivity, the refractive index, the absorption coefficient and the optical
conductivity, the results obtained were in good agreement with the theoretical results and
experimental.
Our Band structure calculations of CuO using GGA reveals that there is three electronic levels
that crossed the Fermi surface set at 0, thus there is no energy gap and CuO is predicted to have
a metallic or semi-metallic ground state according others researches. While the mbJ shows no
electronic levels crossed by the Fermi surface, and predicts a band gap value about 1.89 eV.
Moreover, the optical conduction analysis starts from the energies of about 1.81 eV, which
concords our band gap calculation. This value represent the optical energy gap and arrives at a
maximum level for 3.04 eV. The average values of the reflection coefficient in the visible
spectrum region as well as in the [7-13 eV] region show that the material is semi-transparent in
this energy region.
In the experimental part, we have elaborated pure CuO nanoparticles by the sol-gel method, using
copper acetate monohydrate (Cu (CH3COQ)2, H20) as a precursor, H20 as a solvent and NaOH
was added to this solution as a hydrolysis agent. The samples were annealed at four different
temperatures: 200 °C, 400°C, 600°C and 800°C respectively in order to evaluate the effect of the
temperature on its structural, morphological, optical and photocatalytic properties. X-ray
diffraction measurements revealed an improvement in the crystallinity of samples by comparing
the intensity and shape of crystalline peaks with the increase of temperature and also a decrease
in the full width at half maximum (FWHM) is observed, suggesting thus a possible change in the
grain size. Particle’s size of annealed samples were calculated from XRD analysis and compared
to those obtained from transmission electronic microscopy.
TEM analysis indicated that the grain size evaluates proportionally with the evolution of
temperature, which was well confirmed by XRD results. The optical band gap extracted from
UV-Visible spectroscopy indicated that by reducing the CuO nanoparticle’s size, the band gap
raise to higher values, indicating a blue shift of band gap, which has been attributed to the
guantum confinement effect. Photocatalytic degradation of methylene blue was carried out on
the as-synthetized and annealed nanoparticles under visible light irradiation. It was found that
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almost 80.03% of methylene blue dye were degraded after 540 min UV illumination for samples
annealed at 800°C, which show the better photodegradation efficiency. The results have shown
that the photocatalytic activity of the samples depended on the annealing temperature that they
endured, so in our experiment, the photodegradation performance was improved when increasing
the annealing temperature.

2. Electrochemical study on CuO/Pt-TiO2 composite material

In chapter 5, we reported the fabrication of the CPTNTSs (CuO/Pt-TiO2 NTs) composite material
by a simple electro-deposition anodization method, and further investigate its electrochemical
properties. The preparation includes an initial anodic fabrication of well-ordered TiO2 NTs from
a Ti substrate, then the sputtering of Pt particles on the top of nanotubes, followed by an
electrodeposition of Cu NPs into the as obtained material Pt-TiO2 NTs and then a thermal
oxidation was done for copper oxidation. The combination made between the Pt-TiO2 NTs with
CuO nanoparticles showed an effective improvement of supercapacitor’s performance, and this
effect is due from the coupling of pseudocapacitance behavior of CuO NPs and higher surface
area of Pt-TiO2 NTs.

CPTNTSs have showed better electrochemical properties, depicted in its high specific capacitance,
lower charge transfer resistance than those of pristine TiO2-NTs and Pt-TNTs and also an
excellent cycling stability. The finding reveals also a maximum energy and power densities of
~12.81 Wh Kg* and 445 W Kg respectively at ambient temperature, which confirms the good
cycling, and can retain almost 93% of its initial capacitance after 5000 charge—discharge cycles
in 1 M Na2S04 electrolyte.

In addition to that, we have used the density functional theory to investigate the electronic
structures and optical properties of undoped, Cu-doped and (Cu, Pt) codoped anatase TiO2. Our
calculated results show that the energy gap of anatase TiO2 is substantially improved by mBJ
over GGA values toward experimental results. Meanwhile, the energy gap is decreasing when
adding copper or Pt impurities to the pure TiO2. Our calculated results for optical properties as
well as the dielectric functions (both real and imaginary parts) demonstrate the enhancement of
visible light absorption of the Cu, Pt codoped TiO2 compared to the undoped TiO2. Our further
study reveals that these excellent improvements are achieved because mBJ potential describes
accurately the energy levels of Ti, Cu and Pt 3d states and the hybridization between these d
states and O p states. The results are promising and confirm that the Cu, Pt codoped TiO2 can be
chosen as a suitable candidate for advanced optoelectronic and thermoelectric applications, as

well as energy storage owing to its good electronic properties. These results confirmed and
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revealed the effectiveness of the CPTNTs electrode by theory through first principles
calculations, which proves its effective performance for promising supercapacitor applications.

Outlook:

In our work regarding the future research prospects, the aim will be the utilization of in-situ
characterizing techniques to detect any morphological or structural changes on electrodes during
charge-discharge processes. Such detailed studies can provide further insight on the factors
behind decreasing capacitance during prolong cycling.

In addition, optimizing CuO contents into the material and trying different electrolytes would be

of'a precious investigation to further improve the device resistance, power and cycling stability...
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Résumé

Les oxydes métalliques présentent des propriétés électroniques prometteuses dans
differentes applications comme le stockage d'énergie. Le but de cette thése serait d’élaborer un
matériau composite qui rassemblera ces oxydes, puis d'explorer ses performances électroniques
et électrochimiques. D’une part étudier théoriquement le CuO (II) en utilisant la méthode FP
LAPW, basee sur la DFT avec l'approche corrective modifiée Becke-Johnson mBJ, et
expérimentalement par I'effet de la température de recuit sur les propriétés des NPs du CuO
élaboreé par la méthode Solgel. D’autre part, fabriquer le matériau composite CPTNT (CuO/Pt-
Ti02) a partir d'une anodisation des NTs de TiO2, pulvérisant les NPs du Pt en dessus suivi par
une électrodéposition des NPs du Cu dans le matériau, et une oxydation du cuivre par recuit
thermique. Les propriétés électrochimiques et le comportement capacitif de ce matériau sont
évalués en utilisant la voltampérométrie cyclique (CV), la spectroscopie d'impédance
électrochimique (EIS) et la chronopotentiométrie (GCD). Une capacité spécifique élevée de
423 F gt est atteinte & une densité de courant de 0,5 A g, avec une stabilité & long terme de
93% sur 5000 cycles. De plus, les résultats démontrent que cette électrode pourra délivrer une
haute densité d'énergie de 19,62 Wh Kg™ et une densité de puissance jusqu'a 442,89 W Kg.
La DFT est utilisée pour étudier la structure électronique du TiO2 codopé par (Cu, Pt), afin de
mieux comprendre ses comportements électrochimiques. Les résultats obtenus tout au long de
cette étude démontrent que ce nouveau nanocomposite est un candidat notable pour les
supercondensateurs a haute performance.

Mots-clés : Anodisation, Dioxyde de titane, CuO, Stockage d’énergie, Conductivité
électrique, DFT

Abstract

Metal oxides show promising electronic properties in energy storage applications. The
goal of this thesis would be to develop a composite material associating these oxides, then to
explore its electronic and electrochemical performance. In the first part, studying theoretically
CuO (II) using the FP LAPW method based on DFT with mBJ corrective approach, and
experimentally by the effect of the annealing temperature on the properties of the NPs of the
CuO produced by the Solgel method. In the second part, fabricating the CPTNT (CuO / Pt-
TiO2) composite material from an initial anodic fabrication of the well-ordered TiO2 NTs,
sputtering the Pt NPs followed by electrodeposition of the Cu NPs in the material as obtained,
followed by oxidation of the copper by thermal annealing. The electrochemical properties and
capacitive behavior of this material are evaluated using Cyclic Voltammetry (CV),
Electrochemical Impedance Spectroscopy (EIS) and Chronopotentiometry (GCD). A high
specific capacity of 423 F gt is achieved at a current density of 0.5 A g, with long term stability
of 93% over 5000 cycles. The results show that this electrode will be able to deliver a high
energy density of 19.62 Wh Kg™ and a power density of up to 442.89 W Kg™*. DFT is used to
study the electronic structure of TiO2 codoped by (Cu, Pt), in order to better understand its
electrochemical behavior. The results obtained throughout this study demonstrate that this new
nanocomposite is a notable candidate for high performance supercapacitors.

Key Words: Anodization, Titanium dioxide, CuO, Energy Storage, Electrical conductivity,
DFT
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