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General introduction

Perovskite materials are widely used due to their interesting properties that allow them to be
involved in different technological applications (e.g. Capacitors, solar cell, fuel cell, antennas).
The ideal structure of the perovskite is a cubic lattice. Few compounds have this ideal instable
structure such as Strontium Titanate (SrTiO3) and Barium Titanate (BaTiO3). Many oxides have
slightly distorted variants with lower symmetry (e.g., orthorhombic or hexagonal). In the unit
formula of perovskite structure ABOs, A is the larger cation and B is the smaller one.
CaCusTizO1, (CCTO) is an ideal perovskite with a cubic lattice stable at a large temperature
scale, where A site is occupied by Ca®* and Cu*" and B site is occupied by Ti*" cation. These
cations arrangements create a distortion of TiOg octahedron, and give CCTO perovskite specific

properties.

Due to its specific structure CCTO is a material that can have applications in different fields such
as photoelectrochemical cells for hydrogen production, energy storage (capacitors) and

magnetic field for GPS or antennas applications.

Energy deficiency and environmental issues of combustible fuels forced researchers to find a
new energy strategy. Among several energy strategies, constructing a device for hydrogen
production from water splitting is studied as a source of clean and renewable energy. The
photoelectrochemical cells (PEC) or photoelectrolytic cells are devices that uses light incident
on a photosensitizer, semiconductor, or agueous metal immersed in an electrolytic solution to

directly cause a chemical reaction (produce hydrogen via electrolysis of water).

The photoelectrochemical cells are mainly limited by the nature of the material used for
electrodes. It is known that 4% part of the visible light covers UV light and since the majority of
catalysts are active under UV light irradiation, it is necessary to develop visible light active
photocatalyst. For more efficiency in the hydrogen production process, visible light active

electrodes should be used.

Perovskite ABOs is known as complex oxides composed from at least two different oxides with

specific optical properties. CCTO lattice involved TiO, with a narrow band gap energy active in
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ultraviolet region, and CuO compound able to absorb visible light. In CCTO every oxygen atom
has strong covalence bonding with A’-Cu® ion and two B-Ti*" ions. Therefore, the charge
transfer between A’-Cu and B-Ti ions plays main role in electrocatalytic activity. It is reported
that the activity of CCTO under visible light irradiation is governed by the square-planar
(octahedral) structure, in which Cu (Ti) e; and O 2p orbitals are superposed. As mentioned
above CCTO exhibits different applications, one of its interesting properties is the high dielectric

constant.

CaCusTigO12 was described for the first time as a dielectric material with high dielectric
constant, stable at large scale of frequency and temperature. Investigations explained the
colossal dielectric permittivity by the Internal Barrier Layer Capacitance Model (IBLC), consisting
on the presence of conducting grains separated by insulating grain boundaries. In parallel of the
high dielectric permittivity, CCTO showed a high loss factor which limits their industrial use in
energy storage application. The dielectric properties (permittivity and loss) increase and
decrease proportionally, thus studies focused on decreasing the dielectric loss with maintaining
a high permittivity. Another interesting property that was investigated for CCTO is its magnetic

behavior.

Magnetic properties of CaCusTisO1, were studied basing on the concept of orbital ordering. In
this theory the crystallographic ordering and the magnetic properties are strongly connected.
CCTO showed a magnetic phase transition due to the ordering of Cu® ions (s = ;), in which the

spins are connected together through the non-magnetic element Ti** (Cu-O-Ti-O-Cu). The

copper spin sublattice develops a long-range magnetic order below Neel temperature ~25 K.

On the other hand two-dimensional nanosheets materials (2D) including hexagonal boron
nitride (h-BN) and graphene oxide (GO) were widely used due to their specific properties. They

are known as high specific surface materials with particular electrical properties.

The aim of this work is to prepare composite materials based CCTO in order to study their
properties for different applications such as photoelectrodes for water splitting applications,

energy storage and magnetic compounds. 2D nanosheets materials (boron nitride and

18



General Introduction

graphene oxide) with different weight percentages were added to CCTO. Those two materials
were chosen due to their high surface activity and their electronic structure that can improve

the properties of CCTO.
This thesis manuscript is divided into five parts.

Firstly CaCusTi;O1, perovskite as a specific ferroelectric material with cubic lattice and its
different synthesis method is described. In this review, we presented the recent investigations
done to decrease the dielectric loss by doping, co-doping, and using different synthesis
techniques. At the end of this review we summarized the photocatalytic, electrocatalytic and

magnetic applications of CCTO and their derived materials.

In the second chapter, we introduced all the analysis techniques used during this work. The
detailed experimental work to synthesize calcium copper titanate CCTO and 2D nanosheets

materials (boron nitride and graphene oxide) composites were also presented.

The third and fourth sections focused on CCTO based material with 2D nanosheets materials
obtained by solid-state reaction and their enhanced photoelectrochemical properties. In a first
study, hexagonal boron nitride nanosheets were incorporated in CCTO material in order to
insert B and N atoms in TiO; lattice. In a second study, graphene oxide nanosheets were added,

for Ti** and Cu®* reduction and to create oxygen vacancy.

Finally, in the last section, we studied the dielectric and magnetic properties of prepared

composites. The thesis ends by a general conclusion and some perspectives.
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Part I: From synthesis to applications: Copper
calcium titanate (CCTO) with outstanding
properties

Table of contents entry: In this review, the synthesis and the sintering approaches, the dopant
elements used as well as the applications of Copper calcium titanate (CCTO) will be reported. In
addition to the dielectrical properties useful to energy storage devices; CCTO could serve as
magnetic materials as well as photo- and photoelectro-catalytic materials with a very good
performance in visible light.

Dielectric
Properties

Catalytic
Applications

Sintering

methods Dodoping
Magnetic i

Applications

Abstract

Investigations focusing on electrical energy storage capacitors especially the dielectric ceramic
capacitors for high energy storage density are attracting more and more attention in the recent years.
Ceramic capacitors possess a faster charge-discharge rate and improved mechanical and thermal
properties compared with other energy storage devices such as batteries. The challenge is to obtain
ceramic capacitors with outstanding mechanical, thermal and storage properties over large temperature
and frequencies ranges. ABO; as a type of perovskites showed a strong piezoelectric, dielectric,
pyroelectric, and electro-optic properties useful as energy storage and environmental devices.
CaCusTi,04, (CCTO) perovskite with cubic lattice (Im3 symmetry) was discovered to have a colossal
dielectric constant (10°) that is stable over a wide range of frequencies (10Hz-1MHz) and temperature
independence (100-300K). The origin of this high dielectric constant is not fully established, specially
because it is the same for single crystal and thin films. In this review, the history of CCTO will be
introduced. The synthesis and the sintering approaches, the dopant elements used as well as the
applications of CCTO will be reported. In addition to dielectrical properties useful to energy storage
devices; CCTO could serve as photocatalytic materials with a very good performance in visible light.
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1.1 Introduction:

Ferroelectric materials consist of domains with a spontaneous polarization in the absence of an
external electric field, and in which this polarization is reversible under the application of an
electric field of magnitude less than the dielectric breakdown of the material itself.
Spontaneous polarization is the value of charge per unit area on the surface perpendicular to
the axis of spontaneous polarization[1]. The magnitude of the net spontaneous polarization
possessed by a ferroelectric material starts to decrease while increasing the temperature or the
pressure. A phase transition from ferroelectric state to a non-polar paraelectric state took place
above a critical temperature T, (and a critical pressure P.), called the Curie temperature in
which the spontaneous polarization disappears. The structural phase transition from
paraelectric to ferroelectric phase is due to the displacement of both cations occupying the A
and B sites in the perovskite. This transition may cause a change in dielectric, thermal and other

properties of the material.

Ferroelectric materials are divided into four groups; one of these groups is the perovskite. A
perovskite is a material with the same crystal structure as calcium titanium oxide (CaTiOs3).
Perovskites have the general formula ABO3, where A and B are metal cations (ion radius of A is
larger than that of B). An ideal structure is cubic with space group symmetry Pm3m, and it is the
simplest example of a structure containing two different cations. Due to the relative sizes of the

A and B cations, three types of distortions appear in the simple cubic perovskite structure:
- Distortions of the octahedral units (Jahn-Teller distortion)

- B-cation displacements within the octahedral leading to either a ferroelectric (if all the B
atoms move in the same direction) or antiferroelectric (if the B atoms move in opposite

directions) structure.

- The relative titling of one octahedral to another. The size of the unit cell increase while
reducing the A-site size and no changes in the B-cation environment in such titling [2].

Goldschmidt examined the octahedral titling disordered [3]. In order to determine the stability
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of perovskite phases, he was based on a formula to define the tolerance factor t in the

following equation:
t= (Ra+Rs)/V2(Rg+Ry) (1)

Where Ra, Rg and Ry are the ion radii of the A-site and B-site cations and the X-site anion
respectively in an ABX3 perovskite. The average ionic radius of the ions occupying each site is
considered in cases of complex perovskites. The deviation of t values indicates the degree of

distortion of a perovskite from the ideal cubic structure.

Barium titanate is a model of ferroelectric materials and belongs to the perovskite group with
high dielectric properties. It has been seen that even the crystal structure of calcium titanate
(CaTiOs3) and barium titanate BaTiOs is not truly cubic, it is slightly modified [4]. The crystalline
phases of barium titanate varied at different temperatures. It is paraelectric at high
temperature with a cubic phase, tetragonal and [100] polarized below its Curie temperature
(Tc=120°C), orthorhombic and [110] polarized below 5°C, and rhombohedral and [111] polarized
below -90°C.

For the miniaturization of electronic devices, high dielectric constant materials are highly
useful. Barium titanate and Lead titanate (PbTiO3) perovskites were used widely; they showed
different crystalline phases at different temperatures which leads to dielectric properties
variation. In addition to that, both BaTiO; and PbTiO3; showed important dielectric properties
useful for capacitor application, but they contain materials which are severally toxic for human
body and therefore are non-environment friendly materials [5], so searching a perovskite with

stable properties is important to such applications.

Many researches have been recently investigated the synthesis and characterization of
the pseudo-cubic perovskite CaCusTizO1, (commonly called CCTO), because of its unusual
electrical properties. The high dielectric constant 1 KHz for this type of oxides was first reported
in 2000 by Subramanian et al. [6]. Calcium copper titanate was synthetized for the first time
using conventional powder-sintering technique. Highly pure starting materials were used (99%)

of oxides (CaO, TiO, and CuO). The mixed powder was calcined at 900-1000°C for 8h, and then
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the calcined powder was reground and pressed into disks. The disks were sintered in air at
1000-1200°C [6].The structure of CCTO (space group Im3) can be derived from an ideal cubic
perovskite structure ABO; by superimposing a body centered ordering of Ca?* and Cu?* that
share the A site, and Ti* is on B site. Due to the different ionic radius between Cu and Ca
atoms, a tilting of TiOg octahedral planar appears [7]. This distortion forms a square planar

oxide environment convenient to Jahn-Teller distorted Cu®* [8] (Figure I-1).

Figure I-1: Structure of the cubic pseudo-perovskite (Im3) CaCu;Ti,O,, with TiO;, Cu in square planar coordination
(small black spheres) about O (small light grey spheres) and Ca at the origin and cube center (medium size grey
spheres).Reprinted with permission from (Subramanian et al.,2009 ). Copyright 2009 Elsevier. [9]

CCTO has been found as a material that shows an outstanding dielectric permittivity (up to 10%)
at low frequency and stable at a large frequency scale (10°Hz-10°Hz). It has been noticed that
this giant dielectric permittivity is temperature independent over a wide temperature range
between 100 and 600 K [9] which makes this oxide very attractive for technological
applications. Despite the high permittivity, CCTO loss tangent still high and constitute an
obstacle for commercial applications [10,11]. The origin of this important permittivity is not
fully understood and many hypotheses based on intrinsic and extrinsic properties were

suggested. Subramanian et al. suggested an intrinsic origin for this high permittivity explained
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by a ferroelectric relaxation that affects the rearrangement of Ti* ions [6], Sinclair et al. [7,12—
14] showed that the high permittivity is due to an internal barrier layer capacitor and not to an
intrinsic feature of the bulk crystal structure. They demonstrated that CCTO ceramics are
formed from semiconducting grains separated by insulating grains boundaries and they
suggested an electrical model that consists of two parallel capacitance-resistance (RC)
elements, R,C; and Rg,Cgp representing semiconducting grains and insulating grains boundaries
respectively, both connected in series [7] (Figure 1-2). It is now fully accepted that the origin of
the exceptional electrical properties of CCTO ceramics are due to an internal barrier layer

capacitance (IBLC) origin.

Rﬂb Rb
| | | |
| | | |
Cr:b Cb

Figure I-2: simplified equivalent circuit consisting of two parallel RC elements connected in series. Updated from
reference [15]

Basing on the experimental results, it has been possible to use CCTO for fabricating an efficient
energy storage device (EDS), and can be used for the evolution of solid state capacitors of class
Il type. In addition to that, CCTO is a wide gap n-type semiconductor material and can be used

for high temperature electronics, basing on studies of the resistivity at high temperature[16].

However decreasing dielectric loss with maintaining a high dielectric constant is the challenge.
Many investigations have been done to understand the origin of these dielectric properties and

their relation with CCTO crystal structure.

Several reviews focusing on different perovskite materials and their dielectric properties such

as barium titanate (BaTiO3) [17] and Lead titanate (PbTiO3) [18] have been reported recently. In
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2016, Ahmadipour et al. reported CCTO ceramics and films fabrication, factors influencing its
dielectric properties and its sensing applications [19]. In this review, an overview on the
influence of experimental conditions such as synthesis method, sintering approaches and
doping elements on the structures and dielectric properties of CCTO will be investigated. The
new trend in this field (since 2016) will be mainly discussed. This review will focus, in addition
to electrical properties, on the photocatalytic and the magnetic applications of CCTO, two

interesting properties that have not been reviewed before.

This review is composed from five sections. In first section, the synthesis methods are
discussed. The following section will report the sintering approaches and their influence on
dielectric properties. In the third part, different doping elements as well as their influence on
the morphology and the dielectric properties of CCTO will be discussed. Finally the new

properties of CCTO such as magnetic and photocatalytic properties will be reviewed.
1.2 Synthesis methods

In this section the synthesis methods used to design calcium copper titanate such as solid state
route (solid-solid, mechanosynthesis method), wet chemistry method or soft chemistry (sol-gel,
coprecipitation, hydrothermal method), microwave synthesis and combustion synthesis

techniques will be reported.
1.2.1 Solid state route

Solid state route is the first method used to prepare oxide. It is a mixing of solid starting
materials. Since those solids do not diffuse in each other at room temperature to form the final
compound, an additional step of heating at high temperature is necessary. Solid-state route is
divided into two groups, solid-solid by mixing manually the powders in an agate mortar and

mechanosynthesis method by using a ball mill machine to mix the precursors.

The CCTO, for dielectric applications, is very largely prepared by the “solid-solid” route. This
method consists in making an intimate mixture of oxide powders or precursors of oxides

(carbonates, hydroxides or nitrates) of calcium, copper and titanium. Subramanian et al. [6]
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used oxides and carbonates precursors which they calcined at 1000°C. Unfortunately in order to
obtain at the end a proper, homogeneous and single phase material, several steps of grinding
and calcination at high temperature are required. This is the reason why finding new methods

that are rapid and environmentally safe was developed later.

The mechanochemical synthetic route (Figure I-3) is a simple and rapid method that allows the
direct synthesis of the single phase oxides at low temperatures. One of the most important
advantages of this technique is that the starting materials can react together by a simple
diffusion mechanism at room temperature. The diffusion mechanism is due to the mechanical
stress applied on the precursors during the synthesis. In addition the grains size is reduced

during this process [20].

The chemical reaction during the solid-solid and a mechanochemical reaction method for the

synthesis of CCTO is shown in equation 1.2:
CaCOjs + 3CuO + 4TiO, — CaCu;TisO1; + CO, T (1.2)

Recently mechanical alloying method is used to prepare CCTO by mixing CaCOs;, TiO, and CuO
with or without solvent, followed by a calcination step to synthetize single pure phase of CCTO

[14,21-23].

Rotating direction of mill

Grinding medium

Materials

Figure I-3: Schematic diagram of a ball mill
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Thirpathy et al. [24] mixed a stoichiometric amount of CaCOs, TiO, and CuO into acetone (as a
dispersant agent) using a ball mill in a sealed plastic bottle with zirconium beads. Powders were
calcined at different temperatures from 900°C to 1050°C for 10h. Pellets were then sintered at
1100°C for 8h. XRD patterns (Figure I-4a) showed that the pure phase of CCTO is given at
1050°C of calcination. As seen in SEM images, (Figure I-4b) large grains are surrounded by small

ones at the junction for sintered pellets.
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Figure I-4: (a) X-ray diffraction patterns of CCTO powder calcined at different temperature and (b) SEM
micrograph of CCTO pellet. Reprinted with permission from (triphathy et al. 2016 ). Copyright 2016 Creative
Commons CC [24]
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Figure I-5: (a) Frequency dependence of dielectric constant of CCTO pellet at different temperatures and (b)
Frequency dependence of dielectric loss of CCTO pellet at different temperatures. Reprinted with permission
from (triphathy et al. 2016 ). Copyright 2016 Creative Commons CC. [24]
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Figure I-5 (a) showed the frequency dependence of dielectric constant as the function of
temperature (30°C-310°C). The permittivity (¢’) value decreases with increasing the frequency,
and at some point, € increases while increasing temperature. This behavior could be related to
the accumulation of charge on interface. Figure I-5 (b) showed that the dielectric loss is stable
at high frequencies and increases at low frequencies and high temperature, this phenomenon is

might due to the increase of conductivity with temperature.

Even if these methods are easy and simple to perform, they suffer from the need of repetitive

grinding and the use of a very high temperature for calcination.
1.2.2 Wet synthesis or soft chemistry

Over the past thirty years, new methods improperly called "chemical" have been proposed to
develop ceramic oxide powders of higher quality than those obtained by the solid route.
Greater purity, better granulometric characteristics and higher reactivity, were reported thus
leading to significantly lower sintering temperatures. Among these methods, there are two
main categories: (i) wet synthesis methods under normal atmospheric pressure such as sol-gel

and coprecipitation methods and (ii) hydrothermal methods.
1.2.2.1 Sol-gel method

Sol-gel method is one of the well-established synthetic approaches to prepare novel metal
oxides nanoparticles. This method has potential control over the textural and surface
properties of the materials. Sol-gel method mainly undergoes in few steps to deliver the final
metal oxide protocols and those are hydrolysis, condensation, and drying process. The control
of kinetics of hydrolysis and condensation of the titanium ions is sought in this type of
synthesis. The basic idea is to slow down the formation of Ti-O-Ti sequences to favor the
formation of Ti-O-Ca and Ti-O-Cu sequences which prefigure the crystalline structure of calcium
cupper titanate instead of TiO,. The slowing down of the Ti-O-Ti linkages is caused by a low
water supply or by titanium ion fixation of groups such as acetate. The kinetics can also be

slowed down by simply lowering the temperature.
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The precursors used in this method are metal alkoxide, metal citrate or nitrate. Micrometers
particles are distributed by mechanical mixing in a liquid, to form colloidal or sol solution with
adjusted pH (Figure I-6). Some difficulties are associated with the key steps of this method such

as hydrolysis, condensation and drying, which affect directly the morphology of the material.

Lo lr Hydrolysis
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Figure I-6 : The Reaction Pathway for the Production of Metal Oxide Nanostructures in the Sol-Gel Method.
Reprinted with permission from (Rao et al. 2017 ). Copyright 2017 Elsevier [25]

Mao et al. [26] have synthesized CCTO using calcium nitrate Ca(NOs),.4H,0, copper nitrate
Cu(NO3),.3H,0, titanium isopropoxide (Ti(CsHg0),, citric acid (CgHgO;) and ethylene glycol
(CoHg0,) as starting materials. A stoichiometric amount of Ca(NOs),.4H,0 and Cu(NO3),.3H,0
were dissolved in ethanol and the pH was adjusted by the addition of citric acid to form
solution (A). Solution (B) is formed by mixing (Ti(CsHs0)4 and ethanol for 1h, then solutions (A)
and (B) were mixed together with ethylene glycol at room temperature for 1h to obtain a clean
and transparent sol solution. In order to obtain a viscous blue gel, this solution was heated at
90°C in a drying oven, then heated to 120°C and kept for 12h in the drying oven to gain fluffy
precursor powders. The precursor powders labeled CCTO from 1 to 6 were calcined at 650°C,
700°C, 750°C, 800°C, 850°C and 900°C for 3h respectively then pressed to form pellets and
sintered at 1050°C/10h.
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The XRD patterns for the obtained powders and ceramics are shown in (Figure I-7). It is clear
that CCTO is formed and well crystallized. However traces of CuO and TiO, phases are observed

in powders calcined at 900°C.
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Figure I-7 : XRD patterns of the CCTO powders calcined at different temperature (a) and the sintered CCTO
ceramics at 1050°C for 10 h (b). Reprinted with permission from (Mao et al.,2019 ). Copyright 2019 Elsevier [26]

From SEM images they concluded that the grain size distribution depends on the calcination.
CCTO labeled 1, 2 and 3 ceramics had homogeneous microstructures, for CCTO labeled from 4
to 6 ceramics large grains are obtained. This could be attributed to the presence of small grains
absorbed by large grains. Grain boundaries of CCTO 5-6 ceramics are heterogeneous and large
grains are formed.

At low frequency (10 Hz) the permittivity and the dielectric loss increase with increasing
calcination temperature, and the increasing of the grain size. Thus, the CCTO6 had the highest
value for permittivity and tand. At medium frequency (10%-10° Hz) it has been observed that

CCTO5 exhibit the lowest value of tand (0.091).
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Compared with the solid route where the homogeneity scale is rarely better than 0.5 pum, the
sol gel method showed considerable advantages, including excellent chemical stoichiometry,

compositional homogeneity, and lower crystallization temperature.
1.2.2.2 Co-precipitation

Co-precipiation is one of the most convenient techniques for the preparation of nanomaterials
with a narrow size distribution. The co-precipitation technique does not require costly
equipment, stringent reactions or complex procedures. This method is based on mixing
stoichiometric amounts of soluble salts of metals to form a precipitate of hydroxides, oxalates,
or citrates and then the mixture is filtered, dried and heated to form the final product.

Zhu et al. [27] used co- precipitation method to synthetize CCTO powders. They started by
dissolving 0.2 mole of oxalic acid in ethanol, the pH of the obtained solution was adjusted to 2.5
- 3 using ammonia. At this point, 0.1 mole of Ti(OCH4Hs)s were added. On the other hand a
stoichiometric amount of calcium nitrate (0.025 moles) and copper nitrate (0.075 moles) were
dissolved in distilled water. After few minutes, the metal nitrates solution and the oxalic
solution were mixed and kept overnight to complete the reaction. The precipitate was filtered,
dried then calcined. Pellets were pressed and sintered by spark plasma sintering at 1000°C for
2h.

Figure |-8a shows the XRD patterns of the powders obtained at different calcination

temperatures. They confirm the formation of pure CCTO at 700°C calcination temperature.
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Figure I-8 : a) XRD patterns of CCTO calcined in air at various temperature,(b) the SEM photograph of CCTO
ceramic bulk. Reprinted with permission from (Zhu et al.,2009 ). Copyright 2009 Elsevier [27]

SEM image of the obtained ceramic (Figure 1-8b) showed a dense microstructure with an
average grain size between 2 and 5um. The sintered pellets showed a high dielectric constant >
10*, that increases with frequency from 1 KHz to 1MHz due to IBLC model effect. Using

coprecipitation method will help to obtain CCTO at low calcination temperature.
1.2.3 Microwave synthesis

Microwave energy was originally applied for heating food. Recently it has been used to
accelerate chemical synthesis. Thus, the microwave energy replaces the calcination step to
obtain the pure phase of CCTO powders. The heating effect utilized in microwave assisted
synthesis is mainly due to dielectric polarization. This method is based on the emission of a
radiation into a solution. If the solution contains charged particles, this particle will move under
the influence of a field and produce an oscillating electric current. If the particles in the solution
are not charged, the electric field component will cause them to align the dipole moments and
this is the dielectric heating. To use the microwave heating techniques, the compound must
contain at least one molecule that can absorb the radiation or must be surrounded by an

absorbent molecule to absorb microwave radiations.

Kumar et al.[28] used the microwave flash combustion technique to synthetize CCTO, involving

microwave irradiation on aqueous solution containing Ca(NO3),.4H,0, Cu(NOs),.4H,0,
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TiO(NOs); as an oxidizer and urea (CH4N,0) as a fuel. They prepared an aqueous solution of two
precursors Ca(NOs),.4H,0 and Cu(NOs),.4H,0 separately, then they mixed these solutions with
an stoichiometric amount of urea fuel and oxidizer agent (TiO(NOs),). At the end, they obtained
a blue gel. This gel is kept in an alumina crucible and put into a microwave costumed oven
operating at 2.45 GHz and 1.1KW power. The combustion takes around 30s to be completed. It
is accomplished by a flash of light followed by discharge of gaseous mixture (O, N,, H,0) and a
porous dark-brown residue is obtained. This residue was crushed then calcined at 800°C and
900°C for 5h to obtain CCTO. XRD patterns (figure 1-9a) showed that the pure phase of CCTO is

obtained after calcination at 900°C/5h.
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Figure I-9 : (a) XRD patterns of CCTO powder samples: (a) as-synthesized, (b) calcinated at 800 °C for 5 h, (c)
calcinated at 900 °C for 5 h, and (d) sintered pellet at 1050 °C for 5 h. The symbols 4, +, and e correspond to the
trace of secondary phases CaTiO;, CuO, and TiO,, respectively, (b) Frequency dependence of the dielectric
constant and tan é of sintered CCTO samples sintered at 1050 °C for 5 h. The inset shows the variation of the real
part of the impedance with frequency. Reprinted with permission from ref [28]. Copyright © 2015 American

Chemical Society

Dielectric properties (Figure 1-9b) were studied on CCTO pellet (sintered in air with conventional

method at 1050°C/5h) and showed that at low frequencies dielectric constant increases, that
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maybe due to the ceramic-electrode interface effect or to a relaxation dipole at the grain
boundaries. However higher dielectric constant and dielectric loss appear at high frequency
(0.5-8MHz). This value of dielectric loss is maybe due to that at high frequency just the
response of grains is considered and there is charge carriers generated in grains during sintering
by reduction of Cu®* to Cu* and by oxygen loss.

Despite that this approach is very elegant, the final compound cannot be formed after heating

into a microwave and a second step of calcination is always needed.
1.2.4 Combustion synthesis technique

By this method, single homogenous nanopowders and single-phase material can be produced;
ceramics, catalysis composites alloys and nanomaterials are synthetized and proceeded. A
reaction is maintained between a fuel and an oxidant present in the precursor solution. Oxidant
are the nitrates of different metals and the fuel generally are citric acid, urea, ethyl glycol or it
can be added with some chelating agents such as acetic acid, to form complexes with the metal
ions present in the precursor solution. The dehydration of this complex produces a viscous gel,
that after self-heating produce a huge quantity of gazes which leads to the formation of pores.

The final step is the calcination at high temperature of this gel to have a final product.

Patra et al. [29] used an appropriate amount of TiO(NQOs),, CaCOs, CuO, citric acid monohydrate
and ammonium nitrate. The pH of the solution was adjusted using NH4,OH, the solution was
kept on a hot plate at 80-90°C. A viscous gel is developed due to the dehydration of the mixed
solution during heating. This gel self-ignites resulted from heating is followed by swelling of the
gel. A voluminous black precipitate was obtained from this ignition, and then calcined at 800°C

to obtain pure CCTO phase.

Lopera et al. [30] used sol-gel method associated with auto-combustion to synthetize Sm-
doped CaCusTizO1,. They used (Cu(NOs),), (Ca(NOs),) Ti-isopropoxide (Ti[OCH(CHs),]s,)
Samarium nitrate (Sm(NOs);), and acid citric (CgHsO7H,0). In order to have Ca;,SmyCusTisO1,
(for x=0, x=0.2,x=0.3), starting materials were mixed in distilled water solution then heated on a

hot plate magnetic stirrer at 70°C until the auto-combustion is achieved. Precursor powders are
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sintered at 1050°C/10h. XRD patterns (Figure 1-10) showed that a pure phase of CCTO is formed
with almost the same lattice parameter 7.392A, 7.394A and 7.395A for CCTO (x=0), CCTO2
(x=0.2) and CCTO3(x=0.3) respectively. SEM images showed that grain growth was inhibited

after doping by Sm**, and the permittivity at 100 kHz decrease from 15.747 for undoped CCTO
to 4126 for CCTO3.
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Figure I-10 : X-ray diffraction patterns for Ca,..Sm,Cu;Ti,0,, the system CSCTO2 (x = 0.2), CSCTO1 (x = 0.3), and

CCTO (x = 0.0). Reprinted with permission from (Lopera et al.,2014 ). Copyright 2014 Elsevier [30]

Autocombustion method is a rapid process with low-cost and low-temperature. There is a
possibility to have multicomponent oxides with single phase and high surface area. It is an
exothermic reaction that makes the product almost instantaneously. The disadvantages of this
process are the possibility of contamination with carbonaceous residue and the poor control of
morphology.

1.2.5 Hydrothermal method

Hydrothermal method is used in order to synthetize nanosized ceramics. To carry out the

reaction under high temperature and pressure, precursors are placed into an autoclave filled

with water.
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Classically to synthesize CCTO by hydrothermal method [Ti(OCsH;)s], CaCOs3, Cu(NOs),:2.5H,0
and potassium hydroxide (KOH) are used as starting materials. In deionized water, an
appropriate amount of titanium isopropoxide and calcium carbonate was dissolved, the same
for copper nitrates, then the two solutions were mixed together with 50 mL from KOH
(mineralizer). An amorphous precipitate of Ti(OH),, Ca(OH), and Cu(OH), is formed. In order to
avoid the formation of calcium carbonate as second phase, nitrogen gas was constantly

bubbled to the system. The mixture is transferred to a Teflon autoclave.

Masigboon et al. [31] synthetized CaCusTizO1, using the hydrothermal method. In aqueous
medium, precursors Ca(NOs),.4H,0, Cu(NOs),-3H,0, Ti(OCsH;)4 and freshly extracted egg white
(ovalbumin) were mixed. Egg white protein was used due to his gelling, foaming and
emulsifying characteristics. It was no need to pH adjustment with this process. Mixed solutions
were treated hydrothermally in autoclave at 150°C and 200°C for 8h. They dry the precursor at
70°C-80°C then it was calcined at 800°C, 900°C and 1000°C/8h.

XRD patterns (Figure I-11) showed that the pure phase of CCTO appears after 800°C of
calcination with second phases CaTiOs, TiO, and CuO. CaTiOs; appears when there is non-
stoichiometric amount of Titanium and calcium. As seen in TEM images (Figure I1-12), CCTO had
a nanocrystalline structure, in which grain size increases with calcination’s temperature. They
conclude that with hydrothermal method, CCTO powders can be produced in order to study

their dielectric properties.
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Figure I-11 : XRD patterns of CCTO base-powders prepared by hydrothermal process at (a) 150°C/8h and (b)
200°C/8h, respectively. All powders calcined in air for 8 h at 800, 900 and 1000 °C. Reprinted with permission
from (Masingboon et al. 2017 ). Copyright 2017 Creative Commons CC.[31]
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Figure 1-12 : TEM images of CCTO powders, which prepared by hydrothermal process at 150 °C/8h calcined in air
for 8 h at (a) 800, (b) 900 and (c) 1000 °C, and at 200 °C/8h calcined in air for 8h at (d) 800, (e) 900 and (f) 1000
°C, respectively. Reprinted with permission from (Masingboon et al. 2017 ). Copyright 2017 Creative Commons
CC[31]

In order to prepare calcium copper titanate, different synthesis methods are used. The aim of
using these methods (apart solid state route) was to obtain the final compound at lower
calcination temperature and with a homogeneous microstructure in order to maintain a high
permittivity and a low dielectric loss. In Table I-1, some selected examples for these different
synthesis methods are showed as well as their influence on permittivity (¢’) and loss tangent
(tan 0). From Table I-1, microwave synthesis showed the highest value of dielectric constant
(¢'=53,300) but at the same time the highest dielectric loss (tand=0.2), which limit its industrial
application. In the next section, the different approaches used for the sintering of CCTO will be

reviewed.
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Table I-1 : Resumed comparison between synthesis method and their influence on dielectric properties
permittivity (£’), and dielectric loss (tan )

Synthesis Method Precursors g tan o References
Solid-solid Ca0,Cu0 and TiO, 10,286 0.067 [6]
Mechanosynthesis CaCO;, CuO, TiO, ~5000 0.14 [21]
Sol-gel Ca(NOs),.4H,0, Cu(NOs),.3H,0, 3*10° 0.091 [25]

Ti(C3H90)4, C;HEO,, CeHO4
Microwave synthesis Ca(NOs),.4H,0, Cu(NO3),.4H,0, 53,300 0.2 [27]
TiO(NOs),, CH4N>O

Autocombustion Ca(NOs),, Cu(NOs),, TI[OCH(CH;)la, 15,474 - [29]
CeHsO,H,0
Coprecipitation H,C,0..H,0, Ca(NOs),.4H,0, 10* 0.09 [26]

CU(N03)2.3H20, TI(OC4H9)4
Modified sol-gel with Ca(N03),.4H,0, Cu(NO3),.4H,0, - - [30]

hydrothermal process  TiO(OCsH;),4

1.3 Sintering and dielectric properties

Sintering (Figure 1-13) is a well-established process used to consolidate powders by heating
green bodies at high temperatures below the melting temperature of the powder. It is a
thermal treatment for bonding particles into a coherent, predominantly solid structure via mass
transport events that often occur on the atomic scale. The bonding leads to improve strength
and lower system energy. Most industrial sintering is pressure less and performed without any
external applied pressure. Pressure assisted sintering techniques include many processes: hot

isotactic pressing, hot pressing, flash sintering and Spark Plasma sintering.
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Figure I-13 : the taxonomy of sintering, showing process differentiation by various branches, starting with the
application of pressure-assisted versus pressureless sintering. Adapted from [32]

There are challenging demands from all the industries involved in nanotechnology for new and
improved sintering process with fine microstructure and enhanced mechanical, electrical,
optical and physical properties. The aim of modern ceramic technologies is obtaining dense
ceramic with nanostructured grains. That is why there are many factors to be optimized during
the sintering process, starting from powders (shape and size of grains), green bodies
manufacturing (dimensional changing during compacting which is dependent from the
pressure) and sintering type and time [33]. In this review, we will present four main methods of
sintering used to obtain dense ceramic of CaCusTisO1; such as conventional sintering,

microwave sintering, and spark plasma sintering and thermobaric treatment.
I.3.1 Conventional sintering

The conventional sintering process consists of heating a preformed powder (raw or blended
materials) at high temperatures, lower than the melting point, during minutes to hours. The
driving force for sintering comes from the high surface energy and curved surface inherent to a

powder. There are different “stages” for sintering. A “stage” of sintering can be described as an
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interval of geometric change in which the pore shape change is totally defined or an interval of

time during which the pore remains constant in shape while decreasing in size. The sintering

process can be divided into three different stages:

The initial stage: Sintering initially causes the particles that are in contact to form grain
boundaries at the point of contact through diffusion. The neck and grain boundaries are
formed during this stage. Neck formation is driven by the energy gradient resulting from
the different curvatures of the particles and the neck. Surface diffusion is usually the
dominant mass-transport mechanism during the early stages of neck growth, as the
compact is heated to the sintering temperature. A smoothing in the surface occurs.

The intermediate stage: During this stage, there is the creation of isolated pore
structures. Grain growth and densification occur at this stage too. Densification is
assumed to result from pores simply shrinking to reduce their cross section. The
intermediate stage normally covers the major part of the sintering process, and it comes
to an end when the density of the porous body reaches close to 90 % of the fully dense
body.

The final stage: Final stage sintering is much slower than the initial and intermediate
stages. During this stage, pore shrinkage and closure happen. Pore shrinkage is one of
the most important stages in the sintering process. For this shrinkage to occur solids
must be transported into the pores and the gas present inside the pore must escape to

the surface. In the final stage, grain growth occurs.

CCTO was widely prepared by conventional sintering and the electrical properties of the

obtained ceramics were extensively studied. Different furnaces types were used to a

conventional sintering such as refractory type electrical resistance furnace, induction furnace or

fossil fuel furnace. High temperature and long sintering duration are maintained during

sintering process. During heating, the temperature is distributed between elements by the

mechanism of conduction, radiation and convection. First the material surface is heated then

heat is transferred into material leading to a temperature differences between the surface and

inside the material [34].
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Sinclair et al.[7] prepared the CCTO powders via the mixed oxide route using CaCOs, CuO and
TiO, as starting materials. Pellets were prepared by sintering cold-pressed compacts in air at
1000-1100°C and were 89 to 90% of the theoretical density. The obtained ceramics showed
values for permittivity higher than 10 000. The authors explained that the electrical properties
of CaCusTisO1, ceramics depend on many variables, including ceramic microstructure (average
grain size and pellet density) and processing conditions (oxygen partial pressure, sintering

temperature and cooling rate).

Barbier et al.[35] prepared CCTO ceramics by adding an organic binder to the powder and the
obtained mixture was pressed into pellets of 6 mm in diameter and 1.5 mm thick, at a pressure
of 620 MPa. The obtained pellets were sintered in air at 1100°C for 24 h. The density of the
samples was approximately 4.8 g cm™>. The pellets exhibited a bimodal grain size distribution

(Figure 1-14).

Figure I-14 : FEG-SEM micrograph of a 6mm diameter CCTO pellet sintered at 1100 ~C for 24 h. Reprinted with
permission from (Barbier et al.,2009 ). Copyright 2009 Elsevier [35]

High values of dielectric permittivity and low losses were observed whatever the electrode (g, =
1.4x10° and tg 8 ~0.16 at 1 kHz). Lukenheimer et al. [36] studied the origin of the colossal
dielectric constants of CCTO ceramics prepared by conventional sintering. They performed
detailed dielectric measurements on various CCTO samples subjected to different surface and
heat treatments. The ceramics were sintered at 1000°C in air for up to 48h. The authors

concluded that there must be two different types of insulating layers in CCTO.
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Ferrarelli et al. [37] undertook impedance spectroscopy study of CCTO single crystals and CCTO
ceramics. The authors mentioned that the impedance spectroscopy is a useful technique to
characterize electrically heterogeneous materials and can, in many circumstances, be used to
identify and separate intrinsic (e.g. bulk) and extrinsic (e.g. grain boundary, non-ohmic
electrode contact) effects. The CCTO ceramics were prepared by uniaxially cold pressing of the
CCTO powder into 5 mm compacts under an applied pressure of 50 MPa, followed by pressing
at 200 MPa in a Flow Autoclave System model 32330 cold isotactic press. Resulting green body
compacts were placed on Pt foil and sintered at 1100 °C for 6 h. Heating and cooling rates of
5°C.min"* were used for both the powder production and for sintering pellets. CCTO ceramics
with a theoretical density of 96 % were obtained. The authors observed a predominantly grain
boundary effect (IBLC) for ceramics and an extrinsic electrode — sample interface effect for
single crystals.

Fiorenza et al. [38] used the combination of scanning impedance microscopy and conductive
atomic force microscopy on single crystals of the perovskite-type oxide CaCusTizO1, (CCTO) in
order to provide a local dielectric characterization on ingot sections. The authors sintered the
single crystals in air for 12h at 1000°C. They demonstrated the presence of insulating inclusions
in CaCusTisO1;, single crystals, identified to be CaTiOs. The CaTiOs; secondary phase could
block/restrict conduction within CaCusTizO1, crystals and could participate in the macroscopic
conduction mechanisms.

Schmidt et al. [39] synthesized powders of various compositions within the ternary Ca0O—CuO-
TiO, phase diagram from different amounts of dried high purity reagents of CaCOs, CuO and
TiO,. For each composition, pellets were pressed from freshly crushed and ground powders
using a uniaxial hydraulic press (1 ton) and all were simultaneously sintered at 1100 °C on Pt foil
for 12 h. The authors observed an abnormal increase of the CCTO bulk dielectric permittivity in
the absence of CuO secondary phase in the ceramics. Compositions containing CuO phase
exhibit increased resistivity.

Turky et al. [40] demonstrated that without any dopant, only by controlling the chemistry and
engineering, the interfacial regions at the grain boundaries, the dielectric loss can be

suppressed remarkably while retaining the giant dielectric constant.
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Finally, chung et al. [41] prepared pellets sintered in a tube-type furnace at 1100 °C in air for 3
to 20 h and removed immediately to room temperature without any furnace-cooling.

With conventional sintering method, CCTO can be produced in one step of heating, but the use
of very high temperature is necessary which is costly in energy domain and non-

environmentally.
1.3.2 Microwave sintering

Microwave sintering is a newly developed technique used for the sintering of materials that has
shown many advantages against the conventional sintering process. Microwaves are a form of
electromagnetic radiation with wavelengths ranging from about one meter to one millimeter;
with frequencies between 300 MHz and 300 GHz. Originally, microwaves were used for
communication. Heating of materials with the use of microwave energy got established in 1950.
Thus, the microwave heating gained very fast popularity for processing of ceramics, polymers,
metallic based materials and advanced materials.

The processing of material using microwaves depends on its dielectric and magnetic properties
as the electric field and the magnetic field of the electromagnetic radiation interact with the
material during irradiation. The dielectric interaction of materials with microwaves is
characterized by two factors: The absorbed power (P) and the depth of microwave penetration
(D). The absorbed power in a material is the dissipated power due to the electric and magnetic
fields of microwave energy which could be represented as energy converted inside a heated
material. Thus, the power absorbed by a material is significantly influenced by the depth up to
which the radiations penetrate into it. However, microwaves cannot penetrate inside in the
similar fashion in all materials.

Transparent or low dielectric loss materials let the microwaves pass through them without any
loss. Opaque or conductive materials reflect the microwaves not allowing them to penetrate.
Absorbing or high loss materials where microwaves are absorbed depending on the value of the

dielectric loss factor (Figure 1-15) [34,42].
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Figure I-15 : Three kinds of materials according to the interaction with microwaves: (a) transparent, (b) opaque
(conductor) and (c) absorber. Reprinted with permission from (Oghbarir et al.,2010 ). Copyright 2010 Elsevier
[34]

The Basic difference between conventional sintering and the microwave sintering resides in the

heating mechanism. (Figure I-16) shows the temperature profile for both methods:
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Figure I-16 : Temperature profile within the sample in: (a) conventional heating, (b) microwave heating and (c)
microwave hybrid heating. Reprinted with permission from (Oghbarir et al.,2010 ). Copyright 2010 Elsevier [34]

For conventional sintering, heat is generated by heating elements and transferred to samples
via radiation, conduction, and convection. In microwave sintering, however, the materials

themselves absorb microwave energy, and then transform it into heat within their bodies [34]
The microwave sintering shows many advantages against the conventional sintering process:

- Increased density and more uniform grain sized distribution since it can promote the
forward diffusion of ions.

- Lower energy consumption in microwave sintering because the use of microwaves
facilitates the transfer of energy directly into the materials, providing volumetric
heating.

- Reduced sintering time since microwaves directly interact with the particulates within
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the green pellets rather than being conducted into the specimen from an external heat

source, thereby provide rapid volumetric heating [34].

Recently many researchers have been using the microwave sintering process to prepare CCTO
ceramics [43,44]. In 2016, Kumar et al. [43] demonstrated the effect of microwave heating rate
on the sintering of CCTO. The higher is the heating rate (50°C/min) the more uniform and dense
is the structure. Conductivity of the obtained ceramics was found to increase with increasing
heating rate. They prepared nanocrystalline powders of CCTO by microwave flash combustion
technique, the obtained powders were sintered by microwave sintering method. The sintering
temperatures were optimized to 1025-1075°C and the duration to 20 minutes. Figure 1-17

shows the SEM of the obtained ceramics obtained by microwave sintering.

Figure I-17 : SEM image of CCTO sample sintered by microwave for 20 min at (a) 1025 °C and (b) 1075 °C.
Reprinted by permission from (Nature/springer/Journal of Electroceramics) (Kumar et al.) Copyright (2018) [43]

Thus, the CCTO microstructure has well developed grains and grain boundaries. The grain
boundaries are very thin as compared to that of grains. The authors showed that increasing the
sintering temperature increases the grain growth in the ceramic as well as the densification
(from 94 to 97%). At room temperature, a giant dielectric constant of 53300 and a small loss
tangent of 0.2 at 100 Hz were found in CCTO sample sintered at 1075 °C for 20 min. It was
found that CCTO microstructure was electrically heterogeneous due to grain resistance of 8 Q
and grain boundary resistance of 350000 Q. This confirms that giant dielectric constant in CCTO

is related to inter-barrier layer capacitance.
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Ouyang et al. [44] used microwave sintering in order to obtain CCTO ceramics. The authors
explained that the fundamental difference between conventional sintering and microwave
sintering is the difference of the heating mechanisms. The dielectric properties of the ceramics
depend on their microstructure. In the microwave sintered samples, an increase in the sintering
time decreases the value of the relative permittivity and the electrical loss. While for
conventional sintering ceramics, an increase in the time of sintering increase the values of the
permittivity and dielectric loss. This difference in behavior between microwave and
conventionally sintered ceramics was attributed to the difference in the microstructure.

Raval et al.[45] prepared three sets of samples; all of them sintered at 1223 K for 12 h then at
1423 K for 18 h. The first set was slowly cooled, the second one was quenched from the high
temperature to liquid nitrogen and the third one was slowly cooled then treated in a domestic
microwave (2.45 GHz) for 1h. They analyzed J-E graphs to investigate the |-V properties of
different surfaces resulting from different treatments. They noticed that the maximum current
density (Jmax) decreases from 327 mA/cm? for the slowly cooled sample to 254 mA/cm? and 234
mA/cm? for the guenched and the microwave samples respectively. This behavior was
attributed (i) to the relation between surface morphologies (grain size and secondary phases)

after quenching and microwave treatment and (ii) to the varistor property.
1.3.3 Spark Plasma sintering

Field assisted sintering techniques have become recently very important for the rapid
preparation of fully dense ceramic powders. Among them, the novel technique of Spark Plasma
Sintering is used for the superfast densification of ceramic nanoparticles within a few minutes.
Spark plasma sintering (Figure 1-18) is a modified hot-pressing process where the ceramic
powder compact is placed within a conducting die (mainly graphite), which is in turn heated via

high DC or AC electric current density [46].
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Figure 1-18 : SPS system configuration. Reprinted with permission from (Guillon et al.,2014 ). Copyright 2014
Creative Commons CC [46]

The SPS process is performed in partial and low vacuum (* 3 Pa) in order to avoid oxidation of
the graphite die at high temperatures. During the process, the sample placed in a conductive
matrix and subjected to uniaxial pressure. In this sintering mode, series of DC pulses (pulse
duration 3.3 ms, current 0.5 to 8 kA, voltage < 10 volts) are applied during the sintering cycle.
By this process it is possible to reach the sintering temperature extremely rapidly with
temperature rise rates of up to 600 ° C. min™! maximum. As a result, grain growth is strongly
inhibited and dense materials of submicron grains can be expected to be obtained at
temperatures of about 100 degrees lower than the temperatures required for conventional
sintering methods.

Three mechanisms affect the spark plasma sintering, such as enhancement of grain boundaries
diffusion process by pulsed current, pressure application and resistance sintering. These three
mechanisms have to be optimized in order to obtain a compact structure with grain-to-grain
contact [33].

Kumar et al. [47] prepared CCTO ceramics by sintering CCTO powders using the SPS method.
The sintering temperature used is 1050°C and the duration of sintering is 10 min under uniaxial
pressure of 50 MPa. The morphology of the particles in the sintered pellet is shown in the figure

[-19.
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Figure I-19 : SEM image of CCTO pellets sintered at 1050 °C for 10 min using spark plasma sintering. Reprinted by
permission from (Nature/springer/Journal of Materials science, Materials in Electronics) (Kumar et al.)-
doi.org/10.1007/s10854-015-3275-x Copyright (2015) [47]

In 2017, Kumar et al. [48] obtained spark plasma sintered ceramics using a temperature of
sintering of 1050°C and a duration of 30 minutes. The microstructure of the sintered ceramics
(Figure 1-20a) showed that microstructure has highly compacted grains with grain boundaries.
The average grain size is in range of 12—-15 um. The density of sintered sample is measured to

97.5 % of theoretical density.
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Figure 1-20 : (a) SEM image of fractured CCTO pellet sintered by spark plasma at 1050 °C for 30 min,(b) Frequency
dependence of the dielectric constant and tané of spark plasma sintered CCTO samples. Reprinted by permission
from (Nature/springer/Journal of Materials science, Materials in Electronics) (Kumar et al.)-

doi.org/10.1007/510854-016-4418-4 Copyright (2016) [48]
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The frequency dependence of the dielectric constant and loss tangent of SPS sintered ceramics
are shown in the following Figure 1-20b:

Dielectric constant and loss tangent of sintered samples was measured to 1.7x10° and 11 at
100 Hz respectively. Using the impedance spectroscopy, the resistance of grain and grain
boundary was calculated to be 10 and 190Q), respectively. These resistances form the internal
resistive barrier that result in a giant dielectric constant in CCTO.

They noticed an increase in grain boundaries resistance. The conductivity shows a nonlinear |-V
response that confirmed the non-ohmic electrical grain boundaries properties of CCTO. A
polarization is applied between two adjacent CCTO grains (Schottky diode), one of Schottky is
forward polarized (semiconductor-insulator) in which the depletion contribution is reduced,
and the second one is polarized in reverse (insulator-semiconductor) in which the depletion
contribution is enhanced. These two depletions are unequal. By dropping the applied voltage,
the reverse side keeps expanding while the forward one is fasten and this behavior results in an
increase in width of the depletion region. The decrease of grain boundaries capacitance is
induced by the increasing of the width of depletion region and thus non-ohmic electrical grain
boundaries properties appears.

Ni et al. [49] prepared CCTO spark plasma sintered ceramics and compared them to
conventionally sintered CCTO ceramics. In the SPS method, the obtained powders were added
in to a graphite die with 12 mm diameter and sintered at temperatures from 750°C to 950°C for
5 min under a vacuum of 6 Pa. During the period of heating and soaking, a pressure of 30 MPa
was applied to the sample. Then the as-sintered samples by SPS were polished and annealed in
air at 800°C for 2 h to remove the residual carbon on the surface of samples. After annealing,
the samples were polished again from both sides to remove the residue from outer layers.

The authors showed that the SPS ceramics showed a higher dielectric constant compared to
conventionally sintered ceramics and they attributed this to the higher densification the
sintered samples.

Lin et al. [50] prepared four different ceramic series that were SPS sintered at 900°C for 5 min,
900°C for 20min, 950°C for 5min and 950°C for 20min. Figure I-21 shows the microstructure of

the different ceramics obtained by SPS.
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Figure I-21 : SEM images of fractured cross-sections of CCTO ceramics prepared by SPS method: (a) SPS-900-5, (b)
SPS-900-20, (d) SPS-950-5, (e) SPS-950-20 samples; the high magnifications for (c) SPS-900-20 and (f) SPS-950-20
samples with small inclusions. Reprinted with permission from (Lin et al.). Copyright 2018 Elsevier [50]

The authors concluded that the ceramics sintered at 900°C for 5 min have the largest Ep, (~9.28
kV/cm) and a (~21.5) value, which can be attributed to the synergistic effects of enhanced
barrier height, large activation energy at grain boundaries, and the evolution of microstructure.
Spark plasma sintering is an efficient method used to obtain a well and defined structure of

CCTO ceramics; however it is a very costly method and not used widely.
1.3.4 Thermobaric treatment

High-pressure experimental techniques have been widely used in such fields as mineralogy,
petrology, geophysics, and material science. Generally, there are three major high-pressure
devices used in high-pressure experimental studies for the Earth and planets, including the
piston-cylinder apparatus, the multianvil apparatus (MAA), and the diamond-anvil cell (DAC).
Each apparatus has its own advantages and unique applications [51]. High pressure and high

temperature sintering methods have been recently used to prepare CCTO ceramics [52,53].

In order to study the properties of the CCTO ceramics prepared by thermobaric treatment, Xu
et al.[52] prepared quenched CCTO at 1000°C/10 min after it had been subjected to a high
quasihydrostatic pressure of 9 GPa. Such high pressure and high temperature treatment (HPT)
result in significant changes of the crystallochemical parameters. The microstructures of the

obtained ceramics are shown in Figure I-22 (a,b,c,d):
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Figure I-22 : Fracture view field-emission scanning electron microscopy micrographs of (a) 02-CCTO, (b) O2-TBT-
LN2, (c) LV-CCTO and (d) LV-TBT-LN2, Complex impedance spectra of CCTO ceramics in the frequency range of 20
Hz-3 MHz at various high temperatures: (e) 02-CCTO, (f) 02-TBT-LN2, (g) LV-CCTO and (h) LV-TBT-LN2.

Reprinted with permission from (Xu et al.). Copyright 2018 Elsevier [52]
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The samples sintered in vacuum show a little larger grain size of ~10um than the others,
whereas the oxygen sintered samples have more uniform and much finer grain size of about 3—

5um. Gain boundaries tend to become blurred after thermobaric treatment (TBT).

Figure 1-23 (e,f,g,h) shows an example of the impedance study done on the ceramics obtained

by TBT.

The authors concluded that the grain boundary relaxation is responsible for the abnormal
dielectric behaviors of TBT CCTO ceramics. It is affected by the sintering condition and

especially TBT processing.

Mao et al. [53] prepared the Calcium copper titanium oxide (CCTO) ceramics using the following
procedure: Ceramics were quenched in air and liquid nitrogen separately after being subjected
to sintering in low vacuum and thermobaric treatment (TBT) at 9 GPa and 1000 °C for 10 min.

The microstructures of the obtained ceramics are shown in Figure [-23:

Figure 1-23 : FEG-SEM cross-section images of (a) CCTO, (b) CCTO-TBT-LN2 and (c) CCTO-TBT-Air ceramics.
Reprinted with permission from (Mao et al.). Copyright 2018 Elsevier [53]

The authors observed that after TBT and quenching the grain size decreases tremendously and
the grain boundary becomes fuzzy. From impedance study, the authors concluded that the
dielectric relaxation of CCTO should be originated with the grain boundary that can be

apparently affected by the extreme conditions of TBT and quenching.

It is clear from this section that using different sintering method lead to different
microstructures and different dielectric properties as shown in Table I-2. Despite the long

duration and the high energy used for conventional sintering, this method gives best results of
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dielectric properties comparing with others, especially for dielectric loss. After reporting the
manufacturing methods of CCTO; next section will discuss the insertion of one or two elements
into the crystalline lattice in order to investigate their effects on dielectric properties.

Table I-2 : Resuming the sintering method, different temperature and duration used and their influence on
permittivity (£) and dielectric loss (tan?)

Sintering method Precursors Temperature g tand References
Conventional Sintering CaCO;, TiO,, CuO 1100°C/12h ~10* - [38]
(Cs)
Microwave Sintering Ca(N0;),.4H,0, 950°C 3.14x 10° 0.161 [42]

Cu(NOs),.3H,0, (2.54GHz,1.25KW)

Ci6H3604Ti
Spark Plasma Sintering CaCO;, TiO,, CuO 900°C/5min 10° - [46]
Thermobaric Treatment CaCOs, TiO,, CuO CS: 1100°C/24h 10° ~10 [50]
(TBT) TBT:1000°C/10m

in (9GPa)

1.4 Doping of CCTO

The first part of this review has shown that copper calcium titanate is a material of choice for
the fabrication of ceramic capacitors because it has an extremely high dielectric constant. The
doping of this material by different types of ions can change its electrical properties (relative
permittivity, losses, Curie temperature) and lead to other uses. The copper calcium titanate
may allow the partial exchange of one, two or three cations by other cations of the same or
different valences. It is necessary that the size, charge, and mass of the surrogate ions be
compatible with the host site. Doping element or dopant is like an impurity inserted into the
element in low concentration to alter some electrical or optical properties, in crystalline
materials. These dopants enter into the crystal lattice and take a place of a basic element. Many
studies have been performed on the doping of CCTO by different elements and most recently
the co-doping of CCTO by two different elements at the same time. This section is divided into

two parts, the first one treated the one element doping CCTO and the second part treated the
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two elements doping.
1.4.1 Doping of CCTO by one element:

Doping is crucial for determining physical properties and applications for various materials
especially semiconductors. Fundamentally, a good dopant should achieve an ideal solubility in
its host material and should exhibit a shallow defect level. However, there exist some

fundamental doping bottlenecks, which strongly affect the device performance.

In order to enhance dielectric properties, doping CCTO was one of the investigations; it is an
insertion of an atom into the structure lattice. Lee et al. [54] studied the effect of silver doping
on the sintering temperature of CCTO. Ag dopant was added to CaCusTizO1, powders to reduce
the sintering temperature in order to lower the fabrication costs. SEM figures of ceramics

obtained from Ag-doped CCTO sintered at different temperatures are presented in Figure I-24.

1 mol% Ag-CCTO 2 mol% Ag-CCTO 3 mol% Ag-CCTO 4 mol% Ag-CCTO

975 °C

1025 °C

1075 °C

1125 °C

Figure I-24 : Surface morphologies of 1-4 mol% Ag-doped CaCu;Ti 0, ceramics sintered from 975 to 1125 °C for
12 h. Reprinted with permission from (Lee et al.). Copyright 2017 Elsevier [54]

The SEM results indicate that a higher sintering temperature contributes to grain growth and
densification, except for the Ag-doped CCTO ceramic specimens sintered at 1125 °C. Ag is
believed to behave as a liquid-phase sintering aid. The authors found that the sintering

temperature needed for obtaining highly densified ceramics was decreased from 1125°C to
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1075°C. The relative permittivity of the 2% Ag ceramic increased compared to the undoped

CCTO ceramic.

The dependence of current density (J) as the function of the electric field (E) is investigated
(Figure 1-25). They conclude that the leakage of current density increases while doping with Ag
atoms (sintered at 1075°C). At 100 mV, the current density is 1.63 and 0.17 mA/cm? for 2% Ag

dopant and undoped CCTO respectively.
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Figure I-25: Current density against electric field of (a) 2 mol% Ag-doped CaCu;Ti,0,, based on nanoparticles
sintered at 1075 °C, (b) 2 mol % Ag-doped CaCu;Ti;0,, sintered at 1075 °C, (c) undoped CaCu;Ti,0,, sintered at
1125 °C, (d) 2 mol% Ag-doped CaCu;Ti,0,, sintered at 1125 °C, (e) 2 mol% Ag-doped CaCu;Ti 04, sintered at
1025 °C, and (f) 2 mol% Ag-doped CaCu;Ti,0,, sintered at 975 °C. Reprinted with permission from (Lee et al.).
Copyright 2017 Elsevier [54]

Xu et al. [55] studied the effect of bismuth doping on the electrical properties of CCTO. Ca 1
3x/2BixCu3TizO01, (x = 0:0, 0.1, 0.2 and 0.3; BCCTO) ceramics were prepared by traditional solid-

state sintering method. They observed a drastic grain size reduction with bismuth doping.
The doping of CCTO by Cobalt was studied by Mu et al. [56], Kafi et al. [57] and Wang et al. [58].

Mu et al. [56] prepared CaCusTi;CoxO1, (X = 0, 0.2, 0.4) ceramics by a conventional solid state
reaction. Both X-ray diffraction and energy dispersive X-ray spectroscopy confirmed the

presence of Cu and Co rich phase at grain boundaries of Co-doped ceramics (Figure |-26)
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Figure I-26 : X-ray powder diffraction patterns of (a) CCTO, CCTOO05, and CCTO10 ceramics, the top right inset is
an expanded view of (220) peaks; (b) expanded XRPD patterns at 2h%30-70for CCTO05 and CCTO10 ceramics.
Reprinted from (Mu et al.) with the permission of AIP publishing [56]

The authors explained that the cobalt can exist in (ll) and (lll) oxidation states, and can occupy
Cu* and Ti**, depending on its oxidation state. As compared with Ti** (r =0.61 A°), Cu®* (r = 0.57
A°), and Co®" (r = 0.55A°), Co** has larger ionic radius (r = 0.75A ° for high spin state). According

to the XRD patterns, the authors explained that the Cobalt is replacing the titanium.

Scanning electron microscopy micrographs of Co-doped samples showed a striking change from
regular polyhedral particle type in pure CaCusTi;O1, (CCTO) to sheet-like grains with certain
growth orientation. The authors showed that the dielectric constant value was slightly changed
by 5% and 10% Co doping concentration, whereas the second relaxation process was clearly
separated in low frequency region at room temperature. A multi-relaxation mechanism was

proposed to be the origin of the colossal dielectric constant.

Kafi et al. [57] prepared CaCus,Co,TizO1, (CCCTO, x =0, 0.2, 0.4 and 0.6) ceramics using a semi
wet method. Their results showed that the dielectric constants of the as-prepared samples in
the frequency range of 50 Hz-200 kHz, at room temperature, are reasonably high (1.7 x10* <€
< 6 x10%. It was also found out that the dielectric loss (tand) of the prepared samples

decreased by increasing the cobalt concentration at low and middle frequencies.

Wang et al. [58] showed that the doping of CCTO by 5% of Co improved the dielectric
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properties and gave dielectric constant €' =7.4 x 10* and dielectric loss tand = 0.034 at room
temperature and 1 KHz. The authors explained that the Cobalt replaces the Copper ion in the

CCTO structure (Figure 1-27)
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Figure I-27 : XRD patterns of the pure and various Co-doped CCTO ceramics. Inset shows the enlarged view of the
diffraction strongest (220) peak. Reprinted with permission from (Wang et al.) by Oxford University Press and

Copyright Clearance Center 2018 [58]

The main XRD peaks correspond to a body-centred cubic CCTO structure with space group Im3
indexed. The secondary-phase peak at ~35.5° ascribed to CuO phase is observed in all tested
samples, indicating the precipitation of the liquid CuO-rich phase at GBs. Furthermore, because
the absence of CuO phase in CCTO ceramic with 5% Cu deficient is reported elsewhere, the
presence of CuO phase in Co-doped CCTO samples preliminarily confirms that the doped Co

initially prefers to substitute at the Cu site.

Swatsitang et al. [59] prepared CaCus,Cr,Ti 401, (x=0-0.2) via a polymer pyrolysis route. Best
values for the relative permittivity and the loss tangent were obtained for the composition x =
0.08 with a dielectric constant value of 7156 and a low dielectric loss value of 0.092. These

values are due to the increase in the grain boundaries resistance caused by the reduction of

oxygen vacancies.
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The influence of Erbium doping on the electrical behavior of CaCusTisO1, was studied by
Sakthisabarimoorthi et al. [60]. They prepared pure and Er doped CCTO ceramics by simple sol-
gel method. The XRD pattern obtained confirmed that the addition of Er did not affect the
crystallinity of CCTO. High dielectric constant (€,=26.749) was found for Er doped CaCusTi;O1,

ceramics.

Li et al. [61] reported the effect of Europium (Eu) on the dielectric properties of CaCusTizO1;.
The experimental results show that the doping of Eu on a calcium (Ca) site improves the
dielectric loss and decreases the dielectric constant of CCTO. The authors explained this result
because of the lack of the oxygen vacancies in the samples.

An enhancement of grain growth is produced with F" doping CCTO studied by Jumpatam et al.
[62] as shown in Figure 1-28.
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Figure 1-28 : SEM images of polished surfaces of (a) CCTO, (b) F05, (c) F10 and (d) F20 samples, XPS spectra of
CCTO and F10 samples: (e, f) Ti 2p regions and (g, h) Cu 2p regions. Reprinted from ref[62]. Copyright © 2017

Royal Society of chemistry.

The increase in the dielectric permittivity (98396 for F20) and the decrease of dielectric loss for

a factor of 5 (tan=0.1) is attributed to the effect of F that enhances the Schottky barrier height
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at grain boundaries, in addition to the increase in Ti** and Cu® concentrations (Figure 1-28
e,f,g,h) as a result of charge compensation leading to a large charge polarization space at grain
boundaries.

Late et al. [63] have investigated the effect of Hf doping on the structural, dielectric and optical
properties of CCTO. The authors considered that Hf substitute to Ti sites. From the XRD
patterns, they deduced that when the Hf doping exceeds 2% some amount of HfO, remains un-
reacted in the sample. Furthermore, with in Hf doping both lattice parameters and structural
coherency of CCTHO samples increases due to the higher ionic radius of Hf* compared to the
ionic radius of Ti**. The authors studied the electrical properties using impedance spectroscopy;

the obtained results are shown in Figure 1-29.
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Figure 1-29 : a) Complex impedance plot for all samples. Inset a is showing magnified view of semicircular arcs
corresponding to grain contributions (i.e. corresponding to highest probing frequencies) for CCTO, Inset b for
CCTH10 and Inset c for CCTH20. b) Variation of imaginary part of dielectric constant (£”) as a function of
frequency for all samples. Reprinted by permission from (Nature/springer/Journal of Materials science,
Materials in Electronics) (Late et al.)- doi.org/10.1007/s10854-016-4505-6 Copyright (2016) [63]

They observed that with Hf doping overall grain boundary resistance decreases compared to
that of pure CCTO compound. Further, Hf substitution increases dispersion of resistances
between grain and the grain boundary. The authors concluded that the shift of relaxation
frequency to higher values may be recognized to the decrease in the grain, grain boundary

resistance and mean relaxation time. The improved dielectric properties with Hf doping may be
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credited to the improved structural coherency, increased grain size and optical band gap of

these samples. The results agree well with the IBLC model.

The influences of K" doping and sintering conditions on the microstructures and dielectric
properties were analyzed and discussed by Wang et al. [64].The authors observed that the grain

size increases with the increasing sintering temperature and K" doping concentration.

The authors obtained giant €’ of ~2.3 x 10* as well as relatively low tan6 of ~0.039 that can be

observed in Cag.g9Kp 02CusTiaO1; ceramics sintered at 1060 °C for 8 h measured at RT and 1 kHz.

Chen et al. [65], Srivastava et al. [66] and Huang et al. [67] studied the effect of Lanthanum
doping on CCTO. Chen et al. [65] employed the rare earth element La to replace Ca site and
studied the La doping effects on the microstructure and the non-Ohmic properties of La-doped
CCTO. From microscopic observations, the authors deduced that the low content of La ions
(x<0.015) doping hardly affects the crystal structure and the grain size. However, the significant
change in microstructure is clearly revealed as x > 0.02. With the increase of La content, the
grain size is remarkably reduced to about 5 um and the grain boundaries are blurred to

obscurity.

The authors also concluded that the nonlinear behavior of CCTO system is not only influenced
by the grain size, but also controlled by the local electron density which would affect the

chemical environment of defects.

Srivastava et al. [66] prepared a 1% La doped CCTO via semi wet route. La doped CCTO showed
a slight increase in the value of the dielectric constant compared to undoped CCTO (5000 for
undoped CCTO and 7000 for La doped CCTO) at room temperature. Permittivity and dielectric
loss increase with increasing temperature for both undoped and doped CCTO. The effects of
La** doped in calcium copper titanate (CCTO) at Ca** site and Cu®' site were examined by Huang
et al. [67]. The doped compositions, Lagi1CagssCusTisO1, (LCCTO) ceramics and
Calag.1Cu;g5Tiz01, (CLCTO) ceramics were prepared by the solid-state method. Ceramics were
prepared under sintering temperatures ranging from 1040 to 1100°C. The microstructure of

LCCTO ceramics presented a bimodal grain growth model (Figure 1-30).
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Figure I-30 : SEM images of the surface morphologies of LCCTO sintered at a 1040 °C, b 1060 °C, c 1080 °C, d 1100
%C for 10 h. Reprinted by permission from (Nature/springer/Journal of Materials science, Materials in
Electronics) (Huang et al.)- doi.org/10.1007/s10854-016-5244-4 Copyright (2016 [67].

It was found that La** doped at Ca’* site achieved lower sintering temperatures than that doped
at Cu** site in CCTO ceramics. The dielectric loss (tan 8) of LCCTO ceramics was about 0.05 at 40
kHz when the sample was sintered at 1080 °C. Dielectric constant (¢’) of LCCTO ceramics was
about 3.2 x 10* when the sample was sintered at 1100 °C, which was larger than CLCTO
ceramics examined under the same process condition with different sintering temperature.

Mg doped CCTO was studied by Sun et al. [68] and Swatsitang et al. [69]. Sun et al. [68]
prepared CaCusz,Mg,TisO1, ceramics with high €’ and very low tané by the sol—gel method. Very
high values of relative permittivity and low values for dielectric loss were obtained for Mg
doped CCTO ceramics : € of 2.52x10* and tand of ~0.017 at 1 kHz and RT have been achieved
for ceramics sintered at 1080°C for 8 h in the air atmosphere.

Swatsitang et al. [69] prepared the nominal CaCus-,Mg,Tis,01, (0.00, 0.05 and 0.10) ceramics
by sintering pellets of their precursor powders obtained by a polymer pyrolysis solution method
at 1100 °C for different sintering times of 8 and 12 h. Very low loss tangent (tand) < 0.009-
0.014 and giant dielectric constant (g') ~ 1.1 x 10°-1.8 x 10* with excellent temperature
coefficient (Ag’) less than + 15% in a temperature range of — 60 to 210 °C were achieved. It was

found that tand values decreased with increasing Mg2+ dopants due to the increase of grain
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boundary resistance (Rg,) caused by the very high density of grain, resulting from the

substitution of small ionic radius Mg**dopants in the structure.

Wang et al. [70] accomplished a comparative study on the colossal dielectric constant behavior
of the pure and Mn-doped CaCusTi;O1, ceramics over a wide range temperature aiming at
deeply understanding the role of the Mn doping effects on the physical origin of the colossal
dielectric constant behavior. The nominally pure and doped CCTO ceramics by substituting 2%
and 4 % Mn at Ti sites (abbreviated as CCTO, CCTMO-2, and CCTMO-4, respectively) were
prepared using the conventional solid-state reaction method. The resultant materials were
sintered at 1100°C for 10 h. XRD patterns showed a decrease in the lattice parameters and SEM

micrographs showed that Mn doping is beneficial for grain growth (Figure I1-31).
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Figure 1-31 : XRD patens of CCTO, CCTMO-2, and CCTMO-4 ceramics. Inset shows the SEM micrographs of (a)
CCTO, (b) CCTMO-2, (c) CCTMO-4, and (d) the enlarged view of the (220) reflection peaks. Reprinted by
permission from (Nature/springer/Journal of Electroceramics) (Wang et al.) doi.org/10.1007/5s10832-016-0024-3
Copyright (2016) [70].
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Concerning the dielectric studies, the authors concluded that Mn doping is harmful for the CDC
behavior and they attributed this to the decrease in the ratios of Ti**/Ti* and Cu®*/Cu?*" and the
concentration of oxygen vacancies. Their results confirm the multi-relaxation mechanism for the

CDC behavior in CCTO and the CDC behavior is mainly dominated by Maxwell-Wagner contribution.

The perovskite-type CaCusTizO1, (CCTO) doped by molybdenum (Mo) and its dielectric
properties and the temperature dependence of Electron Spin Resonance (ESR) has been
investigated by Kouassi et al. [71] Substitution on Ti-site by Mo helps to increase the grain size
of samples and therefore increase the dielectric constant according to the IBLC theory. There is
no great difference between the ESR spectra of pure CCTO and CCTO doped by Molybdenum as

a function of temperature (Figure 1-32).
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Figure 1-32 : Temperature dependence of ESR for pellets sintered at 1050°C of MO (a), M0.05 (b) and M0.1 (c).
Reprinted from (Kouassi et al.). Copyright © 2017Creative commons [71]

66



I. Bibliography

Nickel doped CCTO were prepared and studied by Senda et al. [72], Wang et al. [73],

Boonlakhorn et al. [74] and Sun et al. [9].

In the aim of increasing the relative permittivity and decreasing the dielectric loss of CCTO, Sun
et al. [9] prepared CaCusz,NicTizO1, (x = 0, 0.05, 0.1, 0.2) powders by the sol-gel method. The
pellets were sintered at 1000 - 1060°C for 8h. A very low tand value ~0.025 was found at the
CaCuj.g5Nigo5Tis012 ceramic sintered at 1060 °C for 8h with €'~4.2x104 at about 1 kHz. Senda et
al. [72] studied the influence of Ni doping on CaCusz,NiTi;O;, (x=0,0.05,0.075,0.1,0.2,0.3)
ceramics sintered at 1100°C for 6, 12 and 24h in air. After sintering for 12h, they obtained for
x<0.2 the pure phase and for x>0.2 CaTiO3, TiO, and CuO as a secondary phase. The highest
dielectric permittivity was recorded to the composition x = 0.2 (10°) with a slight decrease in
loss tangent. Doping element enhance the cubic grain growth as shown in (Figure [-33).
Dielectric properties of all composition showed a dependence of frequency range. At high

frequency (1 kHz) the permittivity and loss tangent decrease.

Figure I-33 : SEM images of surface morphologies of pure and Ni doped samples sintered at 1100°C for 12 h.
Reprinted from (Senda et al.). Copyright 2017 Elsevier[72]
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Wang et al. [73] reported good dielectric properties, a dielectric permittivity of ~1.5x10° and a low
loss tangent of ~0.051, were obtained by optimization of dopant levels (CaCu, goNig 20Ti4O01,) and
sintering conditions (1100 °C for 3 h). Boonlakhorn et al. [74] found that doping CCTO with Ni%*
caused a great increase in its dielectric permittivity, by a factor of ~3.

Li et al. [75] fabricated CaCusRu,Ti;O1, (x = 0, 0.03, 0.05 and 0.07) electronic ceramics. They
noticed an inhibition of grain growth after doping with Ru. In general, during the sintering
treatment, a liquid phase of Cu is formed at grain boundaries and ions diffuse through it to
form a large grain. The authors performed EDX analysis on the grain boundaries, and they
found that for pure CCTO, Ti, Ca, O and Cu ions are present in excess in the grain boundary
region, while for Ru-doped CCTO, Ti and Ca atoms were the ones present in excess. It is well
known that TiO, and CaO have high melting point and inhibit the formation of a liquid phase
during the sintering process.

When doped with proper amount of Ru (x = 0.05), CCTO displays low dielectric loss (tan & <
0.05), while simultaneously maintains a decent dielectric constant (g > 80).

Cortes et al. [76] focused on CCTO doped with sn**, Ca,Cu;,Tisy SNO12 (0.0 < x < 4.0). They
reported that the materials with low Sn** contents (x = 0.1 and 0.2) presented giant dielectric
permittivity values, 166381 and 140845 respectively. They associated this to insulating grain
boundaries with activation energies of 0.58 eV and 0.30 eV respectively, as well as conductive

grains with activation energies of 0.04 eV and 0.08 eV.

Sahu et al. [77] investigated the effect of doping type on conduction and dielectric phenomena
in 15% Sr doped CCTO. The Maxwell-Wagner model and interfacial polarization explains the

higher dielectric constant of the material at higher temperatures.

Ambhil et al. [78] recently prepared 0.05 Sr doped CCTO via a semi wet chemical route.
Microstructural study showed that Sr concentration promotes grain growth in CSCTO ceramics.

The dielectric properties were enhanced by the doping.

Tungsten doped CCTO was investigated by Singh et al. [79] CaCusTisy W01, (x = 0.01, 0.03, and

0.05) ceramics were prepared by flame synthesis method. The dielectric property measurement
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shows that the relative permittivity (¢, )Jand dielectric loss (tand) values in the measured frequency
range at 328 K for W-doped ceramics were increased with increasing W content.

Kouassi et al. [80] again studied the effect of vanadium doping on the microstructure and dielectric
properties of CCTO. They reported that the vanadium doping of CCTO system results in an increase
of grain size, the grains being surrounded by melted-like grain boundaries. They added that in
doped samples, above 1 kHz, a relaxation appears which is evidenced by a drop of real part of
permittivity and a peak of its imaginary part. This relaxation phenomenon is very significant at
relatively low doping rates and then decreases again as vanadium content increases.

Tang et al. [81] focused on the enhancement of dielectric properties of Y** donor doped CCTO.
Grain growth in Cay,Y«CusTizsO1, was suppressed with increasing the concentration of dopant
element.

The permittivity increases (8.03 x 10*) for x = 0.05 at 1 kHz and loss tangent decrease to 0.05

for x=0.03 in a frequency range between 1.5 kHz and 60 kHz. Figure |-34 presents the
relationship between dielectric constant and grain resistance in CYCTO ceramics in order to

explain the dependence of increasing the dielectric constant and the grain growth.
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Figure I-34 : Relationship of dielectric constant (1 kHz) and Grain resistance in Ca,.,Y,Cu;Ti,O;, ceramics.
Reprinted from (Tang et al.). Copyright 2018 Elsevier [81]
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Xue et al. [82] studied the doping of CCCTO by different elements such as Y, Ta and Zr. They
found that the grain growth changed with different doping element (Figure 1-35) even the
dielectric properties are different. For Y>* doped CCTO, the dielectric constant increases and
nonlinear property decreases while doping with La* leads to inverse results. Doping by zr*

leads to the same results given for pure CCTO.
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Figure I-35: SEM images of fracture morphologies for (a) pure CCTO, (b) Y-doped CCTO, (c) Zr-doped CCTO, (d) Ta-
doped CCTO. Reprinted from (Xue et al.). Copyright 2016 Elsevier [82]

Gonzales et al. [83] presented the results of Zr oxide doping of a CaCusTizO1, (CCTO) ceramic
prepared by a solid-state reaction. Zr-doping controls the grain size growth, leading to a reduction
of the grain size. For both dopant concentrations of 0.5 and 1 wt.% , all of the samples exhibited
lower dielectric loss and a smaller dielectric constant than those of undoped CCTO. The sample
doped with 0.5% of the non-stoichiometric ZrO exhibits a dielectric constant over 3200 and a
dissipation factor of 0.02 at 1 kHz.

Xu et al. [84] reported a very high dielectric permittivity value of 7591 and a very low tand value of

0.023 at 1 kHz for CaCusTiz gZrg,01>.

All obtained results are resumed in Table I-3. Based on these results, F* dopant element exhibits the
highest dielectric properties where €=81,306 and tand=0.07. These can be caused due to the

increase of grain boundaries resistivity and decrease of grains resistivity. Improvement of dielectric
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properties can be explained by the presence of free charge carrier concentration inside the
semiconducting grains and Schottky barrier height at the grain boundaries respectively. A stronger
intensity of interfacial polarization (Maxwell-Wagner polarization) is due to high charges
concentration accumulated at the interface between grains and grain boundaries under an applied

electric field [62].
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Table I-3 : dopant element, concentration, permittivity, loss tangent (tand) and grain size of doped CCTO ceramic

Dopant Concentration & (10°Hz) tand (10°-10°) Grain size References
Ni x=0.2 >10° 10" 50 um (85]
Cr x=0.08 7,156 0.092 60.3 um [59]
Y x=0.5 8.03*10* ~0.01 2-4 pym [81]
Co 5% 7.4*10" 0.034 48.5 um (58]
Er x=0.1 26,749 - 200 nm [60]
Sr x=0.2 >10" ~0.3 ~20 um (86]
Co x=0.6 6x10* 0.15 75 um [57]
Sno, 2mol% ~21,250 0.04 3-5um [87]
Mg x=0.1 ~2.52x10" 0.017 ~2-20 um (68]
Y x=0.05 ~31,125 ~0.14 ~55 um [82]
Zr x=0.05 ~22,260 ~0.02 ~32 um [82]
Ta x=0.05 ~17,500 ~0.01 ~4pum [82]
Mg x=0.05 ~3 x10* ~0.013 ~45.65 um (88]
Y x=0.05 ~8x10° ~0.013 ~2.52 um [88]
Sn x=0.2 140,845 0.71 4.17 um [76]
Nb x=0.025 4.8 x10° 0.566 ~20.2 um [89]
Al x=0.025 2.1x10° 0.129 ~129.6 um [89]
Y x=0.02 32,000 0.05 1-2 um [90]
Sr x=0.4 ~2x10* ~1.0 2.7 um [91]
La x=0.15 ~5x10° ~0.1 3.9 um [91]
Zr x=0.5 3,200 0.02 3.6 um [83]
F x=0.1 81,306 0.077 ~40-100 um  [62]
Ru x=0.7 ~6.0x10° ~0.4 2-4 um [75]
LiF 0.5% 34,994 0.68 2.1um [92]
Mn 2% 3.0x10° - 7-9 um [70]
K x=0.01 2.3x10" 0.039 4.28 um [64]
Yb-6h x=0.05 9,832 0.014 ~2-6 um [93]
Yb-12h x=0.05 16,033 0.015 20-50 um [93]
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1.4.2 Co-doping of CCTO by two elements:

In general, co-doping can be efficient for increasing the dopant solubility, increasing the
activation rate by lowering the ionization energy of acceptors and donors, and increasing the
carrier mobility [94]. CCTO was largely doped with single elements but most of the
heteroatomic substitutions that are employed to improve a dielectric property of the CCTO
always worsen simultaneously another dielectric performance. This is the reason why many
researchers are trying to perform co-doping on CCTO.

Boonlakhorn et al. [88] improved the dielectric properties of CaCusTi4O1> by co-doping with Y**
and Mg2+ to simultaneously control the geometric and intrinsic properties of grain boundaries
(GB), respectively. The authors found that the substitution of these dopants strongly
suppressed the grain growth while enhancing the resistivity of an individual GB, respectively.

This led to a great decrease in the loss tangent (tand ~ 0.013).

The authors prepared Cag.g25Y0.05CU2.95Mg0.05Ti401, (Y-MgO05) using a modified sol-gel method.
The obtained compacted powders were sintered in air at 1070°C for 6h using heating and
cooling rates of 5°C/min.The authors deduced that the resistance of the grain boundaries is

increased by the addition of dopants.

The same authors doped CCTO by both AP** and Nb>* [89]. They found that the substitution of
(AI3+, Nb5+) co—dopants into TiOg octahedral sites of CaCusTisO1, ceramics, which were prepared
by a solid state reaction method and sintered at 1090°C for 18 h, can cause a great reduction in
a low—frequency loss tangent (tan§=0.045-0.058) compared to those of Al*" or Nb>* single—
doped CaCusTiz015.

The authors deduced that the doping with Nb>* reduces the grain size while doping with AI**

results in a large increase in the mean grain size. Alternatively, the mean grain sizes of the co—
doped NA025 and NAO5 ceramics were between the mean grain sizes of the single—doped
Al025 and Nb025 ceramics and not much different that of the un—doped CCTO ceramic. They
concluded that the simultaneous substitution of both AI** and Nb>* ions can balance the driving

and restorative forces for grain boundary (GB) migration.
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The €' values of the single—doped Al025 and Nb025 ceramics are larger than those of the co—
doped NA025 and NAO5 ceramics. Nevertheless, €' values of both co—doped ceramics are still
too large (> 10%). Interestingly, over the measured frequency range, the tand values of both co—
doped ceramics are much lower than those of the single—doped ceramics as well as the un—

doped CCTO ceramic.

The co-doping of CCTO by AI** and Nb>* was also studied by Wen et al. [95] The authors

concluded again a decrease in the dielectric loss of ceramics after codoping.

Boonlakhorn et al. [96] studied the dielectric properties of Sm and Zn codoped CaCusTisO1>
ceramics. The values of the electrical permittivity and the loss tangent obtained for the

different ceramics are shown in Table I-4.

The authors observed that the € and tan 6 values of the Sm05, SmZn05 and SmZn10 ceramics
were lower than that of the CCTO ceramic over the measured frequency range. It should be
noted that the low-frequency tand value of the single-doped Sm05 ceramic was much higher
than that of the un-doped CCTO ceramic, while simultaneous substitution of Sm and Zn dopants

into CCTO ceramics caused a great decrease in tand over the measured frequency range.

Ren et al. [97] co-doped CaCusTizO1, by APP* and Bi** elements to improve the electrical
properties and enhance the varistor property of CCTO. The authors observed that the grain size
homogenization was enhanced with co-doping. Although the average grain size shows not
much difference, the grain size distribution of co-doped sample is much more uniform with
smaller variance. The authors reported an enhancement of dielectric properties and varistor
properties for 1mol% doping concentration. An increase of dielectric permittivity and decrease
of dielectric loss to 0.04 at low and medium frequencies could be attributed to an increase of
activation energy of dc conductance at grains boundaries as well as improvement in grains

boundaries resistivity.

Bai et al. [98] prepared the CaCus (TiixFex2Nby/2)4012 (x = 0.00, 0.50, 0.53, 0.57, 0.60) ceramics
through the solid state reaction method with the pre-synthesis of the monoclinic precursor

FeNbO,.
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Figure I-36 : XRD patterns of CaCus (Tiy.Fe,;;Nb,/,),01; powders with different percentage of codoping.
Reprinted from (Bai et al.). Copyright 2016 Elsevier [98]

From figure 1-36, it has been noticed that the CaCus (Tii.«<Fey2Nby/2)4012 powders kept single
phase up to a codoping concentration of (Fel/szl/z)4+ complex ions as high as 60%. The
dielectric frequency spectra of CaCus (Tiix<Fey2Nby/2)2012 ceramics reveals the existence of Debye-

type relaxations in measurement frequency range.

The effect of the addition of La and Zn on the dielectric properties of CCTO was studied by Rani
et al. [99].They prepared Ca0 gsLag osCusZNn,Tiz01, (x=0.01, 0.025, 0.05 & 0.10) by conventional
solid state technique. The ceramics were sintered at 1080°C for 6 hours with 5°C/min rate of
heating and cooling. The microstructure of the prepared ceramics was shown to be highly
affected by the codoping. The grain size of the composition was decreased with the increase in
Zn** concentration. The electrical studies showed that Zn®* substitution at Cu®" site resulted in
enhancement in grain as well as grain boundary resistance, consequently IBLC effect is

destroyed.

Gonzalez et al. [91] studied the influence of Sr and La replacing Ca and Cu, respectively, on the
intrinsic properties of CCTO. The powders CaggSrosCusTizO1;, CaCusgslag1sTisO1y,

Cag.6Sro.4Cujgslag 15Tiz01, and, pure CaCusTizO1, were prepared by mechanical alloying. The
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microstructure analyzed by SEM showed a smaller grain size for the co-doped CCTO (Figure I-

37).

d) CCTO-SrLa ’

Figure I-37 : SEM micrographs of pure and doped CCTO: a) Pure CCTO, b) CCTO-Sr, c) CCTO-La, d) CCTO-Sr La.
Insert plots: Grain size distribution for each sample. Reprinted from (Gonzalez et al.). Copyright 2018 Elsevier

91]
They also reported that the co-doped CCTO-Sr La ceramic showed the smallest tan(6) of 0.039
at 26.8 kHz compared to pure CCTO and single-doped ceramics. The co-doped sample reached

a higher dielectric permittivity compared to the single-doped ceramics.

The effect of the codoping with Li* and A**

on the dielectric properties of CCTO was studied by
Sun et al. [100]. The codoped CCTO ceramics (CaCus_yLixAlTi4O01,, x = 0.05, 0.1, 0.15) were
prepared by a sol-gel method and were sintered at 1020 —1080 °C for 8 h. The authors deduced
that a very high dielectric constant of 1 x 10° with good dielectric-frequency as well as
dielectric-temperature stability can be achieved in CaCu,glig1Alg1TisO1, ceramic sintered at

1060 °C. The average grain sizes, resistivity and the non-Ohmic properties are also improved

compared to pure CaCusTizO1>.

The effects of co-doping on dielectric and Electrical responses of CaCusTis.x (Nb12Ini2)x O12
Ceramics were studied by Boonlakhorn et al. [101]. CaCusTisx (Nbs/21n1/2)x O12 ceramics, where x

=0, 0.025, 0.05, 0.10, and 0.20, were prepared via a solid state reaction method. All the green
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bodies were sintered at 1090° C for 18 h. The mean grain size of CCTO was decreased by doping
with Nb>* and In®". Surprisingly the authors observed an increase in tand with the increase of x.
They explained this by the change of microstructure and grain resistance.

Rani et al. [102] prepared CaggsNdg o5CusTiz—ZrO12 (x = 0.01, 0.03 & 0.10) via solid method.
SEM images demonstrated that grain size of the modified CCTO ceramics was controlled by zr**
ions due to solute drag effect. The mean grain size of the doped CCTO was decreased with the

increase in subsequent concentrations of Zr** ions (Figure 1-38).

Figure I-38 : SEM images of fractured surfaces of a CCTO, b CCTO1, c CCTO2 and d CCTO3, ceramics. Reprinted by
permission from (Nature/springer/Journal of Materials science, Materials in Electronics) (Rani et al.)-
doi.org/10.1007/s10854-018-9150-9 Copyright (2018) [102]

A huge value of dielectric permittivity (g, ~ 16,902) with nominal dielectric losses (tan 6 ~ 0.067
at 1 kHz) was observed in a broad frequency range from 10% to 10° Hz for CCTO3 (x=0.03)
ceramic. Thus, it is concluded that the both dopant ions have played an independent role to

improve the dielectric performance of CCTO system.

The same authors [103] focused on the Sr and Zn codoped CCTO. They prepared
Cag.955r0.05CusTiz—xZn,O1, (x = 0.01, 0.025, 0.05 & 0.10) powder by solid state method. They

observed that the Zn ion has the same effect as the Zr ion and that grain size of the modified
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CCTO ceramics was controlled by Zn** ions due to solute drag effect. Dielectric parameters
observed to be improved for higher Zn/Sr ratio in the studied compositions. The
Cag.955r0.05CusTiz 9Zng 101> ceramic composition shows a colossal dielectric permittivity of
~37,788 and loss ~ 0.049, which are stable within a broad frequency region. Reduced tand over

a broad range of frequency was well ascribed to the highly insulating grain boundaries.

Guo et al. [104] showed that the co-doping of CCTO by Ni** and zr** by sol gel method can
affect the microstructure of the ceramics and their dielectric properties. The grain size
increases with the increase in the dopant concentrations. The authors also mentioned that they
obtained a very low tand of 0.026 for the CaCu,.gsNigosTi3.9Zrp.101, ceramic sintered at 1060 °C
for 8 h with a very high €' value ~ 9.9 x 10* at about 9 kHz.

Du et al. [105] focused on the study of the codoping of CCTO by Y** on the A site and AI** on the
B site in order to reduce the dielectric losses and simultaneously enhance the dielectric
constants. Samples Cay,YxCusTis,AlO1> with different doping concentrations x = 0, 0.01, 0.02,
0.03, 0.05 and 0.07 have been prepared. No secondary phases were detected by XRD.

The dielectric properties showed that the dielectric losses of the doped ceramics are generally
reduced and their dielectric constants are simultaneously enhanced across the frequency range
up to 1 MHz. The doped sample with x = 0.05 exhibits the highest dielectric constant, which is
well over 10" for frequency up to 1 MHz and is about 20% higher than the undoped sample.

Xu et al. [106] found that dielectric properties of CCTO were enhanced by its codoping with
yttrium and zirconium. CaCusTizgsZrpg O3, (CCTZO), CaCusTizge7Y0.03011.985 (CCTYO), and
CaCusTiz9,Y0.03Z2r0.05011.985 (CCTYZO) samples were prepared by citrate-nitrate combustion
derived powders method. The SEM micrographs showed that Y,03 and ZrO, additive can inhibit
grain growth. The authors explained that the smaller grain sizes of Zr doped CCTO may be due
to the slow diffusion of the larger Zr*" ion substitutes of smaller Ti*" ion , another possible
explanation is that addition to larger Zr** ion, a high level of residual stress induced in the grain
suppresses the grain growth of CCTO . Y doped CCTO also exhibits a smaller grain size, it may be
due to the ability of Y*" ion that suppresses the grain growth rate of CCTO ceramics, and rear-

earth oxides could stop the grain boundaries from moving, which lead to fine grains .
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A much better temperature and frequency stability of dielectric properties were realized in
CCTYZO ceramics, and a low tan & of 0.039 was observed at room temperature and 10 kHz for

CCTYZO ceramics.

Dielectric properties of Caj.3x/,YbxCuzyMg,Ti4O1, (x = 0.05, y = 0.05 and 0.30) prepared using a
modified sol-gel method and sintered at 1070 °C for 4 h were investigated by Boonlakhorn et
al. [107] They observed that Grain sizes of all co-doped samples were smaller than that of the
un-doped CCTO sample. The authors concluded that the decrease in grain size of the co-doped
CCTO ceramics was an important factor in reducing tand. Enhanced resistivity of each GB layer

was due to Mg?* doping.

Rhouma et al. [108] synthetized Ca1.,Sr«Cus.,Ni;TisO1, for ( x and y =0 or 0.1), they found that Sr
and Ni substitution leads to a ceramic densification and cubic grain form. They noticed that the
dielectric permittivity increases (44,410) and the dielectric loss decreases (0.07) at low
frequency of 1 kHz. In order to explain the grain growth, Raman spectra (Figure I-39)
measurements were carried out for a good determination of grain and grain boundaries. The
three main modes (44 cm™, 510 cm™, 576 cm™) appeared confirming the presence of CCTO at
grains and grain boundaries, they found that CuO and TiO; exist as secondary phase on grain
boundaries of the doped ceramics, which enhance the formation of liquid phase leading to

grain boundary mobility and a grain growth.
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Figure I-39 : Raman Spectra (a) on grains and on grain boundaries (b). Reprinted from (Rhouma et al.). Copyright
2017 Elsevier [108]

In order to enhance dielectric properties of CCTO, lee et al. [109] suggested forming an
electrical path for a contact network. Normally it is an artificial formation in which metallic
materials used as micro capacitors to immigrate between thin dielectric layers in the ceramic
materials. In CCTO ceramics a metastable phase is required for this electric path. As their
previous study they noticed the formation of metastable phase after sintering at 1125°C/2h.
This phase is formed when there is not enough energy to complete the sintering reaction.
Usually silver or nickel are the representative migration material, lee et al. choose silver [109].
First they sintered CCTO at 1050°C for 0.5, 2 and 12h, metastable phase is formed in the 2h
sintered CCTO ceramics, and it is the liquid Cu phase. EDS analysis is used to approve the
formation of metastable phase, by studying the stoichiometric report in different regions of the

material. In order to study the effect of Ag migration into CCTO (Figure I-40), after sintering a
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post heating at 700°C/1h was employed to Ag coated-CCTO. Dielectric studies applied on CCTO

ceramics showed that the permittivity increases after post-heating to about 565.9x10° at 1KHz.

AQ elecirode

Figure I-40 : Schematic of the Ag-migration phenomenon into metastable phase including grain boundary for the
2 h sintered CaCu;Ti,0,, ceramics. Reprinted from Springer Nature/ scientific reports (Lee et al). Copyright ©
2018, Springer Nature [109]

The effect of co-doping CCTO on microstructure, permittivity (g,) and loss tangent (tand) are
resumed in Table |-4. From these results, we can conclude that adding Yttrium to CCTO
together with another dopant element can suppress the grain growth. Co-doping CCTO with
Yttrium (Y) and Aluminum (Al) for instance yields a CCTO with a high dielectric constant (2*10%

and a low dielectric loss (tand=0.048).The results are explained by the following equation I-3:

8’=8gb (d/t) (1-3)

Where (d) is the grain size and (t) is the grain boundary thickness. From SEM we see that grain
size decreases after co-doping and grain boundaries are thinner so the ration (d/t) is high,

which lead to a higher dielectric constant and a lower dielectric loss.
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Table I-4 : dopant element, concentration, permittivity, loss tangent (tand) and grain size of doped CCTO ceramic

Material Concentration  gr(10°Hz) tand(10°-10°) Grain size References
(um)

Y /AP 0.05 20x10* 0.048 2-5 [105]
Bi/Al 1% mol 4,020 10 2.29-3.24 [97]
Sr/Ni X=0.1/0.1 44,410 0.07 35.50 [108]
Sr/Zn x=0.05/0.1 29,664 0.049 0.74 [103]

La/Zn Zn (5-10%) 8,102 0.1 3-4 [99]
Y*/zn™ 3mol%/5mol% 10,196 ~0.039 1.3-3.5 [106]
Sm/Zn x=0.05/0.1 5,313 0.041 ~2 [96]
Mg/Y x=0.05/0.05 ~10* ~0.013 ~3.73 [88]
Nb>*/APP* x=0.025 4.1x10" 0.058 ~35.1 [89]
Nb*>*/AP** x=0.05 2.9x10* 0.045 ~34.6 [89]
Mg/Y x=0.05/0.05 ~10* ~0.013 ~3.73 [88]
Nb*>*/Al** x=0.025 4.1x10* 0.058 ~35.1 [89]
Nb>*/APP* x=0.05 2.9x10* 0.045 ~34.6 [89]
Sr/lLa x=0.4/0.15 ~4x10* ~0.05 0.6 [91]

Ni**/zr* x=0.05/0.1 ~2x10* 0.026 4.75 [104]

LiF 0.5% 34,994 0.68 2.1 [92]

Yb/Mg x=0.05/0.3 ~10* 0.018 2.32 [107]

FeNb x=0.5 8.0x10* ~0.8 1.9 [98]
1.5 Applications:

CaCusTizO1, showed exceptions dielectric properties useful for capacitors applications. Due to
its outstanding structure where both atoms Ca®* and Cu** with different ionic radius shared A
site, CCTO can be used as well in photocatalytic application and especially in visible light. In
addition CCTO is an antiferromagnetic compound; it is used to form composites with magnetic
properties useful for antennas, GPS and other applications. In this section photocatalytic and

magnetic properties will be reported.
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1.5.1 Photocatalytic properties

Accelerated industrial development and population growth forced science to find “green
solutions” to solve problem of pollutions, by using a renewable energy such as visible light. The
decomposition reaction of pollutants and pharmaceutical waste occurs only upon UV lights, in
which UV light shared 4% of wavelengths with visible light [8,110]. TiO, is acclaimed as a UV-
light photocatalytic. To enhance TiO, performance in visible light, many approaches investigate
the doping of TiO, with metal transitions [111-113]. While doping, a disordered structure could
appear in TiO,, limiting the efficiency of this approach. Perovskite structure ABO3 has been
investigated because A site is shared by two cations without causing a disordered lattice [8].
CaCusTisO1, perovskite showed a good photo-catalytic reaction against water pollutants and
pharmaceutical waste [8,109,110,114,115]. As mentioned above, the specific structure of CCTO
is the key of this function. It is related to photo-induced charge transition from ground state
Cu®, Ti* to excited state Cu*,Ti** that CCTO have a visible light activity and they observed a
direct band transition with a small band gap (1.52eV) [8,110]. CCTO was prepared using oxalate
route to decompose pharmaceutical waste (erythrosin (dye), ciprofloxacin (antibiotic) and
estriol (steroid))[110], sol-gel and solid route to break-down water pollutants such as 4-
chlorophenol [8].

Kushwaha et al.[110] demonstrate that after 40 min of exposure a total decomposition of
erythrosine dye (solution turned from pink to colorless). As shown in Figure 1-41, the
absorbance pic of erythrosine was observed at 525nm and starts to decrease after exposure of

the pink solution to the visible light irradiation in presence of CCTO pellets.
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Figure 1-41: (a) Change in absorbance of Erythrosine (525 nm) (b) Color change in erythrosine under dark and
light (Figure drawn by author H.S. Kushwaha) (c) Change in absorbance of Ciprofloxacin (276 nm) and (d)
fluorescence emission of estriol (305 nm excited at 240 nm) with time in photocatalytic degradation using CCTO
pellets under visible light (A > 420 nm). Reprinted from (Kushwaka et al). Copyright 2016 Creative Commons
[110]

In 2017, Hailili et al.[115] used the molten salt method in order to synthetize CaCusTisO1,. Five
different salts were utilized to control the shape of crystals. By XRD, the formation of pure
phase is confirmed for the five samples and no additional peaks for CuO or TiO, appear. It is
well known that the presence of oxygen vacancy is very important for the photocatalytic
behavior. For that, Electron Paramagnetic Resonance (EPR) measurements were carried out to
investigate their presence in each sample. The measurements show that for all samples, the
EPR signals are in the same position since all samples have the same Cu content. However
samples with octahedron, nanorod and polyhedron shape samples have a large line width with
high intensities in comparison with cubic shape samples indicating a high oxygen vacancy
concentration. Photocatalytic test under visible irradiation are performed in the presence of

tetracycline as pollutant. They deduced that with octahedron shape, the decomposition of TC
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achieved 99.1 %, with higher constant k=1.1*10"min* (first low of kinetics). These results are
explained by 2 reasons: (i) the defects that enhance the active sites and (ii) an effective
separation of electron-hole pairs to produce high efficiency in photocatalytic activity.

In order to enhance pollutant decomposition under visible light, Hailili et al.[116] synthesized a
single crystal of CaCusTizO4, octahedron by molten salt. This crystal contains oxygen vacancies,
metal deficiencies of Cu” and Ti*" and coexposed facets of ({001},{111}).

In CCTO (perovskite type ABOs3), Ca and Cu atoms share the same A site and Cu is bonded to O
atom (CuQ,4) and to TiOg octahedron with one O atom, to form TiO6 and CuOQ4 cluster. So any
distortion of cluster or Ti displacement in TiOg causes a defect in the crystallite structure of
CCTO and results in an imperfection. The defect was confirmed in EPR measurement by the
presence of the characteristic pic of Ti** (3d") and Cu" at g value of 1.982 and 2.077 respectively
which cause a distortion for Ti-O-Ti bond and generate TiOs distorted square structure formed
from Ti*" and Ti*" and defects in CuO, planar. To characterize the heterojunctions facets, they
calculate the band energy and density of states (DSO) of {001} and {111} surfaces by DFT. They
deduced that there is a difference in level energy between conduction band (CB) and valence
band (VB) levels of the exposed {001} and {111} facets; so facets heterojunctions can be
formed. Under visible light irradiation, photoinduced electrons migrate from {001} to the
exposed facets of {111} preferred as reduction sites because the electrons accumulation and
{001} facets served as oxidation sites since photoinduced holes are accumulated on it. Figure I-
42 showed the degradation of tetracycline under visible light in presence of CCTO with and
without defect. They deduced that 99.34% from tetracycline is decomposed in the presence of

defect dual CCTO with large normalized rate constant of 1.06¥102 min™.

85



1. Bibliography

100+
X .
~
)
g 804 D CaCu Ti 0., k=1.31 x 10" min’
2 efect free CaCu Ti O, S x min
Q
-
8 60+
c Dual defective A«9.005x10° min
.2
el
3 401 e No Catalyst
o —p N0 trradsation
g 204 —— Defect free ('a('n'Ti,()”
g i Dual defective Cal II")
0 L4 L4 . L4 v
0 10 20 30 40 50

Time/ min

Figure 1-42 : Comparison visible light degradation ratio and corresponding apparent rate constants (k) of
tetracycline in the presence of octahedron shaped dual defective and defect free CaCu;Ti,O,,. Reprinted fom

(Haillili et al.). Copyright 2019 IEEE [116].

Zhu et al. [117] tested the photo-assisted fenton-like process based on sulfate radicals using
CaCusTisO1, as catalyst to remove pharmaceutical pollutants (ibuprofen) from water. Fenton-
like process is based on sulfate radicals (SO47), in which sulfate radicals with higher oxidative
potential (2.5-3.1V) exhibit a higher oxidation power compared with hydroxyl radicals.
Furthermore (SO4”) has a long life time (30-40us) and a large range of working pH (2-9). They
used molten salt synthesis to produce different shapes of CCTO catalyst by modifying sintering
times. Cubic structures are formed at 775°C sintered for 6h (sample CCTO-6) and fibers are
produced at 775°C sintered for 14h (sample CCTO-14). Photocatalytic behavior is tested for
different systems, the ternary one (visible light/ CaCusTizO1, (sample-14)/peroxymonosulfate)
promotes ibuprofen’s removal to 91.8% in 30 min. CCTO-14 showed oxygen vacancies and
production of Cu® since cu® intensity decreases as shown in EPR measurement. It is related to
the fact that under visible light, photogenerated-electrons are free to move into the
crystallographic lattice and allow reducing Cu®" to Cu*, thus make enable peroxymonosulfate to
generate sulfate radicals and reduce the rate of electron-holes recombination.

Pal et al. [118] synthesis CaCusTizO1,-Carbon nitride composites as catalyst using low

temperature thermal treatment (~150°C). They investigate the decomposition of methylene
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blue in the presence of H,0, activator, in the presence of LED light irradiation and the catalyst.
They noticed that for 10 wt% CN in CCTO (sample: CN10CCTO), the decomposition of dye

achieved 96% in 1h. Optical properties confirms charge transition from Cu®, Ti**

ground states
to Cu®*, Ti*" excited states respectively. From transient photocurrent study (Figure 1-43), they
showed that CN10CCTO has the highest photocurrent value, which is attributing to the efficacy

of charge separation of the charge carriers leading to an enhanced photocatalytic activity.
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Figure I-43 : Current density vs. time plot of CCTO, CN and CN10CCTO (10 wt% CN in CCTO). Reprinted from (Pal
et al.). Copyright 2019 IEEE [118].

1.5.2 Magnetic properties

A need to developed magnetic materials was the aim of researches in the 20™ century. The best
application is showed for materials where their coercivity and magnetization are optimized.
Practical progress in magnetism largely depends on ferromagnetic materials, in which the
mastery of coercivity was resulted from combined control of magnetocrystalline anisotropy and
microstructure [119]. Ferromagnetic materials had a large range of magnetic dipoles that can
be switched by applying a determined magnetic field [120]. The challenge is to correlate
nanostructure properties and magnetic properties, and in order to explain this correlation,
nanostructure materials were classified into different categories. Bulk materials or type D is one
of this nanostructure materials, it is formed from grains and interfaces. With type D, the
magnetic behavior cannot be predicted by applying theories for polycrystalline at nanoscales,

because it is depending from grain boundaries and interaction [121].

87



I. Bibliography

CaCusTigO12 is a bulk material with a antiferromagnetic behavior below Neel temperature
(Tn=25 K) studied with neutron diffraction and susceptibility measurements [122], due to spins
(S=1/2) aligned antiferromagnetically on the A sites Cu®* [56]. In order to enhance CCTO
magnetic properties and to produce multiferroic material stable at room temperature, many

investigations were performed by doping CCTO [56,122,123].

Wang et al. [58] doped CCTO ceramics using Cobalt (Co) by solid-state method. They showed
from hysteresis loops, a weak ferromagnetism due to the superexchange interaction along Cu-
0-Co-0O-Cu path attributed to the small amount of Co substitution for the Ti site, instead of
antiferromagnetic superexchange via Cu-O-Ti-O-Cu path.

Pansara et al. [123] synthesize CaCus,Tis«Fe;,01, (x=0.0-07) using solid state reaction. From M-
H loops, they conclude that the material for x=0.0-0.3 presents an antiferromagnetic behavior
while x=0.5 and 0.7 present a ferromagnetic properties. To explain the influence of Fe doping
on CCTO, *’Fe Mossbauer spectroscopy is used to investigate the oxidation number of Fe doped
into the crystallite lattice. They conclude from hyperfine interaction parameters such as isomer
shift (IS), Quadruple splitting (QS) and magnetic hyperfine field (HF) that Fe is in Fe** form in
which for x=0.5 and 0.7 Fe* ions prefer A’-site. Fe** in A-site changes the superexchange
interaction by increasing the Cu-Cu distance and increase the ferromagnetism by the dominant

superexchange interaction through Cu(Fe)-O-Ti(Fe)-O-Cu(Fe) path.

Raval et al. [124] investigate the effect of ball milling, microwave assisted heating and rapid
thermal cooling on magnetic properties in polycrystalline CaCusTizO1,. Ball-milling induce
curtails hybridization of empty Ti-3d orbitals with Cu-3d and O-2p orbitals and secondary phase
formation. M-T curves show pure antiferromagnetic peak for unmilled sample in which Cu-Cu
bond distance is 3.6963 A, and a weak ferromagnetic peak for 16 h milling in which Cu-Cu bond
is longest.

Gavrilova et al. [125] synthesized a CCTO based nanocomposite (SrFe;209)x(CaCusTizO12)1x
(x=0.01, 0.03, 0.07, 0.1) using solid state method. Electron spin resonance (EPS) showed two
different lineshapes between x=0.03-0.07 group and x=0.01-0.1 group. For x=0.01, two lines

appear, one is due to Cu®" paramagnetic signal and the second is related to ferromagnetic
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signal from CaCusTis. Fe,O1, solid solution. The position of ferromagnetic line shifts to g=2
(H=3300 Oe) while increasing the temperature. For x=0.03 and 0.07, TEM analysis confirmed
the formation of nanostructured composites where SFO inclusions are inside the matrix. These
results confirm the presence of two lines by EPS, in which one is attributed to the paramagnetic
behavior of CCTO and second is a ferromagnetic line from SFO component. The EPS spectra for

x=0.03 and 0.07 become less symmetric with increasing temperature.
Conclusion and perspectives

Recent investigations focus on high dielectric material especially ceramics to energy storage
and environmental application. Ceramics with specific dielectric properties are highly
demanded because of their fast charge-discharge comparing with batteries. CCTO-perovkite is a
ceramic founded in 2000, with high permittivity stable at a large range of frequencies and
temperatures. In this review, an overview on the history of CCTO ceramics, the different
manufacturing methods (synthesis and sintering) and the different elements used as dopant for
CCTO is given. The effect of all these parameters on the microstructure and dielectric properties
is discussed. The origin of high dielectric constant in CCTO ceramics is not fully understood.
Many hypotheses were deducted from different studies. Intrinsic hypotheses is based on that
high dielectric constant is the result of TiOg titled octahedral planar. By impedance
spectroscopy, it was discovered that CCTO ceramics are heterogeneous, composed of
semiconducting grains and insulating grain boundaries (IBLC model). Third hypothesis explain
that this high dielectric constant comes from the interfacial reactions between electrodes used
and the surface of the material. IBLC model is the most accepted due to that dielectric loss can
be controlled with controlling grain boundaries, which allow CCTO to be useful in electronic
applications. Studies focused on decreasing loss tangent with maintaining a high dielectric

constant stable at large range of frequencies are summarized.

Different synthesis methods were used for the synthesis of CCTO: Solid state route, wet
chemistry method at room temperature and normal pressure (sol-gel and coprecipitation),
hydrothermal method (under high pressure), microwave and autocombustion methods. It is
been observed that the dielectric properties highly depend on the synthesis technique. The
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best dielectric properties were shown by the ceramics prepared via the solid state route despite
the high temperature used. Using wet chemistry method is a better approach to obtain a
homogeneous and controlled microstructure. New trend in this area should be in the direction
of finding new synthesis methods such as molten salt shielded synthesis able to give a
homogenous micro or nanostructures. Such techniques could help to reduce the synthesis

temperature and achieve high permittivity and low loss tangent.

The use of different sintering techniques leads to different dielectric properties. Conventional
sintering and spark plasma are one-step approaches for the formation of CCTO ceramics,
contrariwise to microwave sintering and thermobaric treatment that need a pre-conventional
sintering step. Discovering new sintering method using less energy is necessary for industrial

applications of CCTO such a cold pressing sintering applied in ceramic field.

In order to enhance dielectric properties and maintain a high dielectric permittivity with a low
dielectric loss, doping CCTO was one of the aims of researchers. Many atoms with different
valence are chosen to be inserted into the crystalline structure in order to change the charge
distribution of elements. From results showed in this review, it is clear that these elements
have significant influence on dielectric properties and even on grain morphologies and
boundaries. An optimal dopant could be inserted into the lattice without making distortion, but
should suppress the grain growth in order to improve the dielectric properties. Till now, a huge

variety of element was used as dopant for CCTO.

Because of its specific structure, several studies focused on photocatalytic function of CCTO and
especially in the range of visible light for environmental issues. Pure CCTO showed an important
photocatalytic performance in presence of pharmaceutical and water pollutants in visible light.
CCTO showed as well an antiferromagnetic behavior based on neutron diffraction; several
studies were performed in order to form multiferroic compounds, such as doping CCTO by

different ferroelectric elements (Fe, Nb, Co..).

Despite his colossal dielectric properties, and to the best of our knowledge, CCTO is not used in

industrial applications. In order to bring CCTO based devices on the market, more investigations
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should be performed in order to tune their properties for wide range of applications such as

capacitor, varistor, GPS devices, and antennas as well as as photoelectrocatalytic materials able

to degrades pharmaceutical and dye pollutants.
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Part II: Materials and Methods

1.1 Introduction

This chapter is divided into three sections. In the first section we will present the preparation of
the two dimensional (2D) materials: the hexagonal boron nitride nanosheets and the graphene
oxide. In the second part we will discuss the preparation of pure phase CaCusTi;O;, (CCTO) and
composites CCTO with 2D materials. The last section will focus on the characterization methods

used to characterize the obtained composites.
1.2 Two Dimensional Materials

11.2.1 Hexagonal boron nitride nanosheets (h-BN)

Hexagonal Boron Nitride (h-BN) is a white ceramic material. It has a layered structure similar to
that ofgraphite; it is therefore sometimes referred to as ‘white graphene’. h-BN is a lattice
alternately arranged by B and N atoms in a two-dimensional plane by hexagonal lattice
formation, displaying a honeycomb structure. The N and B atoms are combined by a sp2 orbital
to form a strong o bond combined by weak interlayer Van der Waals forces [1]. Hexagonal
boron nitride (h-BN) is very attractive for many applications, particularly, as protective coating,
dielectric substrates, transparent membranes, or deep ultraviolet emitters. The h-BN used in all
the experiments was PHPP325B COMBAT® powder purchased by Saint Gobain. The material
appearance is a white powder with particle size around 3 um. It possesses a surface area of 60
m?/g and an apparent density of 2.2. Each h-BN nanosheets shows charracteristics similar to

graphene; it is therefore sometimes refered to as ‘white graphene’.

11.2.1.1 Exfoliation method

h-BN nanosheets (h-BN) (figure 1I-1) were prepared using liquid phase exfoliation with the
assistance of an ultrasounds device (model SONOPLUS HD 3100, 100W, 20 kHz) with a microtip
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of diameter 3 mm (MS73). In 100 mL of water, 1.0 g of pristine h-BN was added. The solution
was heated up to 80 °C, then 20 g of gelatin from porcine skin (gel strength 300, Type A,
purchased from Sigma Aldrich) were added, the mixture was kept under stirring at the same
temperature until the complete dissolution of the gelatin.

Ultrasonic acoustic cavitation has been used in the production of 2D nanosheets such as
graphene, transition metal dichalcogenides or boron nitride from bulk layered materials in
liquid solutions. It is widely used because it can concentrate the acoustic energy in small
volumes. The acoustic cavitation concerns physical effects of high energy including the
formation, growth and implosive collapse of bubbles at high ultrasonic intensities in a liquid
medium. However, the high speed jets and intense shock waves can diminish the size of the
nanosheets or generates defects on the surfaces. An ultrasonic homogenizer consists
essentially of three components: the high-frequency (HF) generator, the ultrasonic converter
(UW), and the functioning tip. The HF generator first transforms the alternating supply voltage
from 50-60 Hz into a HF voltage of 20 kHz. If this voltage is applied to a suitable oscillator inside
the ultrasonic converter, it is possible to transform electric oscillations into mechanical
oscillations of same frequency. The mechanical oscillation is transmitted by the ultrasonic
converter through sonoprobes and is transmitted into the sample through the horns connected
in between. The working intensity transmitted into the medium increases in inverse proportion
with the diameter of the sonoprobe area. The smallest tips transmit the largest power per
measure of area in maximum oscillation amplitudes of several tenths of a millimeter [2], [3]

(Figure 11-2).

The dispersion was kept in a bath at 50 °C to avoid the gelatin solidification and it was sonicated
(figure 11-2) for 3 hours at 65 % amplitude with pulse off/on 0.5 — 1 s. After the sonication, the
yellowish suspension was subsequently centrifuged twice. In a first step, the solution was
centrifuged at 3000 rpm for 30 min. Then, the supernatant was collected and subjected to a
second centrifugation step at 6000 rpm for 30 min. The speed during the centrifugation plays
an important role in the obtained h-BN lateral size, because the large nanosheets will be

separated from the thinner ones during this centrifugation steps. The supernatant, where are
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the lightest nanosheets, was collected and dried at 60 °C overnight. The resultant material was

heated up to 600 °C under air atmosphere to remove the gelatin.
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Figure II-1: Boron Nitride nanosheets

m Generator: The generator converts mains
voltage to high frequency of 20 kHz
electrical energy (most likely, although

other frequencies are also available)

Ultrasonic converter: Converter
4——— transforms electrical energy into
mechanical vibrations of fixed frequency.

ll Standards and booster horns: Horns
increase sonication amplitude.
—ye 4
L
|
Probes: Probes transmit ultrasonic
energy into the sample.

Figure II-2: Schematic representation of ultrasonic device with its different parts
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11.2.2 Graphene Oxide

Graphene oxides nanosheets (Figure 1I-3) are prepared by graphite oxidation. The degree of
oxidation and post-process induce the chemical exfoliation of flakes of graphitic stack into
mono and few-layers sheets. It was prepared for the first time by Brodie in 1859 [4], though
many commercially implemented methods today rely on modifications to Hummer method
[5].The structure of GO is hardly characterized due to its non-stoichiometric structure and
dependence on preparation parameters. According to existing direct imaging evidence, GO is
considered to have long-range order in sp” lattice.

The graphene oxide used is prepared trough modified Hummer’s method from graphite flakes
[5], using the materials mentioned below in table II-1. All chemical products were purchased

from Sigma Aldrich and used without purification.

Table II-1: Chemical materials purshased from Sigma Aldrich used for graphene oxide nanosheets preparation

Materials CAS Number Description
Graphite powder 7782-42-5 <20 um, >99.95%, trace metal basis
Hydrochloric Acid (HCI) 8647-01-0 ACS reagent, 37%
Sulfuric Acid (H,SO,) 7664-93-9 99.99%
Phosphoric Acid (H;PO,) 7664-38-3 85%-99%, trace metal basis
Hydrogen Peroxide (H,0,) 7722-84-1 >30%
Potassium Permanganate (kMnO,) 7722-64-7 ACS reagent, 299.0%

In mixed solution of concentrated acid H,S04:H3PO,4 (9:1; 400 ml), 3g of graphite were added.
Then 18g of KMnQ, is added to the mixture gradually, with stirring for 12h. After that the
temperature of the mixture is cooled down to room temperature, 3mL of H,0, were added. A
brown precipitate appears, indicating the exfoliation of graphene oxide from graphite. After
one hour of sintering, GO was separated from acidic solution by centrifugation at 6000 rpm
(2697 G) for 10 minutes. The resultant precipitate was washed with hydrochloric acid (30%) and
absolute ethanol. Finally, the obtained powder was dried at 50°C for 24 hours to obtain the

pure graphene oxide.
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Figure II-3: Graphene oxide nanosheets

I1.3 Preparation of pure CaCusTizO1, (CCTO) and its composites

The synthesis of CCTO powders was done through a solid-state reaction followed by a
calcination step in order to obtain well-crystallized pure phase powders without residual

phases.

11.3.1 Calcium copper titanate compounds

CaCusTizO1, (CCTO) powders were prepared from powders mixture of calcium carbonate
(CaCo0s;, Alfa Aesar, 98%), Copper oxide (CuO, Alfa Aesar, 98%), and titanium (1V) dioxide (TiO,
anatase; Sigma Aldrich, 99.5%) powders, that were mechanically milled at room temperature
under air atmosphere in an alumina container with a stoichiometric ratio. The milling was
performed during 5 hours using an automatic planetary grinding machine Fritsch P700 at 350
rpm, without any solvent, with a ball-to-powder weight ratio equal to 10. The obtained black
powders were then calcinated in air at 900°C for 3 hours.

The powders obtained after calcination were mixed with different weight percentages of 2D
materials nanosheets, h-BN and graphene oxide, (%wt = 1,3 and 6), grounded in an agate

mortar to obtain a homogeneous mixture and then pressed into pellets.
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11.3.2 Sintering of CCTO composites

Solid state sintering is a technique of consolidating powders to produce dense materials using a
thermal energy below the melting points of all solid phases [6]. Conventional sintering process
is the method used in this work to obtain the final pellets.

Conventional sintering process is widely used to consolidate powder particles by heating a
compacted pellet at high temperature and lower than the melting point of the desired
compound. This process leads to a dense material with increasing in the mechanical strength
and reduces the porosity in ceramics. Conventional sintering process implicates the material
transport by diffusion. This diffusion is the movement of atoms or vacancies along the surface,

grain boundary or through the material (Figure 11-4).
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Figure II-4: Diffusion mechanisms that occur during a sintering process

During this process the shape and the size of the pores changes. The size of the pores will start
to decrease as the specific area increases. This will lead to a reduction in the volume of the
pores thus increasing the densification of the material. A grain growth that depend on the
temperature and time of sintering is observed too [7].

The calcined powders of pure CCTO and wt% h-BN; GO: CCTO were mixed with a Polyvinyl
Alcohol PVA (80%) binder aqueous solution and pressed into pellets of 10 mm diameter. Finally
these green pellets were placed on titanium foil and sintered in air at 1100°C for 3h (Figure II-

5).
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Figure II-5: One-step sintering cycle used in this investigation

1.4 Characterization techniques

A brief description of the different characterization methods used is listed below in this
section. They were used to investigate the macro and microstructure of the prepared

compounds as well as their optical, photoelectrochemical, dielectric and magnetic properties.
11.4.1 X-Ray diffraction

X-ray diffraction (XRD) is a characterization method used to identify the crystalline phases
present in a material. It is a non-destructive method. The physical phenomenon of XRD
expresses the result of the fundamental interaction between an electromagnetic wave, X-rays,
and the ordered matter [8]—[10].

The crystallographic profiles of the prepared ceramics were determined using PANAalytical
X’pert Pro diffractometer with Cu-K radiation (A=1.540598 A) at 45kV and 30mA. The
measurement of the intensity is plotted against 26 angles between incident and scattered
radiation. The data were obtained over 10° to 75° 26 range with a 0.016 step size at 0.55
sec/step. After XRD measurement and collecting the data, a profile matching on the prepared

ceramics was performed with the use of the FULLPROF software [11], [12].
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11.4.2 Scanning Electron Microscopy

To obtain high resolution images of the sample surface, scanning electron microscopy (SEM) is
used (figure 1I-6). This technique is based on detecting the backscattered (BSE) and secondary
(SE) electrons. Secondary electrons occur due to inelastic interactions between the primary
electron beam and the sample and contain lower energy than the backscattered electrons.
Secondary electrons are very beneficial for the inspection of the topography of the sample's
surface.

The BSE are the result of quasi-elastic interactions between the incident electrons and the
sample and provide qualitative information on the chemical contrast of the sample under study
[13]-[15]. Moreover, some of SEM machines are equipped with an energy dispersive X-ray
spectroscopy (EDX), which gives information about the element composition and dispersion on

the surface of the studied sample.

| |< Electron gun

€—Electronbeam
€ Anode
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Figure 1I-6 : Schematic illustration of the different part of scanning electron microscopy
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The microstructure and elemental mapping of the ceramics were performed on the surface of
the pellets by using a Hitachi S4800 SEM system. It is equipped with a secondary and
backscattered electron detector with an acceleration voltage from 0.1 kV to 30 kV. To carry out

the analysis, the samples were attached to sample holder using conductive carbon tape.

11.4.3 Raman spectroscopy

Raman spectroscopy is a technique based generally on the inelastic diffusion of a
monochromatic light. The monochromatic light could be emitted from a laser in the visible,
near infrared or ultraviolet ranges. This technique is used to detect the vibrational and
rotational mode in the materials. It is widely used to provide a defined profile in which the
molecular units can be identified for any structure. First the sample is illuminated by a laser,
this interaction with the sample surface creates a cloud of electrons or ‘virtual state’ which is
not a stable state; the photon is directly re-radiated as dispersed light. The peak position
showed in a Raman spectrum shows the specific vibrational mode of each molecular
component involved in the material. In front of the peak positions, their width and shifting from
their position can give information about the size effects and the induced stress inside the
crystal [16].

Raman spectroscopy was used to characterize CCTO and its composites in order to study the
influence of 2D materials nanosheets on the structure. The spectra were obtained from a
Sentera model, using wavelength A=532 nm and a power of 10 mW. The ceramics were

deposited onto a glass slide to perform the analysis.

11.4.4 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a technique used to determine quantitative atomic
composition by measuring the binding energy of samples. The binding energy is given by
analyzing the electrons of photoelectrons emitted from the surface after it being bombarded
with X-rays under vacuum. The energy of these electrons is characteristic of the atom being
bombarded and thus allows determining the elements. XPS is used also to determine oxygen-

containing functional groups on the surface of studied sample [17], [18].
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In this work we studied the electronic state of elements and the oxygen-containing in prepared
composites by using a XPS monochromatic X-ray, source: Al-Kalpha, 1486.6 eV with a resolution

FHWM at 0.45 eV. The data were treated with origin software.
11.4.5 Ultraviolet-Visible diffuse reflectance spectroscopy

Ultraviolet-Visible diffuse reflectance spectroscopy (UV-Vis) is an important technique for
optical properties characterization. It is a very simple rapid and low cost method. It is based on
a quantitative analytical of absorbance change as a function of wavelength near ultraviolet
(180-390 nm) or visible (390-780 nm) ranges. This absorbance relates to the excitation of
studied samples from a ground state to an excited state. The wavelength of absorption is lower
when high energy is needed for this excitation and higher when less energy is required (figure
1I-7) [19], [20]. The band gap of the studied materials can be evaluated from the diffuse
reflectance spectra using Kubelka-Munk relation:

ahv*=A(hv-E,)
Where a is the absorption coefficient, v is light frequency and E; is direct for x=1/2 and indirect
for x=2.
In this work we used a UV-Vis spectrophotometer Jasco (model: V-570) equipped with a diffuse
reflectance (DR) attachment (Shimadzu IRS-2200).
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Figure II-7 : Schematic diagram of UV-Vis Spectrophotometer, reproduced from reference [21]
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11.4.6 Photoluminescence spectroscopy

Photoluminescence (PL) is a spectroscopic method (Figure 11-8) with which it is possible to
analyze semiconductor or insulating materials, providing information on the material
properties, such as surface defects (acceptors and donors) and the recombination rate between
generated electron-holes. The principle of this method is to excite electrons with photon
energy from the valence band to the conduction band, these electrons will return to the lower
band with emission of a photon. All measurements are calculated basing of this emitted photon

[22], [23].
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Figure 1I-8 : Principle of the photoluminescence process; schematic view of the working principle for inspection
based on the photoluminescence, reproduced from reference [24]

The optical properties of ceramics were characterized using a PL spectroscopy (350-900 nm) at
room temperature. After excitement with a nitrogen Nd:YAG laser (266 nm, 10 mW, 1 kHz), PL

was recorded with an optical fiber spectrometer (Ocean Optics usb2000).

11.4.7 Photoelectrochemical Cell

Photoelectrochemical cell (PEC) is a photocurrent-generated device formed from an electrolyte,
and a photoactive semiconductor electrode. The characterizations can be performed in a three

electrodes cell, where the prepared sample is the working electrode, a Platinum (Pt) wire is the
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counter electrode, and Ag/AgCl (saturated KCI) is the reference electrode in the presence of
aqueous solution (NaOH, KCI, or Na,SO4) (Figure 1I-9). The interface of semiconductor-
electrolyte is irradiated by different light source (UV or visible light irradiation) to generate
electron-holes active species. The responses are attributed as linear and cyclic scan
voltammetry and have been carried out using a Potentiostat. It is generally known that the

transfer and separation of photoinduced electron-holes are reflected by the photocurrent

Reference electrode \
5

Quartz—> |_ Counter
Visible light H electrode

Working electrode —|: —> ‘ '

transient [25]-[27].

Electrolyte

Figure II-9: Schematic illustration of the composition of photoelectrochemical cell
We used in our study a photoelectrochemical cell made from quartz glass for light diffusion,
where the composites ceramics are the working electrode; Pt wire is the counter electrode, and
Ag/AgCl (saturated KCl) is the reference electrode in 1M KOH solution. All electrodes are
connected to a Potentiostat from Solartron® type. The light source used is a visible light lamp

(150 W, A>400 nm). The given data were treated by CorrWare® (CorrVieW©).
11.4.8 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy is a technique used to investigate the interface
between electrolytes and electrodes. A small sinusoidal variation is applied to the potential at
the working electrode, and the resulting current is analyzed in the frequency domain. The real
and imaginary components of the impedance give information about the kinetic and mass
transport properties of the cell, as well as the surface properties through the double layer
capacitance (interface electrolyte-electrode) [28]—[30]. The results of this analysis are usually

represented by a Nyquist diagram, which represents the evolution of the opposite of the
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imaginary part of the complex impedance as a function of the real part of the complex
impedance over a frequency range (Figure 11-10). The obtained data should be fitted and

treated with an equivalent circuit.

>

-Imaginary (Z) (Ohms)

Real (Z) (Ohms)

Figure II-10: Schematic illustration presents the results given after electrochemical impedance measurement
In this study, the major parameter derived from the EIS curve is the transfer resistance of
charge at the electrode-electrolyte interface. It provides information on the evolution of
mobility charge carriers following irradiation. The measurements were performed in the
three electrode cell connected to Solartron® Potentiostat in dark and under visible light

irradiation, using ZPlot® software (ZVi6W©).
11.4.9 Dielectric Spectroscopy

Dielectric spectroscopy (DS) is used for dielectric permittivity and dielectric losses
measurement as a function of frequency or temperature (Figure 11-11). This technique can be
applied to all non-conducting materials. It is useful technique for the electrical characterization
of non-conducting or semi-conducting materials, up to their crystalline structure and
microstructure. This technique is very sensitive to dipolar species as well as localized charge in
the material, which allows determining the strength, kinetics and interactions properties of the

measured material [31].
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c
.

Figure Il-11: a photograph of the used electrode for dielectric investigation

Dielectric spectroscopy used in this study is a Potentiostat equipped with a gold electrode, thus
no need to paint the sample surface with a conductive paint. The measurements were

performed only as function of frequency range (10°-1 Hz) at room temperature.
11.4.10 Superconducting Quantum Interference Devices

Superconducting Quantum Interference Devices (SQUID) is a very sensitive, non-destructive
magnetometer to measure low fields. These measurements could be performed on chemical
molecular compound (transition metal complex), solid materials, nanoparticles and thin layers.
It allows the study of the magnetic properties as a function of the temperature and/or the
magnetic field, which makes possible to determine the magnetic nature (paramagnetic,
antiferromagnetic, or ferromagnetic) of the studied materials. Briefly, the measurement
consists on the travel of the sample through a series of coil to induce the current. These induce
current pass through a second coil and induce a magnetic flux, in which this flux is detected by
SQUID (Figure 1I-12). Several measurements could be performed using SQUID, such as the
susceptibility (as a function of the temperature), hysteresis cycles, and relaxations study [32],

[33].
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Figure II-12: (a) Measurement principle for SQUID-detected MRI. (b) Configuration of the SQUID MRI system
showing magnetic field and gradient coils and the liquid helium dewar, reproduced from reference [34]

In our work, we studied the susceptibility (y) as a function of temperature at a constant field
(500 Oe) in order to determine the magnetic nature of the ceramics. The samples were putted
in a small capsule (4mm of diameter), then placed in a room of 9 mm of diameter. The
measurements were realized under reduced pressure of Helium. The SQUID equipment used is

“SQUID MPMS-XL".
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1.5 Conclusion

This chapter provides the information about the different chemicals used for the exfoliation of
2D materials (h-BN and GO nanosheets) and the preparation of CCTO and its composites. The
protocol for the exfoliation of 2D materials is also described in this chapter. The preparation
methods of CCTO powders and the ceramic CCTO with different weight percentage of h-BN and
GO nanosheets, as well as the used techniques were presented in this section. The information
about the different physico-chemical techniques used for the characterization of the obtained
materials was briefly described.

The next chapter will be dedicated to the preparation of CCTO with different percentage weight
of hexagonal boron nitride nanosheets (h-BN) in order to investigate their performance as
active photoelectrode for water splitting application. Therefore it will include the
characterization of obtained ceramics composite by the experimental techniques described

briefly in this chapter.
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Part lll: h-BN/CaCu;Ti,0,, ceramics composites for
enhanced electrocatalytic behavior under visible
light irradiation
Abstract

Photoelectrochemical water splitting under visible light has attracted attention for renewable hydrogen
production. Despite prevalent investigations, many challenges still hindered an efficient energy
conversion, such as enhancing the reaction efficiency in visible light. Thus controlling the photoelectrode
materials is an essential step in designing new materials for water splitting. CaCusTi;O1, (CCTO) has
received great attention as photocatalyst under visible light due to its combined band gap as result of
the presence in its structure of TiO, active in UV light and CuO active under visible light. In this work a
cubic CCTO with different amount of exfoliated hexagonal boron nitride has been synthesized. The
produced materials were characterized by X-ray diffraction (XRD), X-ray photoelectron spectroscopy
(XPS), Raman and scanning electron microscopy (SEM). Physico-chemical characterizations demonstrate
that bore and nitrogen co-doped CCTO and causes an increase in grain boundaries thickness, and thus
leads to shift peaks in XRD and Raman spectra. In order to investigate the optical properties, UV-Vis
diffuse reflectance spectroscopy and photoluminescence were used. UV-Vis spectra showed a decrease
of the bang gap value after adding boron nitride nanosheets into CCTO. The electrochemical
performance and the resistivity of the obtained materials were performed using electrochemical
impedance spectroscopy in dark and under visible light exposition. The onset potential recorded for
CCTO with 3% of boron nitride nanosheets (Eg=2.9), is around 0.5V and the current generation is 16
times more than pure phase of CCTO. This work focused on fabricating the semiconductor structures for
the next generation of photoelectrocatalyst. It showed that CCTO with 3% of boron nitride nanosheets
can be considered as an active electrocatalyst under visible light irradiation for water splitting.

Key words: Water splitting, Photoelectrochemical, Visible light, CaCusTi, 0., perovskite, Hexagonal
boron nitride nanosheets (h-BN)
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111.1 Introduction

Hydrogen production become a challenge as a source of renewable energy, and considerable
efforts are currently undertaken to enriche its production. Hydrogen production can be carried
out by several process such as chemical conversion of biomass and photoelectrochemical water
splitting [1]-[3]. Chemical conversion of biomass are mainly classified into two categories, the
thermochemical technology found on gasification and pyrolysis of raw materials such as coal,
methanol, wood and gasoline to produce hydrogen [3]-[5] and the thermobiological
technology. This process is based on photosynthetic activity of bacteria and green algae [6]—[9].
Chemical conversion of biomass is widley used but it is limited by the reaction parameters
control, such as temperature, heating/cooling rate, and the type of catalyst [10].

The Photoelectrochemical cell (PEC) is an advanced devices for water splitting technology .
Several investigations focused to improve PEC cell efficiency for energy storage and hydrogen
production.. The main limit is that photoelectrocatalysts are active in UV light range which is
only 4% from the received solar energy [2], [11]. Oxygen evolution reaction (OER) and oxygen
reduction reaction (ORR) are the principle electrochemical process that cover a wide range of
electrochemistry conversion for energy storage and conversion devices [12]-[14]. The
thermodynamic differences between mechanisms reduce the probability to use one catalyst in
ORR and OER voltage scale [15].

Noble metals such as platinum appear as very interested alternative and showed very good
efficiency in acidic solution but its poor catalytic performance in alkaline solution, its high cost
and its low abundance limit their applications [16], [17].

Recent investigations focused on spinel materials as promissing candidates due to their
chemical stability and specific optoelectronic properties. Spinel ferrites MFe,04 (M=2Zn**, Mg*",
and Ca®") are widley investigated because their conduction and valence band levels that can
potentielly be tuned via band hybridization with the M?* states [18]-[21]. The aim of this
combination is to bring the flat band gap potential closer to the hydrogen evolution potential

with lowest onset voltage for water splitting. However these materials have not shown a
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significantly lower flat band potential and the onset potential is similar to that of Fe,03 [22],
[23].

Metal oxides such as RuO, and MnO, play as well a significant role as catalysts of the oxygen
evolution reaction (OER) and oxygen reduction reaction (ORR) in alkaline media. These oxides
present an excellent behavior for OER mechanisms, but their high cost, poor stability, and their
environmental issues limit their use [24]—[26]. Ather oxides such as TiO, and WOs electrodes
are easy to prepare and remerkably stable in electrochemical cell, but their wide band gap limit
their activity under solar light for photoelectrochemical behavior [27]-[31]. Studies were then
conducted to mix semiconductors by doping or forming composites to reduce the band gap
value able to photoinduced electrons under visible light exposition [32]-[40]. However all these
efforts did not succeed till now to create a highly active PEC cell.

ABOj; perovskite oxides have gained attention due to their electrocatalytic behavior. In general
they are composed from different oxides characterised by different band gap energy. This
combination of band gap energy improve their photoelectrocatalytic efficiency. The structure of
CaCusTig01,-CCTO (space group Im3) can be derived from an ideal cubic perovskite structure
ABO; by superimposing a body centered ordering of Ca?* and Cu®" that share the A site, and Ti**
is on B site. Due to the different ionic radius between Cu and Ca atoms, a tilting of TiOg
octahedral planar appears [41]. This distortion forms a square planar oxide environment
convenient to Jahn-Teller distorted Cu®". TiO, is an active photocatalyst in UV light and CuO is a
good absorption component of visible light, thus merging properties in complex oxide
CaCusTisO1, can enhance its properties under visible light exposition leading to photo-generate
an electron-hole free movement in the ordered crystallographic sublattices of the complex
oxide [42]. Recently, CaCusTizO1, was used as photocatalyst for the decomposition of dye and
pharmaceutical waste [43]-[47]. It was found that the synthesis route used to prepare CCTO
powder has a big influence on the properties of the obtained material.

CaCusTisO1, is established for the first as time as photo-electrocatalysis by Kushwaha et al. [43].
They conclude that under light irradiation the current density increase to 0.97 mA/cm?®. In a
second study [48] they accomplished an electrochemical investigation and concluded that CCTO

in octahedral shape shows a good performance for the decomposition of pollutants under
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visible light. They found that for crystallite size of 26 nm CCTO synthesized using oxalate
precursor route exhibit a bifunctional electrocatalytic activity (in OER and ORR range) with an
onset potential of 0.83V. Investigations focused on that synthesis method leading to different
powders structures [49] of CCTO and changing the electronic state of the material by doping
[49] result to a different electrocatalysts behavior.

However the high recombination rate excited electron-hole limit the photocatalysis of all oxides
in general and specialy CCTO. The separation between e-/h+ must be fast, and the
recombination rate is decelerated by the high generation of current density [43]. Introducing
material with different band gap is an efficient method to enhance the fast separation of
electron-hole. One of the approaches that could be used to enhance this e-/h+ separation is the
introducing of 2D materials in CCTO structures.

Among all two dimensional (2D), boron nitride nanosheets (h-BN) attracted attention because
its outstanding properties [50]-[52]. BN is insulator with a wide ban gap (5.2 eV) depending on
the synthesis method [53]. Boron nitride presents useful properties such as high chemical
stability and thermal conductivity. Recent studies showed that hexagonal boron nitride
nanosheets (h-BN) present a semiconducting and electronic transport similar to those of metals
or metal oxides [54], [55].

In this paper, we prepared a new photoelectroactive CCTO/h-BN nanocomposite active under
visible light. Different percentages of BN nanosheets were added to CCTO powders (1, 3 and 6
wt% BN), and then pellets were prepared by a one-step conventional sintering at high
temperature. The crystallinity and phase detection of prepared samples were investigated by
XRD and Raman techniques. Surface morphology and oxidation state of elements are detected
by SEM and XPS respectively. Optical properties are studied using UV-Vis and
photoluminescence spectroscopies. Finally we evaluated the electrochemical activity (Cyclic
and linear voltammetry measurements) and the resistivity (Electrochemical Impedance

Spectroscopy) of samples in Dark and under visible light irradiation in alkaline solution.
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l11.2 Experimental Section

111.2.1 Materials

Titanium (IV) Oxide (TiO,- CAS Number: 13463-67-7, 99.5%), Potassium Hydroxide (KOH-CAS
Number: 01900-20-08,285%) and gelatine from porcine skin(CAS Number: 9000-70-8) were
purchased from Sigma Aldrich. Calcium Carbonate (CaCO3-CAS Number: 471-34-1, 98%) and
Copper (Il) Oxide (CuO-CAS Number: 1317-38-0, 98%) were purchased from Alfa Aesar. BN
nanosheets were prepared from commercial BN (Saint Gobain, 95%, 325 mesh). All chemicals

were used without any further purification.
111.2.2 Exfoliation of BN

Boron nitride nanosheets were elaborated from commercial boron nitride powder with gelatin
as reported elswhere [56]. 20 g of porcine skin gelatine was dissolved in 80 mL of hot water (75
°C). After dissolution of gelatine, 1 g of BN was added to the solution. The mixture was kept
overnight in an ultrasonic homogenizer at 50°C and it was sonicated for 3 hours at 65 %
amplitude with pulse off/on 0.5 — 1 s. Exfoliated BN was collected from last precipitates by
centrifugation at 6000 rpm for 30 minutes and the supernatant was collected to repeat the
separation process for. The precipitates were dried at 80 °C for 48 hours and then calcined at

600 °C for 2 hours in air with a heating rate of 5 °C/min to obtain the pure exfoliated BN.
111.2.3 Preparation of CaCu;Ti,O,, Pellets

First a stoichiometric mixture of the starting materials (CaCOs, TiO, and CuQ) was mixed by ball
milling using Alumina (Al,Os3) balls and jar for 5h. Second the mixture was calcined at 900°C for
3h to obtain pure CCTO powders. Then calcined powders were pressed into pellets (d=10 mm,
e=1-2 mm) by uniaxial hydraulic compression at 3.5T. In final step CCTO pellet was sintered in

air at 1100°C for 3h.

127


https://www.sigmaaldrich.com/catalog/search?term=13463-67-7&interface=CAS%20No.&lang=en&region=US&focus=product

Il. CCTO/h-BN Composites

111.2.4 Preparation of CCTO (1%BN), CCTO (3%BN) and CCTO (6%BN)

CaCusTig012/ x%h-BN ceramics (x% =1, 3 and 6) were prepared using solid state reaction
method. The calcined powders were mixed and ground with different percentage of h-BN
nanosheets and pressed into pellets with 10mm of diameter and 1-2 mm in thickness by a
uniaxial hydraulic compression at 3.5T. Finally these pellets were sintered in air at 1100°C for
3h. The obtained pellets are labeled CCTO, C1BN, C3BN and C6BN corresponding to pure phase
of CaCusTiz01,, CCTO (1%BN), CCTO (3%BN) and CCTO (6%BN) respectively.

111.2.5 Characterizations of pellets

The crystalline phase of the obtained pellets was analyzed by X-ray diffraction (XRD), using a
PANAlytical Xpert-PRO diffractometer equipped with an Xcelerator detector using Ni-filtered
Cu-radiation with wavelength of 1.54 A. The scan step size of all prepared pellets was fixed at
0.0167°/step and the time per step was 0.55 sec/step. Rietveld refinement was performed
using the FULLPROF program [57] and profile function 7 (Thompson-Cox-Hastings pseudo-Voigt
convoluted with axial divergence asymmetry function)[57]. The morphology of all ceramics was
studied via scanning electron microscopy (SEM), where images were taken with a Hitachi
S4800, Japan. Elemental mapping were performed with a Zeiss EVO HD15 microscope coupled
with an Oxford X-MaxN EDX detector. Raman spectra were measured by the dispersive Raman
spectroscopy (Model Sentera,Bruker, Germany) using 532 nm laser [doubled Nd:YAG laser
(neodymium-doped yttrium aluminum garnet)] and a power of 10 mW. In order to investigate
the oxidation state of elements in pellets X-ray photoelectron spectroscopy (XPS) was
performed using XPS: monochromatic X-ray source: Al-Kalpha, 1486.6 eV - Resolution FWHM
0.45 eV.

The band gab of pellets was measuring from UV-vis spectra. These spectra were measured by a
UV-vis spectrophotometer (Jasco model V-570) equipped with a diffuse reflectance (DR)
attachment (Shimadzu IRS-2200). Room temperature photoluminescence (PL) was measured in
the range of 350-900 nm. After excitement with a nitrogen Nd:YAG laser (266 nm, 10 mW, 1

kHz), PL was recorded with an optical fiber spectrometer (Ocean Optics usb2000).
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111.2.5.1 Electrochemical Measurement

Electrochemical measurements for ORR and OER were carried out in a three- electrode system
using 1 M KOH as the electrolyte in dark and under visible light exposition using 500W linear
halogen lamp (the visible light source is in the range of 420-600 nm). CCTO and h-BN (x%)/CCTO
pellets with a diameter of 10mm was used as working electrode, Ag/AgCl as reference
electrode and platinum wire as counter electrode. Electrochemical Impedance spectroscopy
measurements in dark and under visible light irradiation were performed at room temperature

in the frequency range of 0.01Hz to 10° kHz with voltage bias of 20 mV amplitude.
l11.3 Results and discussions

Pellets from pure phase of CCTO and with different amounts of hexagonal boron nitride (x=1, 3
and 6%) were synthesized using mecanosynthesis method, followed by sintering step at 1100°C
for 3h. The crystallinity and morphology of pellets are characterized by XRD, SEM, XPS and
Raman. The optical properties were investigated using UV-Vis and photoluminescence
measurements. Finally, in order to study the performance of obtained materials under visible
light and their resistivity, electrochemical measurements (cyclic and linear voltammetry) and
impedance spectroscopy were performed in a system of three electrodes in 1M of KOH

solution.
111.3.1 Physico-chemical characterization

The XRD data of the samples sintered at 1100°C for 3h under air are shown in figure IlI-1. The
reflections of XRD patterns of examined materials can be indexed to the cubic structure of
CaCusTizO1, (space group Im-3) as a main phase and monoclinic CuO (space group C2/c) as
minor phase. Rietveld refinement of XRD patterns revealed that the grains of sintered samples
are preferentially grown along the [422] direction. The lattice parameter a of CaCusTizO1, phase
in CCTO sample found to be 7.3914 (1), which is in good agreement with previously reported
value for pure CaCusTizO1, [58]. On the other hand, the addition of BN resulted in a slight
increase in the lattice parameter of CaCusTi;O1, phase (a = 7.3937 (1), 7.3934 (1) and 7.3952 (1)
A for C1BN, C3BN and C6BN sample, respectively). This increase in the lattice parameter can be
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explained by the incorporation of B or N in the lattice of CaCusTisO12, as confirmed by XPS
results. The change in the cation stoichiometry of CaCusTizO1, could be another reason for this
increase as the amount of the secondary CuO phase increased with the addition of GO
nanosheets. Previous studies showed that Cu deficiency and the partial reduction of Cu** and
Ti* cations lead to the expansion of CCTO phase [57]. As it can be seen in Figure 1, the
intensities of XRD reflections corresponding to CuO phase are drastically changed with the
addition of h-BN, indicating the change in the amount of CuO phase on the surface of sintered
samples. It was difficult to quantify precisely the amount of CuO phase in the samples by
Rietveld refinement due to the strong preferred orientations observed for CaCusTizO1, phase.
However, the amount of CuO phase on the pellet surface can be quantified by calculating the
intensities ratio of the (211) reflection for CaCusTi;O1,, which does not suffer from preferred
orientation, and (11-1) reflection for CuO. The intensities ratio CCTO (211)/CuO (11-1) increases
with increasing Boron nitride nanosheets.

Moreover, no characteristic XRD reflections corresponding to any of crystalline BN phase are
observed in the XRD patterns of all samples. In contrast, XPS analysis revealed the presence of
elemental boron and nitrogen in the sintered samples as will be showed later. These results
might be due to the presence of h-BN phase is present in a very small amount of crystalline
phase to be detected by XRD measurements in the presence of highly crystalline CaCusTisO1>
and CuO phases. The incorporation of B or N in the lattice of CaCusTizO1, and CuO phases could
be another reason due to the oxidation of boron nitride nanosheets at high temperature under

air, as confirmed by XPS results.
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Figure Ill-1 : X-ray diffraction patterns of CCTO, C1BN, C3BN and C6BN ceramics sintered at 1100°C/3h.

The morphology and microstructure of the obtained ceramics were examined using SEM.
Figure 1lI-2 shows the microstructural evolution of CCTO ceramics sintered at 1100°C for 3h
under air after adding 1,3 and 6% of BN nanosheets. The presence of two regions is noticed in
all the ceramics : the grain region and the grain boundaries region. The grain diameter and the
thickness of the grain boundaries region are highly influenced by the addition of h-BN
nanosheets. For the pure CCTO ceramic the grain size obtained using ImajJ, Java-based image
processing software is 104.9 £0.5 um. The grain sizes decreases to 101.1+0.3 um, 63.8+0.3 um
and 64.4+0.5 um for C1BN, C3BN and C6BN respectively.

It is well known that during the sintering process, the mass diffusion of ions takes place through
the grain boundaries region. The added elements (dopant, nanosheets or nanofillers) can melt
or react with the present major phase and form a eutectic liquid phase. In ceramics, the liquid
phase is mainly present between the grains making it easier for the ions to diffuse. The
temperature of eutectic liquid phase for the system CuO-TiO, is between 900 and 950°C,
depending from CuO/TiO, ratio in which CuO phase transforms into liquid during the sintering

treatment[59]. XRD studies showed that adding boron nitride nanosheets to CCTO leads to the
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formation of CuO phase. The amount of CuO increases with the increase of the percentage of h-
BN nanosheets. The presence of the CuO phase will create a liquid phase during the sintering
process that increases the thickness of the grain boundaries region. From the SEM images, we
can notice an increase in the grain boundaries thickness and a decrease in the grain size with
the addition of h-BN nanosheets. The thickness of the grain boundaries region increases with
the increase in the percentage of h-BN nanosheets. This is mainly due to the increase in the

amount of CuO phase after adding the nanosheets.

(a) (b)
100pum 100pum

Figure IlI-2 : Scanning electron micrographs of the pellets (a) CCTO, (b) C1BN, (c) C3BN, (d) C6BN sintered at
1100°C/3h

Figure IlI-3 shows the SEM/EDX mapping images of CCTO (Figure 1lI-3a), C1BN (Figure 1lI-3b) and
C3BN (Figure IllI-3c). It confirms the presence of all major elements (Ca, Ti, Cu and O). It is clear
that ading boron nitride nanosheets leads to increase the ratio of Copper at grain boundaries.
Thus confirms that adding boron nitride nanosheets enhance the formation of a liquid phase
originated from the eutectic phase TiO,-CuO. Using SEM/EDX mapping could not detect the

dispersion of h-BN nanosheets because B and N are a light element and EDX is not sensetive to

these elements.
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Figure 11I-3 : SEM/EDX mapping of (a) CCTO, (b) C1BN and (c) C3BN ceramics.

High resolution XPS analysis of pure and composite CCTO has been carried out to know the
oxidation states of the constituent elements and to confirm the presence of oxygen vacancies
responsible of a good electrochemical behavior. The XPS scan shows the presence of Ti 2p, Cu
2p, and O 1s at their corresponding binding energies in pure CCTO and the presence of Ti 2p, Cu
2p, O 1s, B 1s and N 1s in CCTO-BN composites (Figure 1ll-4). Figure Ill-4a shows XPS data of
oxygen atoms for CCTO composite, it indicates an increase in the distortion of anatase lattice
with the increase of h-BN percentage in CCTO matrix. As shown in Figure Ill-4a, Ols spectrum
can be fitted with four peaks 528.9+0.0053, 530.4+0.026, 531.8+0.012, and 533.2+0.133 eV
corresponding to O-(Cu/Ca), O-Ti, O-Lattice and O-H,0 respectively, as seen that for composites
peaks are slightly shifted to higher binding energy (ev). The ratios of O-B/O-Lattice that refers to
the surface oxygen vacancies, increase from 0.35 for CCTO to 0.39 and 0.47 for C1BN and C3BN
respectively suggesting that increasing the amount of boron nitride nanosheets increase the
surface defects of the material. A slight shift of peaks to a lower binding energy is observed for
Ti*and cu®' (Figure 1ll-4). Shifting of peaks are maybe due to the segregation of Cu on grain
boundaries, in which the segragation increases the surface stress and lead to produce an
effective pressure to raise the force constants [60], [61]. In addition to that the shifting confirm
the partial reduction of Ti** and Cu®" with the creation of oxygen vacancies and the insertion of

B and N in TiO lattice. In B1s XPS spectra (figure lll-4e) the peak corrsponding to B-N bond in
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boron nitride nanosheets appears peak C1BN material; from XPS spectra of C1BN it can be
conclude that Boron nitride nanosheets are not involved into CCTO lattice. With increasing BN
amount, four different peaks appear for C3BN material at 187.8+0.124, 190.1+0.092,
192.1+0.106 and 195+0.179 ev corresponding to TiB, [62], B-N bond in BN nanosheets, B-O
bonds due to a defects in BN layers [63], and B-O-Ti bond respectively. Referring to XPS data,
Boron nitride nanosheets is decomposed, oxidized and incorporated in TiO, lattice. In figure IlI-
4f two peaks at around 40040.5 eV and 401.810.21 ev appears. These peaks are related to the
intertitial nitrogen in form Ti-O-N (Ti-N-O linkages) and the oxidized nitrogen on the surface
respectively [64] in CIBN and C3BN materials. A peak refered to B-N bond in Boron nitride
nanosheets appears for C1BN [65] confirming that 1% of boron nitride was not enough to insert
bore and nitrogen atom into the lattice. Boron nitride nanosheets reacted in different way
according to their amount. As seen from XPS data, Bore and nitrogen atomes are highly
inserted in CCTO lattice for 3% of boron nitride nanosheets (figure 4e and 4f), with default
residual of boron nitride in comparison to C1BN according to the composition ratio . The
characteristic peak of intertial Bore into TiO, lattice for CIBN material can not be fitted due to
the small amount of boron nitride naosheets.

Thus the observed shift of Ti 2p peaks is due to defects in TiO, lattice resulting from the
substitution of oxygen atom (Pauling electronegativity ~3.44) by a lower electronegativity

atoms, B (2.04) and N (3.04) leading to an increase in electrons surroding the Ti atoms [62].
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Figure Ill-4 : High resolution XPS Spectra of (a) O 2s, (b) Cu 2p, (c) Ti 2p, (d) B 1s, and (e) N 1s spectra, of CCTO,
C1BN, and C3BN.

Pure CCTO and h-BN/CCTO were further studied by confocal Raman analysis. In order to
confirm the crystalline quality and the presence of the different phases in the obtained
materials, Raman spectra were recorded between 50 and 600 cm™. Figure IlI-5 shows the
Raman spectra of the grain and grain boundaries regions for the ceramics CCTO, C1BN, C3BN
and C6BN. In general, the position of the Raman modes frequencies in metal oxides is affected
by the effective charge, the asymmetry, the bond length of the participating atoms and the
vibrational modes of atoms. Three main modes close to 445, 506 and 570 cm™ are essential to
determine CCTO [66]. All mentioned modes (P7, 8 and 9) are related to TiOg clusters. P7 and P8
modes appear in all samples and in both regions corresponding to wavelenght near to 445cm™
and 506cm™ respectively related to TiOg clusters in the Ag symmetries. These two modes are
slightly shifted to an emission of high energy for 1, 3 and 6% BN samples resulted from a stress

generated in ¢ axix produced by B** and N* ions introduced in TiO lattice. The third mode P9

close to 570 cm™ (Fg symmetrie) is an antistretching mode Ti-O-Ti for the TiOg octahedras and
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appears only for CCTO, C3BN and C6BN samples, which mean that the amount of polarization
strenght has been influenced by doping because the Raman scattering intensity is determined
by amount of polarization strenght [67]. Figure IlI-5ii shows Raman spectra on grain boundaries;
as reported grain boundaries are dominated by CuO. For all samples TiO, phase appears. P7 and

P8 modes characteristic of CCTO phases are present in different intensity for CLBNand C6BN.
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Figure IlI-5 : Raman shifts on i-grains and ii-grain boundaries of (a) CCTO, (b) C1BN, (c) C3BN and (d) C6BN

pellets.
111.3.2 Optical properties

Photoluminescence spectroscopy is used to study the efficiency of charge carrier trapping,
migration and transfer. It is used in order to understand the recombinaition between electrons
and holes in which a lower recombination rate induce a lower PL intensity. Figure IlI-6 shows
the PL spectra for pure and BN doped CCTO.

The emission spectra have four significant peaks, centered at 390, 480, 700 and 800 nm. UV
peak is related to band-band transitions with involvement of phonon [68]. UV emission can be
related to band-band transitions or exciton emission [69]-[71]. Liu showed that intensity of
excitonic emission depends on surface-to-volume ration of TiO, nanoparticles. The increase of
the nanoparticle volume resulted in increase of defect emission. In the present work, the UV
intensity increased for low concentration of BN doping and then decreased. The changes of UV

PL can be related to change of lattice constants and lattice strain after BN doping [72], [73].
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Emission, centered at 480 nm is related to self-trapped excitons and oxygen vacancies. Emission

bands in NIR region correspond to surface defects [74]. Low intensities of Vis-NIR bands point

to high ratio of surface recombination and charge separation.
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Figure IlI-6 : Photoluminescence spectra of pure CCTO ceramics, C1BN, C3BN, and C6BN composites ceramics

The optical properties of materials were explored as well by UV-Vis diffuse reflectance

spectroscopy and presented in Figure Ill-7. Since CCTO is a complex perovskite, it can present

two band gap in direct and indirect transition [41].
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The optical absorption spectra of all materials show the presence of two absorption, at around
450nm and at 680nm which are related to the hybridized valence band (VB) from Cu 3d-0 2p
to conduction band (CB) with Ti-3d states (Figure IlI-7a). In CCTO, the higher energy absorption
edge arises due to direct transition from Cu 3d- O 2p hybridized valance band to the Ti-3d
conduction band and the lower energy absorption is attributed as transition between valance
band and unoccupied Cu 3d band.

The absorption peak arround 575nm corresponding to 2.1 eV is refered to the transition
between V, (oxygen vacancies level) and VB and VC. There are slight shift of peaks due to the
surface defects and the minor lattice expansion which is beneficial for photoelectroactivity
under visible light exposition.

The UV-Vis spectra shows a higher intensity for the composites material and we can notice a
slight shift in the wavelengths indicating a change in the band-gap after the addition of Boron
Nitride nanosheets to CCTO perovskite.

The optical band gap Eg of the samples was determined by Kubelka-Munk remission function
according to the following equation [53]:

(ahv)¥? = A(hv - Eg) (1-1)

Where a is the absorption coefficient, v is light frequency and Eg is the direct transition band
gap.

The obtained Eg values for CCTO, C1BN, C3BN and C6BN are 3.01, 2.86, 2.90 and 2.93 eV
respectively (Figure IlI-7a), which indicate a red shift in the band gap of the material with
increasing the boron nitride nanosheets percentage. The band gap of composites could be
affected by the presence of oxygen vacancies, and B and N ions in Ti-O bond linkage
responsible. Thus the defect level between CB and VB is important to a better photo-
electrocatalytic of the semi-conductor in visible light. B** and N*' ions incorporated in TiO
lattice can form a shallow level inside the band gap resulting in the decreasre of band gap

energy and extend the spectral response to the visible region [68].
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111.3.3 Electrochemical performances

Electrochemical properties of synthesized CCTO samples (CCTO, C1BN, C3BN and C6BN) were
measured in dark and under visible exposition using three electrode systems in 1M KOH
solution. All curves were recorded at a scan rate of 20 mV.s™ in the potential range of 0.25-1V
(Figure 111-8a). Current density increases while increasing the percentage of nanofillers and after

their exposure to visible light irradiation.

111.3.3.1 Capacitive characterization:

From cyclic voltammetry (CV) and a charge-discharge (CD) cycling, the capacitive behavior of a
material can be estimated. The specific capacitance (SC) based on CV and CD cycling can be

calculated as follows [75]:

- SC(CV)(Fg-1)= Q(C)/[

scanrate * m(g)]

i- SC(CD)(F.g™)= [(A) At(s)]/ [AE(V) * m(g)]

Where Q is anodic charge, i the discharge current in ampere, At the discharge time in second
corresponding to the voltage difference (AE) in volt, and m is the electrode mass in gram (active
material).

CCTO activity is measured in ORR range in dark and under visible light exposition as shown in
figure 1lI-8a. The behavior of CCTO is different before and after irradiation. It seems inactive in
dark without any oxydation or reduction peaks. it can be seen that under visible light a
reduction peak appears at 0.47 V vs. AgCl/Ag with no identifiable peak at anodic current. It can
be explained by the high resistance of the material at high voltage. Under visible light
exposition the photogenareted current increase and CCTO showed a pseudocapacitive
behavior.

It is clear that materials behavior change after adding nanofillers and under visible light
irradiation, the larger integral area indicates the higher areal capacitance. The rectangular

nature of CV curve for the composite C3BN (Figure IlI-8b) measured in dark and under visible
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light showed symmetric anodic and cathodic halves without redox peaks thus indicates the
ideal pseudocapacitive nature of material (high reversibility and high pulse charge discharge
property) [76]. The behavior of CCTO is different before and after irradiation; it can be seen
that under visible light a reduction peak appears at 0.47 V vs. AgCl/Ag with no identifiable peak
at anodic current. The distortion of CV curves shape indicates that the electrode does not store
charge uniformly.

The behavior of the same samples was measured in OER range between 1 and 2.4 V vs. Ag/AgCl
in 1M KOH using the three electrodes system. From figure IlI-8c, it can be seen that
electroactivity of CCTO change after adding 3% of boron nitride nanosheets. A reduction peak
appears and the cathodic current is generated. Under visible light C3BN exhibit a larger
reduction peak at slightly lower potential. The linear behavior of all sample at anodic potential
(>1.4V) suggests that the electrodes could be oxidatively stable in this scanning potential range
and that the resistance of the material at high potential becomes higher. This behavior is
explained by many factor one of them is the presence of CuO at grain boundaries. According to
XRD and XPS results, Cu-defects on grain boundaries appeared after sintering and during
cooling can act as acceptors, besides the n-type semiconductor grains [77]. It is well known that
CuO is used as an active agent in electrochemical reaction, especially in their micro and
nanoscale because they can generate an intracellular reactive oxygen species such as hydrogen
peroxide [78]. The best behavior is given for C3BN with a pseudocapacitive behavior in dark and
under exposure of visible light, because of the presence of more than phase ( TiB,, B-O-Ti, and
oxygen vacancies) known as semiconducting and good electronic transport agents comparable
to metals or metal oxides [53], [79]. The higher photocurrent density was observed under the
light illumination from LSV current in OER and ORR range (Figure llI-9a,b) for C3BN pellets
which was attributed as light harvesting ability and narrow band gap of the composite. The
interband electron transition due to photon absorption during visible light irradiation results
into the generation of photocurrent and four fold increase of current density. LSV and cyclic
voltammetry showed that the C3BN can be used effectively as photocatalyst and

photoelectrode materials. The onset in ORR range is at 0.5V.
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Electrochemical impedance spectroscopy (EIS) is used to evaluate the electrical conductivity

and capacitive characteristics of electrode materials. Figure 1lI-10 (a,bc,d) shows the Nyquist

plots of our materials in the applied potential range

visible light.
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As shown in Figure 1lI-10 all Nyquist plots showed a small semi-circle in high and medium
frequencies and a large semi-circle in low frequency region but the arc diameter change for
different material. The larger semi-circle is showed for pure CCTO, it can be seen that the
resistance decrease after adding nanosheets and after their exposure to visible light irradiation
For quantitative analysis, experimental data of impedance spectra have been fitted to the
model depicted by the equivalent circuit shown in Figure IlI-11. In the model of figure IlI-11, Ry
is the resistance of electrolyte (1M KOH solution). The parallel combination of the interfacial
charge transfer resistance (R, and Rs resistance of grains boundaries and grain respectively) and
the constant phase element (CPE) is also included in this circuit. The CPE instead of a capacitor
is taken in consideration for frequency dispersion. R, and Rs; values are mentioned in Table IlI-2.
The resistances decrease after adding boron nitride nanosheets maybe related to the formation
of conducting CuO phases at grain boundaries and the presence of surface defects as oxygen
vacancies due to the B-N codoped TiO, lattice. This finding indicates that the formation of Ti
synergetic bond with N and B atoms produce more accessible active sites and multi charged

electrons for electrochemical reactions [80], [81].

Table IlI-1 : EIS parameters in all materials

R, R;
Dark Visible Dark Visible
CCTO 1871+5.05 815.1+16.81 748614.681 44761+16.56
CCTO (1%BN) 594.8+19.41 363.8+7.696 3382+12.95 207445.17
CCTO (3%BN) 744.743.95 344+55.22 4303+2.378 1869+11.36
CCTO (6%BN) 4608+4.906 585.6+14.38 1492+107.5 456412.469
NN\ AN
V4 7/
A : N
R]
R, R,
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Figure Ill-11 : EIS equivalent circuit for the impedance behavior.

First step of oxygen reduction reaction takes place when the oxygen molecules are absorbed on
the surface of the catalysts and it reduced into 0%. The lowest resistance is given for C3BN
under visible light which is in agreement with CV curves. The EIS analysis confirms that the
C3BN under visible light has better charge transport properties which results into improved

electrocatalytic activity during oxygen reduction reaction.

Under visible light exposition, CCTO behavior change and the current density start to increase.
A reduction peak appear leading to decrease CCTO resistance. The infinite transmissive
diffusion process start to increase at dark after adding BN nanosheets. . Best behavior was
recorded to C3BN under visible light as shown from CV curves in ORR range (Figure 1ll-8a ), and
the lowest resistance as shown from Nyquist plots, due to the increased adsorption of 0% on
the catalysts surface. The lowest charge transfer resistance results into higher production of the
peroxide ion (HO%). The adsorption of HO? on the catalysts surface is the second step of the
oxygen reduction reaction. As presented in figure IlI-12 (C3BN), the resistance increases while
decreasing the applied potential because of the adsorbed peroxide ion on the electrode
surface. In the last step of oxygen reduction, the peroxide species are further reduced into H,0.
From equation (1) the capacitive behavior can be calculated using the parameters given by

fitting Nyquist plots, whereas the capacitive behavior increase from 1.11*107 to 5.3*107 for

CCTO in Dark and CCTO_3BN under exposure of visible light respectively.
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111.4 Conclusion

Investigations focused to find an active photoelectrode under visible light irradiation to
ameliorate the photoelectrochemical cell efficiency. In this study we prepared CaCusTizO1;
ceramics with different amount of hexagonal boron nitride nanosheets (1, 3, and 6%). Using
Reitveld refinement of XRD data, the formation of pure crystalline phase for all CCTO based
materials with small amount of CuO as second phase is detected. The characteristic peaks of h-
BN nanosheets are not detected due to the oxidation of h-BN at high temperature. SEM/EDX
mapping and Raman spectroscopy showed the segregation of CuO phase on grain boundaries
that increase with increasing h-BN weight percentage in the lattice. XPS spectra confirm the
incorporation of bore (B) and nitrogen (N) into CCTO lattice. The B and N co-dopant CCTO
enhance the partial reduction of Cu®* and Ti*" which is seen by the shift of peaks to lower
binding energy, and thus leads to create oxygen vacancy on the surface for charge
compensation. The described microstructure of co-doped CCTO materials showed a red shift in
band gap energy value detected by UV-Vis spectra. Furthermore, electrochemical measurement
were performed in dark and under visible light exposure, they showed that the incorporation of
h-BN nanosheets in CCTO lattice enhance the materials efficiency. The photocurrent generation
is enhanced 16 times for CCTO with 3% of h-BN under visible light irradiation compare to CCTO.
This activity is induced by the presence of new bond in CCTO lattice after the insertion of B and
N elements (Ti-O-N and Ti-B-O) and the generated oxygen vacancy on the surface. The
conductivity of studied materials was measured using an impedance spectroscopy. The
measurements showed that the insertion of co-doped elements and CuO segragtation on grain
boundaries acting as n-type semiconductor enhance the electron conductivity on the interface

between materials surface and the electrolyte.
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Part IV: Using 2D Graphene Oxide nanosheets to
create oxygen vacancies on CaCu;Ti,0,, surface

Abstract

Photoelectrochemical cells are promised devices for hydrogen production via sunlight energy. One of
the important challenges in this area is to design photoactive electrodes able to absorb visible light. A
good photoelectrochemical behavior depends on the presence of surface active sites and competent to
photogenerate current at the lower potential for water splitting. Recent investigations in this field are
focusing on perovskite materials such as CaCu;Ti;0;, (CCTO) as visible light active electrode due its
outstanding structure in which CCTO enclose in its structure a visible light absorbance component (CuO)
and an ultra violet irradiation recipient (TiO,). The presence of Surface defects such as oxygen vacancies
is mainly responsible for trapping electrons. Therefore we prepared here CCTO with different amount of
graphene oxide nanosheets (GO). Physico-chemical characterization of the materials was investigated
using X-Ray diffraction (XRD), X-ray photoelectron (XPS), Raman, and scanning electron microscopy
(SEM). It showed that the heat treatment of the nanocomposites at high temperatures and the
elimination of GO nanosheets lead to the reduction of Ti* to Ti** and Cu** to Cu*, causing a segregation
of copper on grain boundaries regions and to a shift of XRD and Raman peaks . The band gap red shift of
prepared materials and their optical properties were also investigated using UV-Vis diffuse reflectance
and photoluminescence spectroscopies. Electrochemical performance and materials resistivity are
measured in dark and under visible light irradiation. CCTO with 3% of GO nanosheets showed 50%
higher photocurrent generation than pure phase of CCTO. It showed that CCTO (3%GO) can be a new
photoactive electrode for water splitting under visible light.

Key words: Water splitting, Photoelectrochemical cell, Perovskite CaCusTi,01,, 2D Graphene oxide, T
reduction, Cu** reduction.
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IV.1 Introduction

Currently, a high amount of the global primarily energy need is met by burning fossil fuels. This
directly impact the environment and put modern society in front of insufficient energy sources
[1], [2]. To address these issues, new renewable energy systems are needed. Hydrogen is an
efficient energy carrier that can combine with oxygen in a fuel cell to produce electricity
without generating pollutants [3]-[7]. However, the main methods to produce hydrogen comes
from steam reforming of natural gas, in which the production demand a consumption of natural
resources and production of carbon dioxide as byproduct [8]-[11]. Photoelectrochemical water
splitting systems are studied widely, due to their efficient hydrogen production, without
pollutant generation [12]—[15]. The produced hydrogen from PEC cells is still in default in
comparison to the traditional method; especially that it is limited by the used photoelectrodes.
To achieve solar-water-splitting, PEC system employs photoactive semiconductors able to
absorb solar light to produce electrons and holes and generate the photovoltage needed to

split water [16]-[20].

Since that photoelectrochemical performance depends largely from the stability and efficiency
of photoelectrodes, large number of catalysts has been investigated including composites.
Noble-metals-based such as Platinum, oxides based Ruthenium (RuO,) and Iridium (IrO,) were
used as electrodes and show excellent efficiency [21]-[26]. The activity of such photoelectrodes
is limited by their instability in alkaline solution, high cost and poor abundant. Carbon-based
materials (graphene, graphene oxide, g-C3N,) achieve considerable attention due their chemical
and optical properties [27], [28]. Nevertheless, their intrinsic inconvenient of bulks such as low
surface and high recombination efficiency of photogenerated electron-holes pairs limit the
carbon based materials performance under visible light [29]-[33]. Spinel materials known as
metal oxide (A’B’,04; A’=alkaline-earth and/or transition metals, B’=group 13 elements and /or
transition metals) had been investigated due to their enhanced electrocatalytic activity under
visible light [34], [35]. However, a lack of fundamental concept about limiting factors has

prohibited important advance in their performance.
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Perovskite materials (ABO3; where A= Alkaline earth and or/transition metals and B= transition
metals) was widely studied due to its bifunctional electrocatalytic behavior [36]-[38]. Among
them, CaCusTizO1, (CCTO) known as high dielectric material is a double perovskite with a cubic
structure (A’ABO;), where A’ and A site are occupied by Ca®* and Cu®* and Ti** is localized at B
site [39]. CCTO structure is characterized by incorporating of Ti* and the open-shell Cu®" into
the perovskite without any doping. A distortion of TiOg octahedra in the structure forms a
square planar structure to produce Jahn-Teller distortion in Cu**[40]. However the strong
covalence bonding of oxygen atom with A’-Cu and B-Ti ions enhance the charge transfer
between them, which is a key in electrocatalytic activity [41]. Since those photocatalytic and
photoelectrochemical performances of a catalyst mainly depend on light absorption, CCTO is
chosen like a candidate because it is a combination from TiO, catalyst highly active under UV

light irradiation and CuO able to absorb visible light [42], [43].

However the electrocatalytic performance of these materials is still poor due to their large band
gap, low active sites and weak electrical conductivity. Recently many defect engineering studies
are focusing on the creation of oxygen vacancies in order to obtain superior electrocatalytic
performance for these materials. It is known that oxygen vacancies are catalytically active sites
and their presence in materials is able to regulate its electronic structure and serve as reactive
species [44]—-[47]. Hailili et al. [48] prepared by molten salt synthesis method different CCTO
morphology (cube, polyhedron, nanorod and octahedron). They found that octahedron and
nanorod morphologies exhibit the best behavior under visible light, attributed to the high
abundant of oxygen vacancies on the surface. Since that the presence of Ti** enhance the
3+

photoelectrochemical and photocatalytic behaviors, thus several investigations focused on Ti

self doped in TiO,/ graphene composites in presence of reductant agent [49]-[51].

In this paper we prepared CCTO with different amount of graphene oxide nanosheets (1, 3, and
6%) using a low cost and scalable approach. Graphene nanosheets are known as 2D high
surface materials, useful for fabricating inorganic composites due to their electronic property,
high transparency, and flexible structure [52]-[54]. [55]. Partially oxidized graphene is

favorable for its optical, conductive and chemical properties. The oxidized graphene is
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functionalized by carboxylic acid, hydroxyl, and epoxide groups to form the graphene oxide
(GO) [56]. GO materials could be insulating or conductive depending on the oxidation degree
(C/0 ratio) [57], [58]. Furthermore, graphene oxide has been found to be either a p-type or n-
type semiconductor [59]. Several investigations used modified graphene in inorganic

composites for electronic, photoelectrocatalytic, and photocatalytic application [60]-[62].

In this investigation the materials were formed as pellets in one easy sintering step. The
oxidation of GO nanosheets at high temperature into CCTO lattice changes the electronic
structure of the material and creates oxygen vacancies on the surface which enhances the
photoelectrochemical behavior. The prepared materials were then fully characterized. The
crystallinity and vibrational modes of the material were investigated using XRD and Raman
spectroscopy. The morphology and element distribution were analysed by scanning electron
microscopy. XPS was employed to study the electronic structure of the materials. Optical
properties were performed using PL and UV-Vis spectroscopies. Finally we evaluate
electrochemical activities (cyclic and linear voltammetry) and the conductivity (impedance

measurement) in dark and under visible light irradiation.
IV.2 Experimental Section

1IV.2.1 Materials

Titanium (IV) Oxide (TiO,- CAS Number: 13463-67-7, 99.5%), Potassium Hydroxide (KOH-CAS
Number: 01900-20-08, >85%), Graphite (CAS Number: 7782-42-5, graphite pulver <20 Micron,
synthetic), Sulfuric acid (H,SO4, CAS Number: 7664-93-9, 95-98%), Phosphoric acid (HsPO,4, CAS
Number: 7664-38-2, 99%), Potassium Permanganate(KMnQ,4, CAS Number: 7722-64-7, 99.0%),
Hydrolic acid (HCI, CAS Number: 7647-01-0, 36.2%), and Absolute Ethanol (CAS Number: 64-17-
5, 99.94%) were purchased from Sigma Aldrich. Calcium Carbonate (CaCO3-CAS Number: 471-
34-1, 98%) and Copper (II) Oxide (CuO-CAS Number: 1317-38-0, 98%) were purchased from Alfa

Aesar. All chemicals were used without any further purification.
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IV.2.2 Synthesis of Graphene Oxide (GO)

Graphene oxide was synthesized from natural graphite powder, following modified Hummer’s
method [63], [64]. Briefly, 3g of graphite were dispersed in concentrated H,SO04:HsPO4 (9:1, 400
mL) solution. Then, 18 g of KMnO4 were added gradually to the mixture and it was stirred for 12
h. Later on, the mixture was cooled down to room temperature and 3 mL of H,0, were added.
A brown precipitate was observed; showing that exfoliation of graphene oxide from graphite
was being carried out. After one hour stirring, the GO was separated by centrifugation at 6000
rpm for 10 minutes and the supernatant was decanted away. The resultant precipitates were
washed several times with 30% hydrochloric acid and absolute ethanol. Finally, the obtained

powder was dried at 50°C for 24 hours to obtain the pure graphene oxide.
IV.2.3 Preparation of CaCu;Ti,0,, pellets

In an alumina jar (Al,03), a stoichiometric amount of precursors (TiO, (1.56g), CuO (1.16g), and
CaCOs (0.48g) is mixed with alumina balls according to a defined ratio (precursors/ball = 1/9), in
a ball milling machine for 5h. Then the mixture was calcined at 900°C for 3h to obtain CCTO
powders. Powders are then pressed into a mold with 10 mm of diameter and 1-2mm of
thickness to form pellets using hydraulic press (3.5T) at room temperature. At the final step the

pellet was sintered at 1100°C for 3h.
IV.2.4 Preparation of CCTO (1%GO0), CCTO (3%GO0), and CCTO (6%GO)

After powders calcination at 900°C for 3h, a pure phase of CCTO is obtained. CCTO powders
were mixed with different amount (x) of graphene oxide (GO) nanosheets (%x=1, 3, and 6%)
using solid state method. The mixture was then molded into pellets (d=10 mm and e= 1-2mm)
using hydraulic press at 3.5T at room temperature. The as-prepared pellets finally were sintered
at 1100°C for 3h to obtain CCTO (1%G0O), CCTO (3%G0), and CCTO (6%GO) labeled C1GO, C3GO,

and C6GO respectively.

159



IV. CCTO/GO Composites

IV.2.5 Characterizations of pellets

The crystalline phase of the obtained pellets was analyzed by X-ray diffraction (XRD), using a
PANAlytical Xpert-PRO diffractometer equipped with an Xcelerator detector using Ni-filtered
Cu-radiation with wavelength of 1.54 A. The scan step size of all prepared pellets was fixed at
0.0167°/step and the time per step was 0.55 sec/step. Rietveld refinement was performed
using the FULLPROF program and profile function 7 (Thompson-Cox-Hastings pseudo-Voigt
convoluted with axial divergence asymmetry function). The morphology of all ceramics was
studied via scanning electron microscopy (SEM), where images were taken with a Hitachi
S4800, Japan. Elemental mapping were performed with a Zeiss EVO HD15 microscope coupled
with an Oxford X-MaxN EDX detector. Raman spectra were measured by the dispersive Raman
spectroscopy (Model Sentera,Bruker, Germany) using 532 nm laser [doubled Nd:YAG laser
(neodymium-doped yttrium aluminum garnet)] and a power of 10 mW. In order to investigate
the oxidation state of elements in pellets, X-ray photoelectron spectroscopy (XPS) was
performed using XPS: monochromatic X-ray source: Al-Kalpha, 1486.6 eV - Resolution FWHM
0.45eV.

The band gab of pellets was measuring from UV—vis spectra. These spectra were measured by a
UV-vis spectrophotometer (Jasco model V-570) equipped with a diffuse reflectance (DR)
attachment (Shimadzu IRS-2200). Room temperature photoluminescence (PL) was measured in
the range of 350-900 nm. After excitement with a nitrogen Nd:YAG laser (266 nm, 10 mW, 1

kHz), PL was recorded with an optical fiber spectrometer (Ocean Optics usb2000).

1V.2.5.1 Electrochemical Measurement

Electrochemical measurements for oxygen reduction reaction (ORR) and oxygen evolution
reaction (OER) were carried out in a three- electrode system using 1 M KOH as the electrolyte in
dark and under visible light exposition using 500W linear halogen lamp (the visible light source
is in the range of 420-600 nm). CCTO and GO (x%)/CCTO pellets with a diameter of 10 mm was
used as working electrode, Ag/AgCl as reference electrode and platinum wire as counter

electrode. Electrochemical Impedance spectroscopy measurements in dark and under visible
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light irradiation were performed at room temperature in the frequency range of 0.01Hz to 10°

kHz with voltage bias of 20 mV amplitude.
IV.3 Results and discussions

The obtained pellets were synthesized using mecanosynthesis method followed by sintering
step at 1100°C for 3h. Pellets are formed from pure phase of CCTO and CCTO with different
amount of graphene oxide nanosheets (%x=1, 3, and 6%). The crystallinity and morphology of
pellets are characterized by XRD, SEM, XPS and Raman. The optical properties were
investigated using UV-Vis and photoluminescence measurements. Finally, in order to study the
performance of obtained materials under visible light and their resistivity, electrochemical
measurements (cyclic and linear voltammetry) and impedance spectroscopy were performed in

a system of three electrodes in 1M of KOH solution
IV.3.1 Physico-Chemical characterizations

XRD patterns of CCTO and CCTO/x%GO (x=1, 3 and 6% of graphene oxide nanosheets) pellets
sintered at 1100°C for 3h were recorded in figure IV-1. The XRD reflections in the measured
patterns of all materials can be assigned to the cubic structure of CaCusTi;O;; (space group Im-
3) as a main phase and monoclinic CuO (space group C2/c) as minor phase. No additional XRD
reflections attributed to GO nanosheets or any of other crystalline carbon/carbides phases
were observed in the XRD pattern of all materials, which suggests the oxidations of GO
nanosheets as well as any carbon residuals at this high temperature. It can be clearly seen that
the intensities of XRD reflections corresponding to CaCusTisO1, phase differ slightly for different
samples, suggesting preferred orientations of crystallites. Moreover, these XRD reflections are
shifted to lower two theta angles for the GO containing samples, indicating the increase in the
lattice parameters of CaCusTisO1, phase in these samples. Rietveld refinement of XRD patterns
confirmed this increase in lattice parameter a from 7.3914(1) A for CCTO sample to 7.3922 (1),
7.3927 (1) and 7.3942 (1) A for C1GO, C3GO and C6GO, respectively. This increase in the lattice
parameter with the addition of GO can be explained by the partial reduction of smaller cations

such as Cu®* and Ti** to larger Cu* and Ti** during the oxidation process of GO. It has been
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reported that several transition elements can be reduced by CO oxidation [65] that might be
formed during the thermal oxidation of GO. The change in the cation stoichiometry of
CaCusTisO1, could be another reason for this increase as the amount of the secondary CuO
phase increased with the addition of GO nanosheets according to Rietveld refinement. These
results are in good agreement with previous studies showed that Cu deficiency and the partial
reduction of Cu®* and Ti*" cations can lead to the expansion of CCTO phase [66].This finding

suggests that the samples sintered in the presence of GO nanosheets may contain a defect-rich

CCTO phase.
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Figure IV-1 : X-ray diffraction patterns of CCTO, C1GO, C3GO and C6GO ceramics sintered at 1100°C/3h.

Surface morphology of CCTO, C1GO, C3GO and C6GO are shown in Figure IV-2a, IV-2b, IV-2c

and IV-2d respectively. It is clearly seen that grain and grain boundary growth change after
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adding different amount of graphene oxide nanosheets. The grain sizes are reduced
progressively after adding GO nanosheets and it can be explained by the increase of grain
boundaries thickness. Normally at around 950°C, the eutectic point of CuO-TiO, (liquid phase)
appears at the surface of the materials. At this point, the atoms can migrate and diffuse easily
between grains and grain boundaries. Thus adding GO nanosheets to the lattice enhance
surface defects such as oxygen vacancies as it will be shown later from XPS analysis (Figure 4d)
and leads to the free migration of atoms on the surface. This phenomena will increase grain

boundaries thickness and reduce grain size comparing to the pure CCTO.

SEM EDX mapping, can confirm these results. As shown in Figure 1V-3a, IV-3b and IV-3c
corresponding to CCTO, C1GO and C3GO, all major elements (Ca, Cu, Ti and O) exist with a
homogenous distribution. It is clearly seen that CuO phase are located at grain boundaries and
their amount increases after the incorporation of GO nanosheets which is in accordance with

XRD and SEM results.

Figure IV-2 : Scanning electron micrographs of the pellets (a) CCTO, (b) C1GO, (c) C3GO, (d) C6GO sintered at
1100°C/3h
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C3GO

Figure IV-3 : SEM EDX mapping of (a) CCTO, (b) C1GO and (c) C3GO ceramics.

High resolution X-ray photoelectron spectroscopy (XPS) analysis of materials CCTO, C1GO and
C3GO has been investigated, to elucidate their chemical composition and chemical states.
Figure IV-4a, IV-4b, and IV-4c show the high resolution XPS spectra of O 1s, Ti 2p, and Cu 2p

respectively.

In Figure IV-4a the spectrum of O 1s is shown, where four peaks are observed at arround
528.9+0.008 , 530.5+0.072, 531.9+0.026 and 533.2+0.158 eV and are fitted to O-(Cu/Ca), O-Ti,
O-Lattice and O-H,0 respectively. Oxygen vacancies on the surface can be estimated using the
ratio (O-A+0-B)/(O-Lattice). The values of the ratio are 0.35, 0.24 and 0.56 for CCTO, C1GO and
C3GO respectively. As shown from obtained values, oxygen vacancies on the surface vary and
increase remarkably for C3GO. The shift of binding energy is due to lattice parameter chaging
and oxygen vacancies present in the material as defect, resulting from GO nanosheets
oxydation. The crystal structure of CCTO is made up of corner sharing TiOg octahedra and CuO,
square planes. Every TiOg (Ti*") octahedron is corner-shared with six different CuO, (Cu®)

square planes, and each square plane with eight different TiO¢ octahedra [67]. Thus any

distortion and state chagement can affect the hole structure.
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Figure IV-4b showed XPS spectra of Ti 2p in CCTO, C1GO and C3GO. CCTO showed two peaks at
458.1 eV and 463.9 eV corresponding to Ti* with line separation between Ti 2p;/; and Ti 2ps)
at about 75.63 eV, which is consistent with the standard binding energy of TiO, [68]. Adding GO
nanosheets and their oxidation at high temperature lead to the reduction of Ti* to Ti** as seen
by XRD. Results are confirmed with XPS, as seen from figure 4b, a shift to lower binding energy
is observed after adding GO nanosheets indicating an influence of GO oxidation on electronic
state of Ti element, in which Ti** can be substitute by Ti** cations. The highest oxygen vacancy
ratio is showed for C3GO, which is in agreement with the binding shift value by 0.4 observed in
Ti 2p spectrum (figure IV-4b). Oxygen vacancies must be formed arrounf Ti** for charge

compensation [69].

Figure IV-4c showed XPS spectra of Cu 2p for all materials. A width peak is located at 934.1 eV
referring to Cu® in CCTO. A shifting to lower binding energy is observed after GO nanosheets
incorporation, thus can be related to the reduction of Cu®" to Cu* as mentioned from XRD
results. The incorporation of GO nanosheets leads to CuO segregation at grain boundaries as
seen in Figure IV-2b (SEM/EDX mapping), which mean the decomposition of CuO from CCTO
lattice and thus creation of cation vacancies [66]. The oxidation of GO nanosheets and the
presence of Ti element on grain boundaries (as seen below in Figure IV-5ii) results in

monovalent copper due to the charge neutrality [70].
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Figure IV-4 : High resolution XPS Spectra of (a) O1s, (b) Ti 2p, and (c) Cu 2p of CCTO, C1GO, and C3GO, ceramics

Raman spectroscopy is used to determine vibrational modes of molecules. In this part, Raman
spectroscopy is used to investigate the effect of GO nanosheets on the crystal structure of

CCTO materials. Acccording to the litterature CCTO exhibit three main active bands in Raman
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spectroscopy at 445, 506 and 570 cm™ [71]. Raman spectroscopy for CCTO, C1GO, C3GO and
C6GO is recorded between 100 and 600 cm™ on grain and grain boundaries in figure IV-5i and

IV-5ii respectively.

Figure IV-5i presents Raman band on grains and it showed the three main band related to TiO¢
clusters (modes P7,8 and 9 corresponding to 445, 506, and 570 cm™® respectively). P7 and 8
modes appeared at high intensity, refer to TiOg clusters (Ag symmetrie), the third mode (P9)
corresponding to Ti-O-Ti antistretshing (Fg symmetrie) mode is present at very low intensity but
it increases slightly after adding graphene oxide nanosheets, maybe due to the changement in
the amount of polarization states [72]. From Figure IV-5ii, it can be seen that CuO modes
appear at high intenisty which confirms that CuO phase is located at the grain boundaries. For
C3GO, P7 and P8 modes appears at low intesity. The slight shift of modes for C3GO and C6GO is
due to the significant defects generated in the lattice such as oxygen vacancies and the

formation of Ti*" in TiO, lattice [73]-[75].
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Figure IV-5 : Raman shifts on i-grains and ii-grain boundaries of (a) CCTO, (b) C1GO, (c) C3GO and (d) C6GO
pellets.

IV.3.2 Optical properties:

In order to investigate the effect of defects made in CCTO materials as result of GO nanosheets
oxidation, on the optical band gap, UV-Vis diffuse reflectance measurements were performed.
Figure IV-6 showed two absorbance bands at around 1.6 and 2.9 eV corresponding to the

hybridized valence band (VB) Cu 3d-O2p and to the conduction band (CB) Ti-3d states
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respectively [48]. The optical band gap E; of the samples was determined (Figure 6a) by

Kubelka-Munk remission function according to the following equation (equation 1V-1)
ahv’ = Aty —E,) (IV-1)

Where a is the absorption coefficient, v is light frequency and E4 is an direct transition band
gap. The Eg obtained values (Figure I1V-6b) are 3.066, 3.052, 3.036 and 3.031 eV corresponding
to CCTO, C1GO, C3GO and C6GO respectively. This little decrease of the band gap energy can be
related to the crystallinity or the formation of electronic energy levels within energy band gap
[76], [77]. In our study crystallite sizes did not vary between different materials even after GO
nanosheets incorporation, thus the first reason can be discarded. Therefore, forming mid band
gap energy levels in GO materials is due to oxygen vacancies formation and Ti* reducing to i
for charge compensation. The electronic transition from valence band to oxygen level then to
Ti** then to conduction band cause a red shift in adsorption edge showing reduced band gap
[78]. The intensity of absorbance band increases after adding GO nanosheets indicating an
increase in different sources of disorder such as oxygen vacancy states above the valence band

[79].
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Figure IV-6 : (a) Reflectance spectra and (b) Band gap calculation from reflectance spectra of CCTO, C1GO, C3GO
and C6GO
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The photoluminiscence measurements were used to be correlated with electronic and
structural properties of oxides [80]. PL spectra of CCTO, C1GO, C3GO and C6GO materials at
room temperature are shown in Figure IV-7. Similar spectra shape indicates the same electronic

band structure for all materials.

UV part of emission spectra shows band-to-band transitions in TiO, (peak, centered at 385 nm).
The observed decrease of intenity is related to GO addings and photoinduced charge transfer
between TiO, and oxygen vacancies. Visible emission in TiO, is formed by self trapped excitons
and surface defects such as oxygen vacancies [81]. The low intenity in visible emisson could be
attributed to an efficient separation of photogenerated surfaces between the volume and the

surface [82].
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Figure IV-7 : Photoluminescence spectra of pure CCTO, C1GO, C3GO, and C6GO
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1IV.3.3 Electrochemical behavior

CCTO pellets with different amount of GO nanosheets are used as electrodes in 1M KOH
solution to investigate their photoelectrochemical behavior. CCTO without and with GO
nanosheets were considered as working eletrode, Pt as counter electrode and Ag/AgCl as a
reference. Cyclic voltammetry curves are recorded in Figure IV-8. Figure IV-8a shows CV curves
for the different samples between 1 V and 2.4 V in oxygen evolution range (OER range vs
Ag/AgCl). CCTO material in dark (d-CCTO) seems inactive as seen from Figure 1V-8a. After light
exposition, the activity of CCTO is enhanced and start to generate photocurrent. It is clear that
the generation of current increase with adding GO nanosheets in dark and under visible light
exposition. CCTO3GO under visible light, showed two peaks of oxidation and a small peak of
reduction (Figure 1V-8b). There is no hysteris form due to that for voltages higher than 1.6 V,
the resistivity of materials increases. It may be related to the formation of an insulator layer on

surface defects at high voltage.

Figure IV-8c recorded cyclic voltammetry curves in the range of oxygen reduction reaction
between 0.25 V-1 V (ORR range vs Ag/AgCl). Different behavior is showed in this range, in which
CCTO (v-CCTO) is only active and generate photocurrent after visible light exposition. The
electrochemical activity of these materials after incorporation of GO nanosheets still poor with

no sigificant difference except for C3GO materials.

CCTO with 3% of graphene oxide nanosheets is electrochemically active in dark (d-C3GO) and
under visible light exposition (v-C3GO) (Figure IV-8d). The photoelectrochemical behavior for
CCTO pellets depend largely from surface properties. Different activities of these CCTO based
materials is related to surface properties. Oxygen vacancies and Ti®* act as n-type
semiconducting and they are considered as an effective candidates to reduce band gap energy
to attend the visible light region [83], [84]. Ti** and oxygen vacancies leads to form localized
states below the conduction band, and thus expand the visible light absorbtion [78]. These
different behavior of CCTO based materials can be explained by the effect of GO oxidation on
electronic structure. As seen before in XPS spectra; different amount of GO nanosheets leads to

eletronic state changement. C3GO showed the highest oxygen vacancies ratio and wide shift
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(by 0.4) in Ti 2p and Cu 2p spectra. Thus, the presence of Ti**, cu® and oxygen vacancies in

different ratio enhances the photoelectrochemical behavior in comparison to other materials.
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Figure IV-8 : CV curves of CCTO, C1GO, C3GO, and C6GO ceramics in (a) OER range and (c) ORR range in dark and
under visible light. (In 1M KOH vs Ag/AgCl)

To demonstrate the enhanced electron transfer in active materials, the photoelectrochemical
activity of materials in dark and under visible light was analyzed by measuring the
photocurrent, using linear sweep voltammetry (LSV). These results are presented in Figure IV-
9a and IV-9b in OER and ORR ranges respectively. The high photocurrent value indicates a
strong capacity to generate and transfer photogenerated charge carries and thus enhance the
photoelectrochemical activity [85]. In dark, the current density for CCTO and C3GO is recorded
at an onset potential of 0.01 A.cm™ and 0.25 A.cm™ in OER and ORR range respectively (Figure
IV-9a and IV-9b). After visible light exposition, the photocurrent generation from C3GO

increases by 50% in comparison to CCTO. The photocurrent increase in two ranges with
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increasing bias voltage, indicates that the photoinduced electron-hole-recombination is

embeded to accelerate electrons transfer [85].
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Figure IV-9 : LSV curves of CCTO and C3GO in dark and under visible light irradiation in 1M KOH vs Ag/AgCl in (a)
OER range and (b) ORR range.

Electrochemical impedance spectroscopy (EIS) is used to study the resistivity of CCTO based
materials. Figure 1V-10a, IV-10b and IV-10c presents the Impedance spectra of these materials
in dark and visible light for 0.4 V, 0.5 V and 0.6 V Vs Ag/AgCl reference electrode in 1M KOH
solution. CCTO is caracterised by two semi circles one at high frequency corresponding to grain
boundaries and the second at low frequency corresponding to grains. Which mean that the rate
of charge transfer for photoelectrocatalytic acitivity is depending from the grains and grain
boundaries behavior. The seperation of photogenerated hole-electron is an important step for
semiconductor in order to improve photocatalytic and photoelectrocatalytic performances. The
smallest arc radiuses refered to all material under visible light exposition leading to high rate of
charge transfer thus higher the efficiency of charge separation [86], [87]. Therefore, the
enhanced photocatalytic performance is mainly attributed to the increase of the charge
separation efficiency due to the broadening of the valence band (VB) width induced by surface
oxygen-vacancy states and Ti*" states. Since those grain boundaries regions affect the
photoelectrochemical behavior as shown from impedance spectroscopies shape, it can be

concluded that the performance of these materials under visible light exposition is enhanced by
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the presence of CuO segregation at grain boundaries. It is debated in the literature that surface

defects could be on CuO phase due to the generation of oxygen vacancies. Thus might promote

the formation of such reactive oxygen species. In addition the redox activity of the CuO

nanoparticles has a critical role to enhance the oxidation mechanism [88], [89]. In addition

those electrons are trapped in TiO, lattice in mid gap states as Ti** ions, known as superficial

donors of conduction electrons.
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Figure IV-10 : The Nyquist plot of CCTO, C1GO, C3GO, and C6GO ceramics in dark and under visible light
irradiation at (a) 0.4 V vs Ag/AgCl, (b) 0.5 V vs Ag/AgCl and (c) 0.6 V vs Ag/AgCl.

For guantitative measurement, plots of electrochemical impedance spectroscopy where fitted

to the model of an equivalent circuit (Figure 1V-11). In the model of Figure IV-11, Ry is the
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resistance of electrolyte (1M KOH solution). The parallel combination of the interfacial charge
transfer resistance (R, and Rj resistance of grains boundaries and grain respectively) and the
constant phase element (CPE) is also included in this circuit. The CPE instead of a capacitor is
taken in consideration for frequency dispersion. R, and R; values are mentioned in Table IV-1.
As shown in Table V-1, the resistivity of the CCTO based materials decreases under visible light

exposition thus lead to higher charge conductivity.

Table IV-1 : Electrochemical impedance spectroscopy parameter in all materials

R;(Ohm) R; (Ohm)
Dark Visible Dark Visible
CCTO 186115.05 | 743.2+16.81 | 747514.681 | 4401+16.56
C1GO 5131+63.43 | 1134+3.02 | 10443%39.51 | 4672+1.78
C3GO 1468+227.3 | 389.3+88.15 | 3483+2.447 | 1316%4.108
C6GO 1155+5.04 | 940.7+5.49 | 2528+1.812 | 1353+0.84
AN AN
VL4 Ved
A N A
R,
R, R;

Figure IV-11 : EIS equivalent circuit for the impedance behavior

174



IV. CCTO/GO Composites

IV.4 Conclusion

In order to enhance photoelectrochemical cell, investigations focused on searching an active
photoelectrodes under visible light. In this work we prepared CaCusTi;O1, based material with
different amount of graphene oxide nanosheets (1, 3, and 6%). By XRD, pure CCTO phase of
CCTO were observed for all CCTO based materials with the presence of small amount of CuO as
second phase as detected by Rietveld refinement. A slight shift to lower angle indicates the
replacement of Ti** and Cu®* by larger cations Ti** and Cu* respectively. The segregation of CuO
phase at grain boundaries is showed by SEM. SEM/EDX mapping and Raman spectroscopy
confirms that CuO phase segregation increases at grain boundaries with increasing GO
nanosheets amount in CCTO lattice. Since the electronic state affects directly the
photoelectrochemical behavior, XPS spectra were performed for CCTO, C1GO and C3GO. It
showed that the reduction impact of Ti*" and Cu®" and oxygen vacancy distribution on the
surface increases with the percentage of GO. It is noticed that incorporation of 2D nanosheets
leads to a red shift of band gap energy. Electrochemical measurement was performed in 1M
KOH solution in dark and under visible light exposition. An enhancement by 50% of
photocurrent generation is recorded for C3GO in comparison to CCTO under visible light
irradiation. This activity is induced by the presence of Ti** and oxygen vacancies below the
conduction band, and thus widened C3GO visible-light absorption. Furthermore, the
conductivity of electrons is measured by impedance spectroscopy. It showed that the
impedance decreases after GO incorporation and under exposure to visible light. The
conduction mechanism inside the n-type semiconductor might be primarily attributed to

electron hopping in Ti*-0-Ti**and oxygen vacancies.
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Part V: Investigation of dielectric and magnetic
properties of the CCTO based composites

V.1 Introduction

A large number of dielectric materials have been studied so far. CaCusTi;O;; is an ABO3; material
type that has attracted great interest due to its dielectric constant of about 10%-10° at
temperature from 100 to 600 K without any phase transition [1]. It is now established that the
origins of such high permittivity values are due to an extrinsic effect of internal barrier layer
capacitance (IBLC) mechanism which is the development of Schottky barriers at insulating grain

boundaries (GB) between n-type semiconducting grains [2].

Furthermore, a sample-electrode interface effect has been suggested to explain the origin of
the high permittivity value in single crystal of CCTO [3]. However, the mechanisms responsible
of the great permittivity and exceptional properties of this material are still not fully

understood.

The aim of this part of the thesis is to give brief background information of the basics of
dielectric materials and their applications. Firstly, a brief introduction on capacitors and a
description of the dielectric behavior (dielectric constant and dielectric losses) will be given.
Most of the collected information come from three books: L. Pardo [4], B . Jaffe [5], and A. J.

Moulson [6]. Secondly, the dielectric properties of the prepared materials will be described.

A dielectric material is an electrical insulating material that can support charges without
conducting it. This material presents two opposites charges called electric dipole separated by a
certain distance on the atomic sale, in which this separation gives rise to a dipole moment.
Once an external electric field is applied on the dielectric material, a certain force will be
exerted on the electric dipole that will try to align it with the applied external electric field, this

is called polarization. The polarization is maintained when the center of the electron cloud does
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not longer coincide with the nucleus, in which the electron cloud moves in one direction and

the nucleus moves on the other direction.
V.1.2 Generalities on capacitors

In this part we will briefly describe the capacitors, the dielectric constant and the dissipation

factor.
V.1.2.1 Capacitor

A capacitor is an electronic device that stores electric charge in an electric field. It is usually
composed of two conducting plates separated by an insulator or dielectric material. In
capacitors, charge on one conductor plate will exert a force on the charge carriers within the
other conductor plate, attracting opposite polarity charge and repelling like polarity charges,
thus an opposite polarity charge will be induced on the surface of the other conductor. The
conductors thus hold equal and opposite charges on their facing surfaces and the dielectric

develops an electric field (Figure V-1)

Charge |:|:|
+@ LTI -a

Electric Field ::I Plate Area
E B A

Plate Separation
d

Figure V-1 : Charge separation in a capacitor

When a voltage is applied trough the capacitor, the plates will have opposite charges, and an

electric field will be present between them. A capacitor is characterized by its capacitance C. C
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of an electrostatic system is the ratio of the quantity of separated charge (Q) to the potential

difference applied between the two conductor plates.

(V-1)

O
Il
<|O

The unit of the capacitance is the Farad (Coulomb/V).
The capacitance of capacitor can be affected by many factors:

- Itis directly proportional to the area (A) of the conductive plates
- ltisinversely proportional to the separation (d) between the plates
- It is directly proportional to the dielectric constant or permittivity of the material

between the plates.

A
C=— V-2
q (V-2)

Therefore, in a capacitor, the highest capacitance is achieved with a high permittivity

dielectric material, large plate area, and small separation between the plates.

V.1.2.2 Dielectric constant

The dielectric constant can be defined as the ability of a material to be polarized in response to
an applied electrical field. Dielectric constant or relative permittivity is the ratio of material
permittivity to the permittivity of a vacuum (equation 3). It represents the capacity of storage
of a material. The more polarized is the material in the presence of an electrical field the more

it will show a high dielectric constant.

& =— (V-3)

Where g, is the relative permittivity, € is the permittivity of the dielectric medium, and g is the

permittivity of a vacuum.
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V.1.2.3 Dissipation factor or dielectric loss

The ideal dielectric material can support the orientation and shifting of dipole moments with
the minimal dissipation of energy in the form of heat. This heat is originated from an electric
field able to polarize charges in the material and this polarization is enabling to follow the fast
reversals of the electric field. Thus results in the dissipation of power within the dielectric

material.

The next section will present our work on CCTO materials and composites CCTO with 2D
materials nanosheets (hexagonal boron nitride and graphene oxide nanosheets). CCTO based
Composites were investigated using X-Ray Diffraction (XRD), Scanning electron microscopy
(SEM) and an impedance spectroscopy (IS measurements) to obtain the dielectric constant,

dielectric loss and impedance behavior.
V.1.3 Synthesis of pure CCTO and CCTO composites

CaCusTizO1, (CCTO) was synthesized by mecanosynthesis at room temperature using
stoichiometric proportions of CaCOs3;, CuO, and TiO, precursors. The milling process was
performed in planetary ball mill machine using a 50 ml Al,03 jar and 15 balls Al;03; of 10 mm
diameter, where the balls to powder mass ratio was 9:1. First, precursors were milled for 5h
with a rotation speed at 350 rpm. Second step is the calcination process of powders at 900°C
for 3h to obtain the pure phase of CCTO. Powders then are mixed with 5% of APV (Alcohol
Polyvinyl) solution and pressed using hydraulic equipment (3.5T) at room temperature. The as-
prepared pellets obtained (10mm of diameter and 1 mm of thickness) were sintered at 1100°C

for 3h and 6h. All prepared pellets were polished to remove the surface layer.

In order to investigate the influence of 2D nanosheets on the dielectric behavior of CCTO
ceramics, Boron Nitride nanosheets (BNNs) were incorporated in the material. After calcination
of CCTO at 900°C for 3h, BNNs were added to the powders in different mass ratio (1%, 3% and
6%) and mixed by solid state reaction using agate mortar and pestle. The mixed powders were
recuperated to form pellets at high temperature 1100°C for 3 and 6h. The same preparation
process is repeated to synthesize CCTO with graphene oxide nanosheets. The obtained
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materials were polished to remove the surface layer and then characterized by X-ray diffraction
(XRD) and dielectric spectroscopy for permittivity and losses tangent measurements as

function of frequency (10°-1 Hz).
V.1.4 Results and discussions:

The XRD patterns of the undoped and boron nitride nanosheets codoped CCTO (BN-CCTO)
ceramics sintered at 1100°C for 3h and 6h are shown in Figure V-2i and Figure V-2ii respectively.
All the peaks appearing in the XRD patterns of Figure V-2i are attributed to the cubic lattice of
CCTO. A small amount of CuO is observed for CCTO with 3% of BN. All the XRD patterns of the
composites ceramics (%wt BN-CCTO) sintered at 1100°C for 3 hours show a slight shift to
smaller 20 compared to undoped CCTO. This result can be explained by the fact that the atoms

of Bore (B) and nitrogen (N) were inserted inside the CCTO lattice.

XRD patterns of Figure V-2ii showed that 6 h sintering was not enough to achieve the materials
crystallinity. Especially for CCTO with 1 and 3% of BN, in which almost CCTO phase tends to be
amorphous because of the intensity decreasing in characteristic peak (200) diffraction. After
adding 6% of boron nitride nanosheets the crystallinity seems to be maintained. It is maybe due

to the liquefaction phase of CuO at 950°C.
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Figure V-2 : Showed XRD patterns of polished materials after sintering at 1100°C for (i) 3h, and (ii) 6h of (a)
CCTO, (b) 1BN, (c) 3BN, and (d) 6BN
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Figure V-3 shows the dielectric properties of sintered pellets at 1100°C for 3 and 6 hours. The
pellets sintered at 3 hours (Figure V-3a) show modest room temperature € only. It is evident
that the permittivity increases with the increase of the amount of BN in CCTO. The relative
permittivity of undoped CCTO is equal to 4500 at low frequencies while it increases to 5000 for
6% wt BN at the same frequencies (Figures V-12-S1 and V-12-S2). It is clear that the dielectric
constant decreases with increasing frequency for pure and BN doped CCTO. The decrease of
dielectric constant in the high frequency region (1 kHz) is due to a transition from grain
dielectric response to grain boundary dielectric response. The improvement in the dielectric
constant after adding BN to CCTO can be explained by the change in the grain and the grain
boundaries characteristics. The presence of CuO oxide seems to play an important role. It might
be doping the grain boundary thus modifying the permittivity value. The melting of the copper
oxide phase during the sintering treatment probably favors the wetting of the shell of the grain
leading to a multilayered material. Hence, the charge carriers’ concentration at the different
interfaces changes with the presence of a Cu amount. The insertion of B and N in the CCTO

lattice might have changed the grain characteristics.

Figure V-3c presents the losses tangent of ceramics; it shows almost the same behavior and
value for undoped and co-doped materials with high loss values especially at low frequencies as
reported [7], [8]. The dielectric permittivity and dielectric loss factor diagrams showed a

relaxation at low frequencies likely originated from the sample-electrode effect.

Figure V-3b shows the change in the dielectric constant with frequency for pellets sintered at
1100°C for 6 hours. The pellets sintered at 6 hours show modest room temperature €' only.
These values are higher compared to the pellets sintered for 3 hours. An increase in the
sintering time leads to an increase in the dielectric constant. In this case also the permittivity
decreases with the increase in the frequency. The dielectric permittivity at high frequencies is
almost the same for all materials sintered for 6h, and slightly higher than those sintered for 3h.
As mentioned in the literature, increasing sintering time leads to an increase in dielectric

properties, which is the case for dielectric permittivity and losses (Figure 3d).
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Figure V-3 : Showed the dielectric permittivity of h-BN/CCTO ceramics sintered at (a) 3h and (b) 6h, and the
dielectric loss of h-BN/CCTO ceramics sintered at (c) 3h and (d) 6h.

To elucidate the influence of co-doping and sintering time on dielectric properties of CCTO
ceramics, the behavior of domain responses were studied using an impedance spectroscopy.
Figure V-4 shows the zZ plots for all samples sintered at 1100°C for 3 and 6h at RT. A non-zero
intercept on the Z’ axis at low frequencies was observed indicating an electrical response of the
semi-conducting grains [9]. It showed that the semi-circle of CCTO response decreases with
increasing sintering time in comparison to CCTO-3h. In contrast the impedance of co-doped

materials sintered for 6h increases in comparison to those sintered for 3h.

191



V. Dielectric and Magnetic Investigation

e CCTO_3h
5x107 1BN_3h
——3BN_3h
i 6BN_3h
e CCTO_6h
4x107 o =——1BN_6h
3BN_6h
—_— 6BN_6h
£
7 ]
§= 3x10
)
N
2x107 -
1x107
0 - .
0.0 2.0x107

Figure V-4 : Impedance spectroscopy of h-BN/CCTO composites sintered at 3 and 6h

I
4.0x107
Z'(Ohms)

I
6.0x107

I
8.0x107

Furthermore, 2D Graphene Oxide nanosheets (GONs) are added to CCTO powder after

calcination, in different weight percentages (1, 3, and 6%). They were mixed using agate mortar

and pestle; powders were then pressed into pellet forms and then sintered at 1100°C for 3 and

6h. The pellets surface was polished to eliminate the first layer.

The crystal structure and phase composition of all the sintered ceramic samples were studied.

The XRD patterns for all samples sintered at 1100°C for 3 and 6h are shown in Figure V-5i and V-

5ii respectively. The patterns confirm the formation of single phase CCTO for all ceramic

materials sintered for 3h, with a slight decrease in 3GO sample crystallinity (Figure 5i). In Figure

5ii, the XRD patterns showed that the crystallinity of CCTO sintered at 6h decreases. The

crystallinity starts to be maintained after GO incorporation with formation of secondary phases

(CuO and TiOy).
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Figure V-5: XRD patterns of polished materials after sintering at 1100°C for (i) 3h and (ii) 6h of (a) CCTO, (b) 1GO,
(c) 3GO and (d) 6GO

The frequency dependence of permittivity and dielectric loss for materials sintered for 3 and 6h
is shown in Figure V-6. As seen from the inset of Figure V-5a and V-5b, at low frequencies, the
dielectric start from €'~5900 for CCTO-3h and €'~1500 for CCTO-6h (Figures V-12-S3 and V-12-
S4).

We can observe that an increase in the sintering time leads to a slight decrease of the dielectric
permittivity (Figure V-6b). Significant changes of dielectric permittivity as function of frequency
happen starting from the frequency at ~ 10" for pure phase of CCTO and composite materials
sintered at different times, with different percentage weights. We can notice a decrease in the
dielectric constant with the increase of frequency for all the samples. There is a rapid drop at
around ~ 10* Hz followed by a stable value for the dielectric constant at intermediate and high

frequency.

CCTO sample sintered at 3h showed a dielectric plateau with & value of ~ 5900 (Figures V-12-
S3) observed at low frequencies, followed by a rapid drop of € at intermediate and high
frequencies to the bulk dielectric value of ~ 350. With adding graphene oxide nanosheets,
different plateau appears at low frequencies depending on the added amount. CCTO with 1%
GO (1GO) nanosheets sintered for 3h showed the higher permittivity in comparison to other

composites at intermediate and high frequency £'=350. In the case of sintered composites for
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6h, CCTO with 6%GO (6GO) showed the higher dielectric permittivity £’ ~140 in comparison to

other materials. Figure V-6¢ presents the dielectric loss of ceramics sintered for 3h; it shows

almost the same behavior and value for all materials with high loss values especially at low

frequencies. In Figure V-6d the dielectric loss of all ceramics sintered for 6h are present, it

showed a high dielectric loss and higher than those recorded for the 3h sintered materials. The

dielectric permittivity and dielectric loss factor diagrams showed a relaxation at low frequencies

likely originated from the sample-electrode effect. All this fact indicated that graphene oxide

incorporation plays a significant role in bulk to change the dielectric properties but in a

symmetric way.
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Figure V-6 : Showed the dielectric permittivity of GO/CCTO ceramics sintered at (a) 3h and (b) 6h, and the

dielectric loss of GO/CCTO ceramics sintered at (c) 3h and (d) 6h.
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Furthermore, to study the materials resistance, an impedance analysis is applied to the
materials surface. Figure V-7 showed the impedance spectroscopy measurement for all
materials sintered at 3 and 6h. It showed that the semi-circle of CCTO decreases after 6 hours

of sintering. In contrast the semi-circle increases for samples with GO nanosheets sintered at

6h.
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Figure V-7 : Impedance spectroscopy of materials h-BN/CCTO composites sintered at 3 and 6h.

V.1.5 Discussion and Conclusion

In general, the dielectric properties of CCTO are explained by the presence of two electrically
different regions in the pellets. The first region is a semiconducting region which is the grains
and the second region is an insulating one represented by the grain boundaries[10]-[12]. The
main focus of recent studies is to maintain a high permittivity for the CCTO while decreasing its

dielectric loss.

In this study we added to different type of 2D materials to CCTO and the obtained materials
were sintered at 1100°C for 3 and 6 hours. XRD results showed that the materials sintered at
1000°C for 3 hours are single phase CCTO and highly crystalline. For the materials sintered for 6

hours the crystallinity of the materials decreases especially after the addition of the 2D
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materials. Secondary phases appear in the composites, CuO and TiO,. Figure V-8, V-9 and Figure

V-10 showed the surface of CCTO and CCTO composites.

Figure V-9 : SEM of (a) CCTO (1BN), (b) CCTO (3BN), (c) CCTO (6BN), (d) CCTO (1GO), (e) CCTO (3GO), and (d) CCTO
(6GO) sintered at 1100°C for 3h.
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Figure V-10 : : SEM of (a) CCTO, (b) CCTO (1BN), (c) CCTO (3BN), and (d) CCTO (6BN) sintered at 1100°C for 6h.

According to previous studies, the dielectric permittivity response as frequency function in
CCTO could be divided into two plateau. At low frequency the behavior refer to grain
boundaries region and at high frequency the response is from grains [13]. In this study the
behavior of all materials at different sintering time seems the same, the dielectric start at high
value (¢'~1500-5000) then decreases rapidly to lower values. This result can be explained by the
fact that polished CCTO and it composites are acting like a single phase of CCTO in which there
is no real grain boundaries region (Figures V-8, V-9, and V-10). Thus the electrical behavior of
the materials is dominated by the grains response. The rapid decrease in the dielectric constant

can be due to the relaxation at the material-electrode contact [14].

At intermediate and high frequencies, the permittivity stays constant for all materials, the
increasing or decreasing in value is related to the structure and grain contents. The high
dielectric loss over the frequency range is maybe due to the relatively more coarse-grained

microstructure of theses ceramics [15].
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Furthermore, to understand the electrical behavior, an impedance spectroscopy measurement
is performed for all ceramics. Normally the impedance spectroscopy measurements reflect the
response of the grain boundaries at low frequency and the grains response at high frequency
(non-zero intercept) [16], [17]. Until now a full impedance study of single crystal has not been
done. Studies suggest that the absence of a clear grain boundary make the defects between
grains to behave as a thin grain boundary [18]. In general when the sintering time increases the
radius of the semi-circle of the impedance decreases, which is the case for pure phase of CCTO
in this work. The behavior of other materials is influenced by the effect of 2D nanosheets
incorporation. The shape of curves for composites sintered at 6h is more linear than semi-circle.
This shape indicates that the material is highly conductive. Thus can be explained by the
amorphous phases formed at high temperature and due to the presence of CuO conductive

phase [3], [19].

Finally, the preparation method has a big influence on dielectric properties of CaCusTizO1,
ceramics. To obtain high dielectric permittivity, the powders should be calcined for a long time
and well milled for more diffusion and collision between precursors. The sintering step is the
most important because at this stage the microstructure will take the form into grains and grain
boundaries, since that these two parts influence the dielectric properties of ceramics. As seen
from previous chapter, 2D materials could control the grain boundary composition and
thickness according to the added amount, but they transform to conductive regions. So we
polished the surface to eliminate the conductive layer and to study the dielectric behavior of
the bulk. 2D materials and especially h-BN nanosheets could be used to form a dielectric
material but the amount and synthesis should be controlled to enhance the domination of h-BN

layer at grain boundaries.
V.2 Magnetization experiment

Composite materials draw attention due to that the combining materials create a new structure
with intermediate properties [20], [21]. They exhibit unexpected new physical properties, which

can depend on the synthesis method and the internal structure of the composite. With regard
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to the magnetic properties, CCTO showed an antiferromagnetic transition at T~25 k, explained
in terms of a double primitive cell in which each Cu—Cu nearest neighbor pair has antiparallel
spins [22]. Cu defective and substituted sample showed enhanced dielectric properties in

comparison to the pure ceramics [23], [24].

In this work we synthesize CCTO, CCTO with 6% of graphene oxide nanosheets (CCTO_6GO) and
CCTO with 6% of boron nitride nanosheets (CCTO_6BN) using one easy step sintering at 1100°C

for 3h (unpolished surfaces) in order to investigate their magnetization.

Figure V-11 (a)-(c) displays thermal variation of magnetization registered at ZFC (Zero Field
Cooled) states in an externally applied magnetic field of 500 Oe for the prepared samples. The
ZFC magnetization curves of all studied material showed the classical antiferromagnetic
transition at Neel temperature (Ty) ~25 K, consistent with the thermal variation of magnetic
susceptibility and specific heat measurements. Figure (d)-(f) showed the linear fit of
magnetization curves, able to give information about Curie-Weiss temperature (9). It is seen
that the Curie-Weiss temperature is unchangeable for all ceramics (6 ~ -29 /-30 K). As
mentioned before, the magnetic behavior is depended from Cu-Cu nearest neighbor so any
create defective or distortion in Cu sites could affect the magnetic properties of the material,
which is not the case. This is due to the fact studied before that incorporation of 2D materials
does not affect Cu sites because of the segregation of CuO on grain boundaries and as seen that
defects on Cu are negligible in comparison to those generated at Ti sites. In several
investigations, they showed that even Ti*" (us=0) substitution by a ferromagnetic element with
considered Bohr magneto (ug) could affect the magnetic behavior [25]. In this study, Ti*" was
replaced by bore and nitrogen (us=0) and Ti** (us=0) after incorporation of boron nitride and
graphene oxide respectively. These results could explain the unchanged of specific magnetic

parameters.
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Figure V-11 : Thermal variation of magnetization in zero-field cooled mode recorded at the applied magnetic
field of 500 Oe
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V.3 Conclusion

CCTO composites with 2D nanosheets materials (h-BN and GO) were prepared using solid-state
reaction and sintered at 1100°C for 3h and 6h. Ceramics surface were polished to eliminate the
first layer. Pure phase of CCTO showed the grains and very thin grain boundaries regions. In
contrast, after polishing the composites showed the morphology of one single crystal. Thus
affects directly the crystallinity and the dielectric properties of the different obtained materials.
Almost one response is showed for the CCTO based composites; high dielectric constant
appears at very low frequency then a rapid drop is recorded due to the electrode-material
effect. At intermediate and high frequencies the permittivity seems to be stable and the shown
dielectric losses are very high for capacitor applications. Dielectric measurements and values
are very low in comparison to the literature due to the used synthesis method, in which 3h of

sintering is not sufficient for highly ceramics density.

CCTO with 6% of 2D nanosheets were used to study their magnetic behavior. Magnetic
characterizations showed that these nanosheets do not affect Cu-O-Ti-O-Cu chain responsible

of the magnetic behavior, in which Neel temperature is ~ 25 K for all studied materials.

201



References

(1]

(2]

(3]

(4]

(5]
(6]

(7]

(8]

(9]

(10]

(11]

(12]

(13]

(14]

[15]

B. A. Bender and M.-J. Pan, “The effect of processing on the giant dielectric properties of
CaCu3Ti4012,” Mater. Sci. Eng. B, vol. 117, no. 3, pp. 339-347, 2005.

S. Guillemet-Fritsch, T. Lebey, M. Boulos, and B. Durand, “Dielectric properties of CaCu3Ti4012
based multiphased ceramics,” J. Eur. Ceram. Soc., vol. 26, no. 7, pp. 1245-1257, Jan. 2006.

T. B. Adams, D. C. Sinclair, and A. R. West, “Influence of Processing Conditions on the Electrical
Properties of CaCu3Ti4012 Ceramics,” J. Am. Ceram. Soc., vol. 89, no. 10, pp. 3129-3135, Aug.
2006.

L. Pardo and J. Ricote, Multifunctional polycrystalline ferroelectric materials: processing and
properties, vol. 140. Springer Science & Business Media, 2011.

B. Jaffe, Piezoelectric ceramics, vol. 3. Elsevier, 2012.

A. J. Moulson, J. M. Herbert, and S. Electroceramics, “Electroceramics, John Wiley & Sons Ltd,”
Chichester, West Sussex, UK, 2003.

L. Feng, X. Tang, Y. Yan, X. Chen, Z. Jiao, and G. Cao, “Decrease of dielectric loss in CaCu3Ti4012
ceramics by La doping,” Phys. status solidi, vol. 203, no. 4, pp. R22—-R24, Mar. 2006.

H. Tang, Z. Zhou, C. C. Bowland, and H. A. Sodano, “Synthesis of calcium copper titanate
(CaCu3Ti4012) nanowires with insulating SiO2 barrier for low loss high dielectric constant
nanocomposites,” Nano Energy, vol. 17, pp. 302—-307, 2015.

T. B. Adams, D. C. Sinclair, and A. R. West, “Giant Barrier Layer Capacitance Effects in
CaCu3Ti4012 Ceramics,” Adv. Mater., vol. 14, no. 18, pp. 1321-1323, Sep. 2002.

P. Thongbai, J. Jumpatam, T. Yamwong, and S. Maensiri, “Effects of Ta5+ doping on
microstructure evolution, dielectric properties and electrical response in CaCu3Ti4012 ceramics,”
J. Eur. Ceram. Soc., vol. 32, no. 10, pp. 2423-2430, 2012.

Z.Yang, Y. Zhang, G. You, K. Zhang, R. Xiong, and J. Shi, “Dielectric and Electrical Transport
Properties of the Fe3+-doped CaCu3Ti4012,” J. Mater. Sci. Technol., vol. 28, no. 12, pp. 1145—-
1150, 2012.

Q. Zheng, H. Fan, and C. Long, “Microstructures and electrical responses of pure and chromium-
doped CaCu3Ti4012 ceramics,” J. Alloys Compd., vol. 511, no. 1, pp. 90-94, 2012.

R. Schmidt, S. Pandey, P. Fiorenza, and D. C. Sinclair, “Non-stoichiometry in ‘CaCu3Ti4012’
(CCTO) ceramics,” RSC Adv., vol. 3, no. 34, pp. 14580-14589, 2013.

M. Li, D. C. Sinclair, and A. R. West, “Extrinsic origins of the apparent relaxorlike behavior in
CaCu3Ti4012 ceramics at high temperatures: A cautionary tale,” J. Appl. Phys., vol. 109, no. 8, p.
84106, Apr. 2011.

A. Ibarra, R. Heidinger, and J. Molla, “New potentials for high mechanical strength grades of
polycrystalline alumina for EC waves windows,” J. Nucl. Mater., vol. 191-194, pp. 530-534, 1992.

202



(16]

(17]

(18]

(19]

[20]

(21]

[22]

(23]

[24]

[25]

D.-L. Sun, A.-Y. Wu, and S.-T. Yin, “Structure, Properties, and Impedance Spectroscopy of
CaCu3Ti4012 Ceramics Prepared by Sol-Gel Process,” J. Am. Ceram. Soc., vol. 91, no. 1, pp. 169—
173, Jan. 2008.

M. A. Sulaiman, S. D. Hutagalung, J. J. Mohamed, Z. A. Ahmad, M. F. Ain, and B. Ismail, “High
frequency response to the impedance complex properties of Nb-doped CaCu3Ti4012
electroceramics,” J. Alloys Compd., vol. 509, no. 18, pp. 5701-5707, 2011.

L. Ni and X. M. Chen, “Enhanced giant dielectric response in Mg-substituted CaCu3Ti4012
ceramics,” Solid State Commun., vol. 149, no. 9, pp. 379-383, 2009.

B. Wang, Y.-P. Pu, H.-D. Wu, K. Chen, and N. Xu, “Influence of sintering atmosphere on dielectric
properties and microstructure of CaCu3Ti4012 ceramics,” Ceram. Int., vol. 39, pp. S525-5S528,
2013.

T. Pandirengan, M. Arumugam, M. Durairaj, and G. R. Thangaiyanadar Suyambulingam,
“Development of performance-improved global positioning system (GPS) patch antenna based
on sol-gel-synthesized dual-phase (Bi4Ti3012)X — (CaCu3Ti4012)1-X composites,” Cryst. Res.
Technol., vol. 51, no. 6, pp. 366—379, Jun. 2016.

M. R. Dadfar, S. A. S. ebrahimi, and M. Dadfar, “Microwave absorption properties of 50%
SrFe12019-50% TiO2 nanocomposites with porosity,” J. Magn. Magn. Mater., vol. 324, no. 24,
pp. 4204-4208, 2012.

Y. J. Kim, S. Wakimoto, S. M. Shapiro, P. M. Gehring, and A. P. Ramirez, “Neutron scattering study
of antiferromagnetic order in CaCu3Ti4012,” Solid State Commun., vol. 121, no. 11, pp. 625-629,
2002.

M. C. Mozzati, C. B. Azzoni, D. Capsoni, M. Bini, and V. Massarotti, “Electron paramagnetic
resonance investigation of polycrystalline CaCu3Ti4012,” J. Phys. Condens. Matter, vol. 15, no.
43, p. 7365, 2003.

M. A. Subramanian, D. Li, N. Duan, B. A. Reisner, and A. W. Sleight, “High Dielectric Constant in
ACu3Ti4012 and ACu3Ti3Fe012 Phases,” J. Solid State Chem., vol. 151, no. 2, pp. 323-325, May
2000.

P. R. Pansara, P. Y. Raval, N. H. Vasoya, S. N. Dolia, and K. B. Modi, “Intriguing structural and
magnetic properties correlation study on Fe3+-substituted calcium-copper-titanate,” Phys. Chem.
Chem. Phys., vol. 20, no. 3, pp. 1914-1922, 2018.

203



V.4 Annexes

S.1

Permittivity ¢'

S.2

Permittivity (¢')

V. Dielectric and Magnetic Investigation

5000 S.3
—a— CCTO-3h 6000 - —a— CCTO-3h
—e— 1BN —e—1GO
—a— —a—3GO
4000 | 3BN 5000 -
—v— 6BN —»— 6GO
£ 4000 -
3000 - >
=
£ 3000
2000 - g
o 2000 -
1000 1000 -
0 . -
o T r T T r T T T T T
5 S 5 5 6
0.0 2.0x10 4.0x10 6.0x10 8.0x10 1.0x10 0.0 2.0x10°  4.0x10°  6.0x10°  8.0x10°  1.0x10°
Frequency (Hz)
Frequency (Hz)
S.4
4000
1500
) —=— CCTO-6h CCTO-6h
3500 | ——1BN e 1GO
| .
] 2:: 1250 —a—3GO
3000 —— 6GO
2500 T 1000
1 2
4 = i
2000 £ 750
1500 ﬂ =
] & 500
1000
1 250 -
500
| I o = e 2 o & 4
0 T T T T T 0 . g g g U
0.0 20x10°  4.0x10° 6.0x10° 8.0x10°  1.0x10° 0.0 2.0x10°  4.0x10°  6.0x10°  8.0x10°  1.0x10°
Frequency (Hz) Frequency (Hz)

Figure V-12 : Permittivity dependence from frequency of ceramics composites with h-BN sintered at (5.1) 3h and

(S.2) 6h, and of ceramics composites with GO sintered at (5.3) 3h and (S.4) 6h.
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General Conclusion and Perspectives

The purpose of this work was to synthesize and characterize CaCusTi;O;, composites prepared
by solid-state reaction. CaCusTisO4, is a perovskite oxide with a cubic lattice stable at high
temperature. It was discovered and studied for several years as high dielectric material due to
its colossal permittivity. Recently it was used for different photocatalytic applications, in
photoelectrochemical cells and in magnetic compound owning to its specific structure.
Investigations focused on two dimensional materials such as hexagonal boron nitride (h-BN)
and graphene oxide nanosheets (GO) because of their interesting electrical and thermal
properties. In these work 2D nanosheets materials were added to CCTO in order to enhance its

photoelectrochemical, dielectric, and magnetic properties.

The first part of this study was dedicated to investigate the effect of the incorporation of
hexagonal boron nitride nanosheets in the CCTO lattice in the purpose to enhance its
photoelectrochemical properties. Based on different characterization techniques we showed
that hexagonal boron nitride was oxidized at high temperature and this allowed the insertion of
bore and nitrogen elements into TiO, lattice of CCTO material. This insertion created oxygen
vacancies on the surface and conduct to a partial reduction of Ti*" and Cu?*. The electronic
microstructure of composites leads to a red shift in band gap energy of materials. This was
proven by photoelectrochemical and impedance measurements in which the resistivity of
composites material was dropped under visible light illumination compare to pure CCTO. The
activity of composites is enhanced under visible light irradiation and showed high electrons

conductivity compared to the pure CCTO.

In the second part we used graphene oxide nanosheets to study their oxidation effect at high
temperature on the CCTO materials. We showed that graphene oxide oxidation at high
temperature lead to oxygen vacancies creation on the surface and element reduction, in which
Ti*" and Cu?* are reduced to Ti** and Cu® respectively for charge neutralization. Band gap energy
is shifted to lower values due to the presence of energy band gap of oxygen vacancy below the

valence band of CCTO. CCTO with GO nanosheets showed lower resistivity compared to pure
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ceramics of CCTO and thus enhance their activity by 50% photocurrent generation higher than

pure CCTO under visible light irradiation.

According to the obtained and discussed results, CCTO composites showed a good performance
in which the photocurrent generation seen from linear voltammetry is enhanced in comparison
to pure CCTO. CCTO with hexagonal boron nitride nanosheets showed two times higher activity
compared to CCTO composites with graphene oxide nanosheets. That is maybe due to the
efficiency of codoping in presence of cations reduction and oxygen vacancy, while for CCTO/GO
composites only the reduced cations and surface oxygen vacancies interact in front of visible

light irradiation.

These two parts focused on the synthesis method to incorporate 2D nanosheets materials in
CCTO lattice and their effect under visible light exposure. As presented above they showed a
good performance compare to pure CCTO. This study can be more enhanced by using different
source of visible light energy with higher power in comparison to what has been used in this
work. Since that the preparation process affects materials morphologies, the composites
mixture could be performed in a ball mill machine or by using ultrasonication. During sintering
the grain boundaries and grain size are highly dependent from the time and temperature, thus

using a controlled sintering method such as spark plasma can be recommended.

Renewable energy is collected from resources naturally replenished on a human scale. Recently
more than 20% of consumption energy came from renewable energy. There are many
techniques that need to be evolved to be able to store energy from different natural resources.
The expense of maintenance and the lower projection of power have limited the use of this
type of energy. In order to resolve critical global issues such as water pollution, developmental
capacities for clean energy supplies increases. Thus a new insight for design of advanced hybrid
photocatalyst with actively chemical bonding and surface defects species has been
recommended. CCTO composites could be used for many photocatalytic applications such as
water treatment for dye and pharmaceutical waste decomposition due to the presence of
different chemical bond and oxygen vacancy on the surface. In addition to that investigations

focused on photoelectrooxidation of methanol for portable fuel cell applications could be
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developed. Recently modified TiO; is used as an active agent, so CCTO composites enclosing
different active compound can be used as well for such applications. Furthermore, different
types of 2D nanosheets materials can be used to prepare CCTO composites such as graphene,
Bi,Tes and MoS, because of their high surface and outstanding opto-electrical properties.
Among various nanoscale materials, 1D nanomaterials including nanowires, nanofibers,
nanorods and nanotubes are recognized as a class of promising material for composites

composition due to their highly active surface and could be investigated as well.

The dielectrical properties of CCTO and CCTO composite were also investigated. The dielectric
properties of the polished surface of prepared composites were studied. In general and due to
the sintering process, CCTO morphology presents grains and grain boundaries regions, in which
the dielectric properties are highly dependent. In this study, the surface of prepared pellets was
polished in order to eliminate the first layer. Only the pure phase of CCTO showed the two
different regions. For h-BN and GO nanosheets based composites, no distinguish regions
appeared. Dielectric measurements showed that the materials sintered at different times and
after polishing performed as a single crystal, in which only the bulk response is given. The
modest values of the dielectric constant obtained at room temperature can be attributed to the
synthesis method, especially that the calcination and sintering time were too short to obtain

dense ceramics with high dielectric constant.

The study of the magnetic properties of CCTO materials with 6%wt. of different 2D materials
(without surface polishing) was also performed and showed that the incorporation of the 2D
materials do not affect Neel temperature (~25K) and do not lead to magnetic properties
modifications. These results come from the fact that Cu-O-Ti-O-Cu chain was not affected by
the cations reduction after GO oxidation or by the B and N-codoping (non-magnetic compound)

with h-BN nanosheets oxidation at high temperature.

Dielectric and magnetic properties are highly dependent on the synthesis method. In fact the
crystal structure and the microstructure of the CCTO materials and these properties are highly
connected. Boron nitride and graphene oxide nanosheets showed different properties

depending on sintering atmosphere and conditions, thus it would be interesting to change the
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conditions of sintering (Argon, nitrogen, etc. ) of the ceramics in order to obtained well defined

microstructures.
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Abstract

Perovskite oxides exhibit a large variety of properties because of their structures and chemical compositions. Well
known properties of the perovskite oxides are Ferroelectricity in BaTiOs-based oxides and superconductivity in
YBa,Cu30;. The major limit of these compounds is their phase transitions at high temperature, which lead to
modify the perovskite properties. CaCusTisO;, (CCTO) exhibit a cubic structure stable at high temperature, it is a
double-perovskite (ABO;3). CCTO was known as high dielectric material, and can play a key role in
photoelectrochemical activity due to its structure. In addition, CCTO can occur a phase transition into the
antiferromagnetically ordered phase below Neel temperature Ty = 25 K. On the other hand, 2D nanomaterials
including graphene oxide (GO) and hexagonal boron nitrides (h-BN) were widely used due their exceptional
properties.

The aim of this thesis is to investigate the photoelectrochemical, dielectric, and magnetic properties of CCTO based
composites. Composites made of CCTO/GO and CCTO/h-BN ceramics were fabricated by solid-state reaction. With
the addition of 2D nanosheets materials, the photoelectrochemical performance is enhanced by increasing the
generation of photocurrent. CCTO with 3%wt of h-BN showed the insertion of bore (B) and nitrogen (N) into CCTO
lattice, leading to Ti-B-O, Ti-N-O bonds and oxygen vacancies on the surface which reduce the bang gap energy and
increase the density of generated photocurrent. With 3% of GO, Ti* and Cu®* were reduced to active species i
and Cu’ respectively and oxygen vacancies were generated at the surface for charge neutralization, leading to
generate photocurrent density 50% higher than pure phase of CCTO. In order to investigate 2D nanomaterials
effects on magnetic properties of composites, CCTO with 6%wt of nanosheets was prepared and have shown no
significant changes in Neel temperature. Finally in the last section, all composites were surface polished to
investigate their dielectric properties, measurements showed a low permittivity in comparison to the literature. In
conclusion, this work has shown that 2D nanosheets materials incorporation does not affect dielectric and
magnetic properties, but enhance strongly the photoelectrochemical behavior of CCTO.

Résumé

Les oxydes de type pérovskites présentent différentes propriétés selon leur structure et leur composition
chimique. Les principales pérovskites étudiées, BaTiO; et YBa,Cu3;0, posseédent d’intéressantes propriétés
ferroélectriques et supraconductrices. Une des limitations de ce type d’oxydes est la transition de phase a haute
température qui peut modifier leurs propriétés. Le matériau CaCu;Ti;O1, (CCTO) est un oxyde connu comme
double perovskite (ABO3) a structure cubique, qui a été étudié ces derniéres années en tant que matériau
diélectrique de permittivité élevée. De plus, CCTO subit une transition magnétique a antiferromagnétique au-
dessous de la température de Néel (Ty=25K). Les propriétés du matériau CCTO sont fortement dépendantes de sa
structure et offrent des possibilités d’applications photoélectrochimiques. D'un autre c6té, les nanofeuillets de
nitrure de bore (h-BN) et d’oxyde de graphene (GO) sont des matériaux 2D présentant des propriétés tres
intéressantes.

Dans le cadre de ce travail, des matériaux composites a base de CCTO et de nanofeuillets de nitrure de bore et
d’oxyde de graphéne ont été synthétisés et étudiés. Les céramiques composites CCTO/GO et CCTO/h-BN ont été
synthétisées par réaction solide-solide. Les différentes propriétés photoélectrochimiques, diélectriques, et
magnétiques ont été caractérisées. L'addition de 3% de h-BN aboutit a I'incorporation des atomes du bore et
d’azote dans le réseau cristallin du CCTO et forme les liaisons Ti-B-O et Ti-N-O, et génére des lacunes d’oxygeéne a
la surface, ce qui améliore la génération de porteurs de charges. La génération de porteurs de charges est
augmentée en 50% par rapport au CCTO pur, apres |I'addition de 3% de GO, due a I'oxydation de GO a haute
température qui réduit Ti** et Cu”™ en site actifs Ti*" et Cu® respectivement. Les propriétés magnétiques du CCTO
avec 6% de nanofeuillets ont été étudiées, et ont montré que la température Néel n’était pas modifiée. Enfin, un
polissage est effectué a la surface des céramiques pour étudier leurs propriétés diélectriques. Les résultats
montrent des valeurs de permittivité plus basse que celles décrites dans la littérature. En conclusion, ces travaux
ont démontré que l'incorporation des nanofeuillets 2D n’affecte pas les propriétés diélectriques et magnétiques,
mais améliore considérablement les propriétés photoélectrochimiques du CCTO.



