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ABSTRACT

In this work, PVDF-TrFE/CoFe;O4 nanocomposite free standing films are prepared,
and their multiferroic properties are studied. These properties include structural, optical,
magnetic, and ferroelectric properties. CoFe>O4 nanoparticles synthesized by the cost-
effective sol gel method. Free standing PVDF-TrFE/CoFe>O4 nanocomposite films with
varying CoFe>O4 content have been prepared using solvent casting (or drying casting
method). Structural analysis of all prepared films is done by PANalytical X-Ray
Diffractometer. Effect of adding cobalt ferrite (CFO) nanoparticles in PVDF-TrFE matrix
is delicately observed and analyzed in detail. The crystallinity of the films is affected by
the incorporation of cobalt ferrite nanoparticles into Poly Vinylidene trifluoride P(VDF-
TrFE). Ferroelectric response at room temperature is studied by measuring polarization
versus electric field loops at low frequency 10 Hz and high frequency 400 Hz. Some PVDF-
TrFE films exhibited saturated ferroelectric hysteresis loops, which show that the addition
of TrFE monomers induced a high content B-phase. For low CFO concentration, good
ferroelectric response has been achieved. While for higher concentrations, non-saturated
ferroelectric hysteresis loops are observed in PVDF-TrFE/CFO films, which confirm lossy
capacitive behavior. The effect of CoFe2O4 nanoparticles on the polarization has also been
analyzed in detail. An increase in saturation polarization is observed with the addition of
CoFe204 nanoparticles, attributed to the interfacial effects and interactions between
nanoparticles. Fourier transform infrared spectroscopy reveals presence of the beta-phase
in all composite films. Reflectance is measured against energy reveals presence of d-d
transition associated with the CFO particles. Temperature dependent magnetic response is
also observed which show ferromagnetic behavior. Both temperature dependent
magnetization and hysteresis behavior have been presented. Data has been analyzed on the

bases of Bloch’s law.
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Chapter 1 Introduction and Background

1 Chapter 01 Introduction and Background

1.1 History of polymers:

The word “polymer” was put forward by the Swedish chemist “J. J. Berzelius”. He
said that Benzene (C¢Hps) is the polymer of Ethyne (C2Hz) [1, 2]. Natural polymers have
been used for many decades. It was felt around the globe that polymer materials were
colloids. “Staudinger” in 1920s introduce the concept of polymer [2]. He observed and
then described by saying that “lots of small molecules that were interacting strongly with
each other”. He was first that said that “a polymer is made up of very large molecules,
called macromolecules”. Atoms of the molecules were held together by covalent bonds. A
new field called polymer science deals with natural and synthetic fibers, plastics, rubbers,
coatings, adhesives etc. Polymers have even more uses than you could visualize. They are
used in solar cells, food and medicine packaging, drug delivery, adhesives, textile, auto

parts and toys [3].

1.2 Dielectrics:

Dielectric is extract from the prefix “dia”, means “through” or “across”; thus, the
dielectric is defined as a material that allow the passage of the electric field or electric flux,
but not particles (i-e., electrons) [3]. A “dielectric” material store energy when external
electric field is applied. Polarization can be produced when electric field is enforced in
dielectric material. Due to applied electric field, charges slightly supersede from their
equilibrium position, resulting in dielectric polarization. Positive charges move along the
direction of applied field while negative charges move opposite to applied field.
Dielectrics can be classified as polar dielectric (e.g., water molecule) and nonpolar
dielectric (e.g., carbon dioxide) [4]. Due to applied electric field charge separated in

parallel plate capacitor as shown in Figure 1.1.
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Figure 1.1: Separation of charges due to applied electric field in a parallel-plate

capacitor [S].

Dielectric constant € comprises of a real part &' representing the storage of electrical
energy, and an imaginary part €", describe the loss or energy absorbed. The loss factor
includes the effects of both dielectric loss and conductivity. Permittivity describes the
interaction of a material with an electric field “E” and is a complex quantity [6].

e=¢ —ie" (1.1)
1.3 Polarization:

When a capacitor is exposed to an external electric field, the dielectric material
becomes polarized. Anions in the material align themselves towards positive electrode,
and the cations shift towards negative electrode. Overall polarization of a dielectric material
appear from the sources of charge displacement: ionic displacement, space charge

displacement, electronic displacement, the orientation of permanent dipoles and hopping
[7].
1.4 Mechanisms of polarization:

Following are some of the mechanisms of polarization that occur in dielectrics.

1.4.1 Ionic polarization:

When any dielectric material is placed in applied electric field, polarization occurs

due to the movement of cations and anions, is called ionic polarization. lonic polarization

2
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is produced only in ionic substances. When an electric field is enforced to ionic materials,
cations and anions separate from each other, which results in the net dipole moment. The

equation which described the mechanism of ionic polarization given below [8].
pav = aiEloc (12)

where "p,," is average dipole moment, "o;" is ionic polarizability, "E;,." is the localized
electric field. Figure 1.2 shows that when the electric field is zero polarization is zero but
when the electric field in applied in leftist direction ions distorted in the direction of

enforced field and due to this polarization is not equal to zero.

Figure 1.2: Schematic illustrations of ionic polarization [9].

1.4.2 Space charge polarization:

Space charge polarization is also entitled as “interfacial polarization”. When the
low-frequency electric field is applied, charges move through a certain distance within the
material. When these moving charges are impeded, space charge polarization arises
due to metal or dielectric interface collection of charges. Due to the cumulation of charge
at the interface, field distortion occurs, which increases the capacitance of a material, i-e;
there is an increase in the dielectric constant. This kind of polarization arises in materials
exhibiting high conductivity, i-e., materials with high concentrations of mobile charges
(free electrons or ions). Phenomenon of space charge polarization is presented in Figure

1.3.
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Figure 1.3: Simplified illustrations of space charge polarization [9].

1.4.3 Electronic polarization:

Electronic polarization occurs within the dielectric material when there is a slight
shift in the positive and negative charge in the opposite direction due to electric field
application. Polarization can be measured by electric dipole moment, which can be
calculated by multiplying the distance between distorted charges with the magnitude of one
of the charges. Phenomenon of electronic polarization is shown in Figure 1.4. If "p,," is
the average dipole moments and "Ej,." is a local field at which atoms or molecules are
polarized, then average dipole moments proportional to a local domain and given by as

[10];
Pav = 4'71-‘(:07'3Eloc (1.3)

Where "r" is the distance between two charges.

Figure 1.4: Schematic illustrations of electronic polarization [9].

1.4.4 Orientational polarization:

It occurs only to polar dielectric materials. In the absence of electric field, electric
dipoles are oriented randomly such that their net effect becomes zero due to which
polarization is zero. These dipoles try to rotate and orient in the direction of applied

electric field as shown in below Figure 1.5. This is known as orientational polarization.
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The average dipole moment, in this case, is temperature dependent, and an electric field

can be obtained using Boltzmann’s statistics.

PZ
P.. =
av 3kgT

(1.4)

where "P" is the dipole moment of one molecule, “E” is electric field, and "kg" is

Boltzmann constant [11].

Figure 1.5: Orientational polarization mechanism in dielectric materials [9].

1.4.5 Hopping polarization:

In dielectric materials, the localize charges i-e holes and electrons can jump from
one site to another for a short interval of time. When these localized charges are trapped in
this site for longer, hopping polarization occurs. Phenomenon of hopping polarization is

shown in Figure 1.6 in which a charge hops from one place to another place.

Figure 1.6: Schematic illustrations showing hopping polarization.

Deformed polarization is also known as resonance process as it imply vibrating

modes and this phenomenon appeared as a peak in the dielectric constant and frequency

5
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curve. While the orientational, hopping, and space charge polarization take longer over a
wide range compared to electronic and orientational polarization (>10° sec). These
polarization phenomena are also termed relaxation processes, which involve dielectric
relaxation. Relaxation occurs when we apply an electric field; the electric dipoles orient
in some specific orientation, but when we reverse the direction of applied field, the
dipoles don’t have sufficient time to orient themselves along the direction of field. So,
the time these dipoles take to reorient themselves along the direction of field applied is
known as relaxation time. Occurrence of different polarization mechanisms as a

function of time with electric field as a step function is shown in Figure 1.7.

Figure 1.7: Response of a generic material to polarization with respect to time and
electric field as a step function [12].
1.5 Effect of different parameters on dielectric constant:
The dielectric constant varies in the dielectric materials with the variation of
temperature, structure, and applied frequency. These parameters are explained below:
1.5.1 Effect of temperature:

The dielectric constant strongly varies with the increase or decrease of temperature,

causing discontinuities in the dielectric constant. Those materials which have permanent

6
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dipoles have a significant effect on temperature and on their dielectric constant. When we
give enough thermal energy to permanent dipoles, dipoles start the migration, moving in a
random direction concerning the field. Subsequently, the dielectric constant decreases. In
multiferroic materials, steady dielectric declines with the increase in temperature because
of inverse relation between them. This occurs at Curie temperature because at this
temperature, a phase transition occurs, i-e., the materials go from ferroelectric phase to

para-electric phase [13].

1.5.2 Effect of structure:

Like temperature, the dielectric constant also depends upon the form of material.
Polar materials with permanent dipoles have a higher dielectric constant than nonpolar
materials. When different mechanisms of polarization act simultaneously, there will be a
large resultant dielectric constant. In polymers, when the chains are mobile, there will be

low crystallinity; as a result, steady dielectric increases [14].

1.5.3 Effec of the electric field:

When the dielectric material is exposed to electric field, four phenomena can
occur conduction, polarization, breakdown, and dissipation. Normally a dielectric material
is an insulator, but there are certain charges inside the dielectric material, and due to this,
the material possesses leakage current. If the material has a stable surface with area A,

thickness d, then the conductivity of a material is [15]:

Id

O4c :E (15)

Good insulating dielectric conductivity could be as small as 107'® S/m [16].

In capacitors, when the A.C electric field is applied, two types of current flow
through the material: the polarization current, and the conduction current. Polarization
current flows through capacitive saving energy, while the conduction current produces
resistance dissipation energy. If the surface of electric material is "S" and the thickness is
“d”, then polarization current and conduction current is:

Ip = iwe el SE et (1.6)

I. = wepe) SE el®t (1.7)
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1.5.4 Effect of frequency:

When an electric field is applied to dielectric material, dipoles starts to orient
themselves in the direction of applied field. At low frequency range, dipoles easily align
in order of applied field, and the dielectric constant increases. At high frequency, the
molecules cannot line up in the order of applied field, because they don’t follow the field
change. Due to this phenomenon, the dielectric constant decreases. Variation in dielectric
parameters i.e., dielectric constant and dielectric loss as a function of frequencies is shown

in below Figure 1.8.
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Figure 1.8: Dependency of (1) Relative dielectric constant on the frequency of an
alternating electric field (2) Relative loss factor on the frequency of an alternating
electric field. Contributions of electronic, dipolar, ionic and vibrational in the total

polarization are determined [17].

1.6 Ferrites:

Ferrites are composed of oxides of magnetic materials in which ferric ions are the
main component. Word ferrite comes about from Latin word “Ferrum,” that is used for
“iron” [18]. Ferrites are ceramic materials with black or dark grey color, brittle and hard in

nature.
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1.7 Spinal Ferrites:

The chemical formula of spinel ferrite is AB2O4, where A can be any divalent metal
ion. Spinel ferrites possess a cubic closed packed structure where oxides ions are packed in
a face-centered cubic [FCC] arrangement. Crystal structure of spinel ferrites contains two
positions, namely tetrahedral [A] and octahedral [B] [19]. Due to the variation in the
placement of cations and anions at both locations, spinel ferrites have numerous engrossing
properties. Metal ions are tetrahedrally coordinated with oxygen at 8 [A] sites, while
oxygen ions are octahedrally coordinated at 16 [B] sites. Fundamentally the localization of

two sites depends on the occupying lattice and the ion size [20].

1.8 Ferrimagnetic ordering in spinal ferrite:

Magnetically, spinel ferrites show ferrimagnetic ordering. At both “A” and “B” sites,
magnetic moments of cations are oriented alongside with each other. The arrangement
between the “A” and “B” sites, is antiparallel, as there are double as many “B” sites as
“A” sites, so net moment of spins gives us ferrimagnetic ordering in the crystal. Inverse

spinel structure is shown in Figure 1.9.

Oxygen

B-atoms
octahedral sites

A-atoms
tetrahedral sites

@

AB;O4spinel The red cubes are also contained m the
back half of the unit cell

Figure 1.9: AB204 Inverse Spinel structure [21].

1.9 Types of spinel ferrites:

Following are some types of spinel ferrite based on crystal structure and magnetic

properties.
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1.10 According to crystal structure:

Spinel ferrites consist of following two types on the base of crystal structure:

1.10.1 Normal spinel ferrites:

In normal spinel ferrite structure, [8] tetrahedral lattice sites are populated by
metal di-valent ions, while sixteen octahedral lattice sites are populated by tri-valent iron
ions. These spinels have chemical formula (M?")*[Fe»*"]204*, where “Fe” is the tri-valent
ion and “M” is the di-valent ion. Examples of normal spinel ferrite is MgAlO4

and FeCr04[22]. Normal spinel structure of AB2O4 is shown in Figure 1.10.

Figure 1.10: Crystallographic structure of AB204normal spinel structure [23].

1.10.2 Inverse spinal ferrites:

In inverse spinel ferrite, all the metal cations occupied the [A] sites while half of
the iron cations occupied tetrahedral [B] lattice sites, while the other half occupied the

octahedral lattice sites [24]. Structure of inverse spinel of AB>O4 is shown in Figure 1.11.

Figure 1.11: Crystallographic structure of AB204 inverse spinel structure [23].
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Table 1.1: Occupancy of sites in Inverse and Normal Spinels [22].

Site Similar Number Cation Cation
Interstices | Occupied arrangement arrangement
(per unit | (per unit cell) | (Inverse (Normal
cell) Spinel) Spinel)
Octahedral (B) 32 16 8 Fe’" sM?* 16 Fe**
Tetrahedral (A) 64 8 8 Fe** 8 M

1.11 According to magnetic properties:

Ferrites, one that has a low coercivity of magnetization, and hard ferrites, one that

has a high coercivity of magnetization.

1.11.1 Soft ferrites:

Ferrimagnetic materials that don’t retain magnetism after being magnetized are
called soft ferrites. The hysteresis loop of soft ferrites is narrow and small with fewer energy
losses as shown in Figure 1.12, while the magnetization curve has a steep rise in
magnetization [25]. These ferrites can be produced by soothing, cooling, and heating,
which can be easily magnetize and demagnetize. Soft ferrites are ceramic nonconductor or
insulator with different crystal structures have high susceptibility and permeability value.
Soft ferrites are used in telephone signal transmitters, electromagnets, cores of

transformers, computer data storage, receivers etc.

1.11.2 Hard ferrites:

When the ferrimagnetic materials become magnetized, they retain their magnetism
called as hard ferrites. These materials are also called permanent magnetic materials with
gradually rising magnetization curves, large energy losses during magnetization and large
hysteresis loop [26]. These ferrites can be fabricated by sudden cooling and heating, which
can’t be easily magnetized or demagnetized. These ferrites have high coercivity and

retentivity, low susceptibility and permeability, high saturation flux density and high eddy

11
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current losses. Therefore, hard ferrites are used in loudspeakers, DC and permanent

magnets etc., [27]. Hysteresis loop of hard ferrites are shown in Figure 1.12.

B B
Small
Coercive Force Large
- - Coercive Force
e
H H

.é/ =z —

"Soft” Ferromagnetic “Hard” Ferromagnetic
Material Material

Figure 1.12: Hysteresis curve for hard ferrites (right) and soft ferrites (left) [28].

1.12 Ferroelectricity:

Certain materials have spontaneous polarization property that can be reversed back
by applying the external field [29]. Ferroelectric materials are crystals in which structural
units are electric dipoles. This means that the center of the positive and negative charge is
slightly displaced or separated in each unit cell. Each dipole moment of the unit cell is
oriented with its neighboring unit cell in the lack of an external electric field. Several types
of domains in unit cell are randomly oriented; therefore, net dipole moment will vanish.
When external field is enforced, randomly oriented domains starts to align themselves
along applied field. Below a certain temperature ferroelectricity arises known as Curie
temperature 7.. Above Curie temperature, ferroelectric material becomes para electric
because heat agitates the dipoles so that the forces that align the dipoles vanish [30]. Due

to applied electric field polarization changes direction as shown in Figure 1.13.

Figure 1.13: Inversion of polarization by applied electric field [31].
12
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1.12.1 Ferroelectric Phase Transition:

Ferroelectric materials are polar and exhibit spontaneous polarization below a
critical temperature 7.. When temperature exceeds the critical temperature 7. the material
transforms from ferroelectric to para electric and becomes nonpolar. Due to this
spontaneous polarization, crystal structure changes, known as a ferroelectric phase
transition [32]. Above 7. material loses all its ferroelectric characteristics. When phase
transition occurs, new properties arise in the material. Phase transition can be happened due

to the change in pressure, temperature, and other thermodynamic variables.

Figure 1.14: Variation of Pr as a function of temperature in ferroelectric materials

[33].

Ferroelectric crystal shows spontaneous electric polarization at certain temperature
range called Curie temperature. Ferroelectric materials shows high dielectric constant near
Curie temperature [34]. At T dielectric constant increases rapidly and reaches a high peak
value. This steady dielectric increase at Curie temperature is called anomalous behavior.
By Curie Weiss relation:

c

(T >Tc) = e

(1.8)

where "T" is temperature measured in Kelvin, "C" the material specific Curie constant.

Figure 1.15 shows the phase diagram of PVDF-TrFE. Ferroelectric phase ordering is
achieved when T, is below T,. There is no change in the crystallite size when the melting

temperature, 7,, remains the same. When annealing is performed at a temperature above
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T both paraelectric and ferroelectric phases are modified. This phenomenon is shown by

the appearance of one paraelectric and one ferroelectric phases in below Figure 1.15.

Figure 1.15: Phase diagram of traditional P(VDF-TrFE) [35].

1.12.2 Ferroelectric Hysteresis Loop:

Just like ferromagnetic materials, ferroelectric materials exhibit a hysteresis loop.
We know that ferroelectrics are the class of materials that retain their polarization even
after the eviction of an electric field [36]. Figure 1.16 shows that increase in
electric field results increase in polarization means the electric domains were randomly
oriented before applying electric field. But when the strength of field is high, these electric
domains start to orient along the direction of field. A stage comes when further increase in
the electric field does not affect electric environment because all the electric domains are

aligned, and all the backgrounds are saturated.
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Figure 1.16: Hysteresis (P-E) curve in ferroelectric materials [37].

1.13 Poly (vinylidene-triflouroethylene)/P(VDF-TrFE):

P(VDF-TtFE) is semi-crystalline copolymer which 1is obtained with the
combination of vinylidene fluoride VDF (CH>.CF;) and tri-fluoroethylene TrFE (CHF-
CF2). Molecular structure of P(VDF-TrFE) is shown in Figure 1.17. It’s Curie
temperature (7¢) is lower than it’s melting temperature (7m), which varies from 55-128 °C,
depends on the amount of TrFE [38]. Copolymers have various chemical ingredients with
vinylidene fluoride (VDF) contents ranging from 50-80 mol% at room temperature.
Ferroelectric property in copolymers occurs due to the crystalline B-phase in which all
polymer chains are in Trans (TTTT) conformation while all fluorine atoms are unilateral in

the chain [39].

Figure 1.17: Molecular structure of P(VDF-TrFE) [37].
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Suppose the molar content of trifluoro ethylene TrFE is less than 20%. In that case,
it attracts absorption because they materialize or crystallize directly into ferroelectric B3-
phase, and exhibit ferroelectric or paraelectric phase below the melting point [40]. P(VDF-
TrFE) oligomer molecular model is shown in Figure 1.18(a) while electron clouds are

schematically shown in Figure 1.18 (b).

Figure 1.18: The molecular model of a P (VDF-TrFE) oligomer [41].

1.14 Phases in P(VDF-TrFE):

Based on the crystallization, copolymer shows the following three phases.

1.14.1 Alpha Phase:

The alpha phase is the nonpolar phase (trans-gauche conformation, TGTGTG).
Lattice parameters of a-phase are a = 4.96 A, b= 9.64 A, and ¢ = 4.62 A [42]. The
crystallization from the melt normally brings about to the nonpolar a-phase. The a-phase
of PVDF can be remold into the y-phase through thermal treatment and into the 6-phase
through poling under high electric field [43]. In this phase, molecular chains are aligned

antiparallel to each other as shown in Figure 1.19, which are nonpolar. In this phase, every
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second molecular chain is rotated at an angle of 180°. a-Phase exhibits a monoclinic
structure due to its symmetry, even though all the angles in its unit cell are 90°. Alpha
conformation is thermodynamically unstable, making the transition from beta to alpha

difficult.

Figure 1.19: Chemical structure of alpha phase conformation.

1.14.2 Beta Phase:

The beta phase is the polar phase that exhibits a high dielectric constant of all
polymer phases. B-phase have lattice parameters, a=8.58A, b=4.91A, and ¢=2.56 A [44].
B-phase exhibits orthorhombic structure. Due to trans-planar zig-zag (TTTT)
conformation, B-phase has largest spontaneous polarization [45]. B-phase displays the best
ferroelectric, piezoelectric and ferroelectric properties. B-phase PVDF can be made by
stretching the a-phase PVDF or poling a and y PVDF under even higher value of electric
field. B-phase is thermodynamically stable that’s why it can be easily achieved in P(VDF-

TrFE). Chemical structure of B-phase conformation is show in below Figure 1.20.

Figure 1.20: Chemical structure of beta phase conformation.
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1.14.3 Gamma Phase:

v-phase is third crystalline phase in PVDF with (TTTG-TTTG’) conformation. It’s
lattice parameters are a = 4.97 A, b =9.66 A, and c = 9.18 A [46]. y-phase PVDF can be
acquired from high-temperature crystallization. It’s structure is orthorhombic which is
similar to the B-phase crystal [47]. y-phases show a smaller dipole moment than that of 3

phase.

Figure 1.21: Chemical structure of gamma phase conformation.

1.15 Ferroelectricity in P(VDF-TrFE):

In P(VDF-TrFE), ferroelectricity emanated from vinylidene fluoride (VDF).
Ferroelectricity can be controlled by the quantity of "TrFE” added to polymer (PVDF).
Ferroelectricity can be achieved maximized with the addition of small amount of "TrFE”.

Because the dipole moment arises from the TrFE monomer.

Figure 1.22: Chemical structure of PVDF-TrFE.
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1.16 Cobalt Ferrite:

Cobalt ferrite is a ceramic material with chemical formula of CoFe2O4 (CoO-Fe203).
It is considered between the soft and hard magnetic material due to semi-hard nature. CFO
belongs to the space group Fd3m, with lattice parameter a=8.38 A. Cobalt ferrite is a
ferrimagnet with a Neel temperature of 800 K. Cobalt ferrite (CoFe2O4, CFO) is the
representative of the spinel ferrite family [48]. Cobalt ferrite (CFO) has great chemical and
physical stability, large anisotropy, making it applicable for bio-medical requisitions.
Magnetic property arises due to tetrahedral and octahedral sites. The CoFexOs is
suitable material in chemo resistive sensor, pathogenic detection, storage, dye degradation
and energy harvesting. Besides these features, it has utilizations in MRI, sensors, drug
delivery, biotechnology, and tissue repair [49]. CoFe;O4 inverse spinel structure unit cell

and subunits are shown in below Figure 1.23.

Figure 1.23: Diagrammatic illustration of the unit cell and subunits in CoFe204 [23].

1.16.1 Structure of Cobalt Ferrite:

Cobalt ferrites possess a chemical formula CoFe2O4 with an inverse spinel structure.
It has high degree of magnetic anisotropy and magnetostriction. Its crystal structure can

understand its unique electrical and magnetic properties. When Co?" lies on the octahedral
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site while Fe®" ions lie on the tetrahedral site, its structure will be inverse spinel. While,
normal spinel structure, A>" cations occupy tetrahedral lattice sites, whereas B>* cations
occupy the octahedral lattice sites [50]. In spite of that, inverse spinel structure
octahedral coordination lattice sites are occupied by half A% cations, and the B** cations
occupied by the remaining half of the tetrahedral coordination sites [51]. In Figure 1.24
tetrahedral sites are occupied by Fe' cations in orange, while octahedral site is occupied by

Fe? ions in gold.

Figure 1.24: Crystal structure of inverse spinel cobalt ferrite. Ball & stick model
illustrate Fe! cations at A-sites in orange, Fe? cations at B-sites in gold, Co cations as

blue spheres and O anions in red[52].

1.16.2 Magnetization in CFO:

CFO have high degree of magnetic anisotropy and considerable anisotropic
magnetostricition (4100 = -590x10 and 1111 = -120x10®) that’s why it is the rarest
compound in many spinel ferrites make it appealing magneto strictive candidate in
composite multiferroics [53]. In CoFe>Oy4 tetrahedral sites contain eight Fe*" ions aligned
antiferromagnetically with octahedral sites that has eight Fe** and Co®" ions per unit cell.
CFO is a promising candidate as a spinel phase in self-assembled multiferroics for

providing the strong magneto striction to enhance magneto-electric coupling [54].
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1.17 Literature review:

Incorporating different nanofillers in the copolymer matrix, results in promising
electrical, magnetic, and optical properties [55]. Following are some of the characterization

results which are reported in the literature:

The structural characterization of P(VDF-TrFE) and CFO composite films is
presented in many research articles. All peaks are identified as P(VDF-TrFE) and cobalt
ferrite nanoparticles peaks. A sharp peak around 20° specify the copolymer peak
indicating the (110) and (200) atomic planes, whilst all other peaks are ascribed to
the cobalt ferrite phase. This reveals that nanoparticles are completely embedded in
P(VDF-TrFE) matrix. Nanoparticles are poly-crystalline and have no specific crystal

orientation [56].

The XRD pattern of CFO nanoparticles which have reflection in (111), (220), (311),
(222), (400), (422), (511), (440), (620), (533) and (622) planes which are well consisted
with card (PDF#22-1086) [57]. XRD pattern of P(VDF-TrFE) and CFO composite films
with distinct ferrite concentration shows peak at 20.4° coincide with B-phase of copolymer.
The intensity of CFO peaks increases with the increase of filler concentration, while the

intensity of the copolymer peak decreases significantly [57].

The PE loops of P(VDF-TrFE)/CFO composite films are described in many
research articles. The PE loops with varying CFO concentration were computed at room
temperature, f=1 Hz and E=30MV/m. The maximal values of polarization Py are 5.6,
11.1, 6.2, and 7.4 mC/m? for P(VDF-TrFE), CF 5, CF 10, CF 15 and CF20, samples
respectively. Highest value Ppqx reaches in sample CF 10 [58].

P(VDF-TrFE) hyteresis loops loaded with varying concentration of CoFexO4
nanoparticles (CFN) showed increase in polarization value. P(VDF-TrFE) film gives
maximum polarization (Pmax) 0.13 pC/cm>

Puax of 0.3 pC/cm? for P(VDF-TrFE). Addition of CFO nanoparticles instigate more free

, whilst composite films show polarization

charges in polymeric composite films, due to which polarization domain is stabilized [59,
60]. Polarization process enhance the ferroelectric properties of the polymer matrix. Sample
with 10% CFN emanate 8% low Pnax value as compared to the sample containing 5%
CFN. Ferrite contents above 8% may diminish dipole chains of the polymer, which leads

to the decrease in Puux [61].
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Magnetic hysteresis loops of composite films are reported in plenty of
research articles. Values of M,, M,, and H. are , 20.1, 77.6 emu/g, and 1023 O.. These
values of the CFO nanoparticles are comparable to the value of bulk magnetization
80.9 emu/g [62]. This proves that nanoparticles have good ferromagnetic valuables.
Furthermore, M, values of composite films are 1.4, 2.2, 3.8, and 4.7 emu/g and
the M, values are 3.9, 7.9, 11.5, and 15.2 emu/g, for CF5, CF10, CF15, and CF20 samples.
Value of magnetization of composite films enhance with the increase in cobalt ferrite

concentration.

FTIR pattern of 0.95P(VDF-TrFE) and 0.05CFO composite thin films shows
specific bands of alpha-phase at 766 cm ™! and beta-phase at 840 cm'. Beta-phase fraction
is calculated by applying the below relation.

AB

Fp= (KB/Ka) Ax + Ap (1.9)

where "A," and “Ag" shows absorbance at 840 and 766 cm!, respectively,
Fp represents the B-content and "K," and "Kg" and are the absorption coefficients at the

respective wave number [63]. 53% B-content is calculated in the thin film.

The saturation magnetization of CFO nanoparticles powder sample is above 62
emu/g. When the magnetic nanoparticles dispersed with varying concentration in
composites, inside the polymer matrix, values of saturation magnetization of ferrite
particles fit well. Measured hysteresis loops shape exhibit that nanoparticles are maximally

dispersed inside the polymer matrix [64].

Room temperature magnetic hysteresis loops were measured by “VSM”
Lakeshore, Model 7300 series. Applied magnetics field was perpendicular to the
surface of composite films. Magnetic hysteresis loops of samples are measured with field
of 12 kOe. Maximum magnetization value outreach 52 emu/g which is nearly to cobalt

ferrite nanoparticles synthesized by various techniques [65, 66].

The magnetic curves of nanocomposite films and CFO nanoparticles computed at
room temperature. The maximum value of magnetization of CFN, obtained by plotting M
vs. 1/H? was summed up 47.6 emu/g. Coercivity value was in the range of 3 kOe,
compatible with cobalt ferrite. The maximum magnetization was consistent with the

addition of cobalt ferrite in the composite, whilst coercivity varies in the range of 3 kOe.
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Copolymer loaded with 4, 8, 12% CFN show a saturation magnetization of 12.5, 19.7,
27.4 emu g !. These values indicate that saturation magnetization correspond with the CFN

content [67, 68].

When magnetic field is applied along out of plane or in-plane (perpendicular or
parallel) to the surface of cobalt ferrite films, we disclose that strength of magnetic field
and temperature have significant effect on magnetization. Values of Msand M, are 85.6 and
44 emu/cm? obtained when CFO film is annealed at 800°C, i-e., when the temperature rises
from 500 °C-800 °C, under a magnetic field of 1.5T. This indicate that maximum
crystallization of CFO come up with magnetic property. Enhancement in magnetization is

based on the concentration of cobalt ions in spinel lattice [69].

1.18 Motivation:

When at least two ferroic orders (ferroelectric, ferromagnetic or ferroelastic)
combines, multiferroic or magnetoelectric materials formed. These materials have
applications in fields such as modulation of amplitudes, switching of polarization,
waveguides, sensors, and transducers. The main purpose of our present work is to fabricate
P(VDF-TrFE)/CFO films with enhanced ferroelectric and magnetic properties. To obtain
optimal properties, homogeneous dispersion of CFO nanoparticles in P(VDF-TrFE)

matrix with minimum particle agglomeration is very important [70-72].

In recent years, plenty of research has been done to upgrade the dispersion of
nanofillers in polymer matrix by using surface functionalization technique [73, 74]. The
main challenge is to break the nanoparticles agglomeration and prepare composite film with
well dispersed filler while maintaining the properties of composite film. Also, addition of
more than a specific amount of filler can disturb the chain alignment and as a result reduce
the B-phase content. Therefore, an optimum concentration of filler is also necessary to

achieve maximum magnetic and ferroelectric properties.

Poly (vinylidene fluoride/trifluoroethylene) copolymer contain maximum VDF
content have been extensively studied for their fascinating ferro-electric properties.
Including that piezoelectric and pyroelectric characteristic, PVDF, which is a crucial
ingredient for the synthesis of magnetoelectric composites exhibit phase transition
(ferroelectric-paraelectric). This transition occur when critical temperature is below the

melting temperature. Copolymers exhibit improved ferroelectric properties when PVDF is
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crystallized from melt [75, 76]. Among all the phases of PVDF, B-PVDF is most polar and
exhibits highest ferroelectricity compared to other phases. But this phase is very difficult to
achieve in PVDF homopolymer and has many critical issues. Introduction of TrFE monomers

to PVDF, results in direct crystallization to B-phase [77].

Our aim is to prepare homogenous P(VDF-TrFE)/CoFe>O4 composite films with
well dispersed fillers without any surface functionalization and to find an optimum
concentration of filler at which maximum dielectric and ferroelectric properties can be
achieved. In this work, cost effective solvent casting technique was used, and to ensure the
homogeneous dispersion of nanoparticles with minimum agglomeration, stirring time and

solution viscosity were optimized.
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2 Chapter 02 Experimental Techniques

Different experimental techniques are carried out for the characterization of the

prepared samples. Following are some techniques that are explained in this chapter.

Figure 2.1: Flow chart of the characterization techniques that are taken for my

work.

2.1 X-Ray Diffractometer:

X-rays were discovered by the German Physicist “Roentgen” in 1895. To investigate
the crystallographic structure of the material, we use the x-ray diffraction technique
because the wavelength of x-rays (L) is comparable (1A) to the interplanar spacing (d).

XRD analysis identifies materials based on their phase identification and diffraction
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pattern. XRD also yields information on how the actual structure diverge from the absolute

one, as a result of defects and internal stresses.

2.1.1 Working Principle of XRD:

We know that a regular array of atoms forms a crystal. When x-rays interact with
the atom’s electrons, x-rays are scattered by crystal atoms. This anomaly is called elastic
scattering, and electron is called a scatterer. A regular group of electrons produces an
ultimate collection of spherical waves. These spherical waves go in every direction and
interfere constructively and destructively. In some specific rules, they interfere
constructively and added while most x-rays interfere destructively and cancel each other.

Bragg’s law describes this whole phenomenon and is shown in Figure 2.2:
2dsing = ni (2.1)

where "8" is incident angle of x-rays, "d" is interplanar spacing, "A" is x-rays
wavelength and "n" is an integer. Those specific directions in which beams interfere
constructively appear as a spot. Consequently, we get a diffraction pattern due to the

impinging of electromagnetic waves (x-rays) on a regular array of scatterers.

Figure 2.2: Schematic view of Bragg’s law Reflection [78].

2.1.2 Structural Analysis:

In our laboratory, all XRD scans were performed using a PANalytical Empyrean
System. The main constituents of an X-Ray Diffractometer are an X-Ray tube with Copper

(Cu) as an X-Ray source, X-Ray detector, sample holder, and a computer control system.
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The characteristic wavelengths of X-Rays from the Cu source are KP~1.54187 A,
Kal~1.540593 A and Ko2~1.54442 A. The operating voltage for the PANalytical
Empyrean system is 40 kV, and the operating current is 40 mA. The specimen, X-ray
source, and counter lie in the same plane. In this work, XRD data is taken within the range
of 10°-80°, with step size of 0.02°and stay time of 2 sec. Bragg Brentano geometry is used

in the current analysis with fixed divergence slits.

Figure 2.3: Photograph of PANalytical EMPYEREAN XRD in Magnetism lab QAU.

2.2 Polarizations vs. Electric field (P-E) loop measurement:

Polarization is induced when there is alignment of fixed or induced dipole moments
along the direction of applied electric field. Studying the phenomenon behind that how
atoms or molecules react to an external electric field is polarization. Change in the value

of electric polarization with respect to applied electric field is called hysteresis loop.

2.2.1 Sawyer Tower circuit:

Sawyer and Tower, in the 1930s, carried out the first studies on measuring
hysteresis loops. P-E hysteresis loops of the ferroelectric material is calculated by using
the below ferroelectric tester. Across the ferroelectric specimen electric field is applied,

also known as ferroelectric capacitor, determined by the charge on the ferroelectric
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specimen by integrating the current across the reference capacitor, which is connected in
series with the specimen. Therefore, the charge on the reference capacitor is assumed to be
equivalent to the charge on our specimen. The charge on the ferroelectric capacitor,

determined by using the relation:

Qo = VyCo (2.2)

where "Vy," is the voltage across the reference capacitor and "Q," number of charges stored
on reference capacitor "Cy". The charge stored on each capacitor must be the same.
When two capacitors are connected in series; charge on the reference capacitor and
ferroelectric specimens are same because the ferroelectric illustration is connected in series
with the reference capacitor. Both the voltages are supply into an oscilloscope’s X and Y-
axes to generate the Polarization vs electric field loop. Diagrammatic demonstration of
Sawyer Tower circuit used for ferroelectric hysteresis measurement of film is shown in

below Figure 2.4.

Figure 2.4: Schematic diagram of Sawyer Tower circuit for hysteresis loops

measurement of thin films [79].

In this work, P-E loops measurements were performed using PolyK Polarization Loops

and Dielectric Breakdown Test System, shown in Figure 2.5.
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Figure 2.5: PolyK Polarization loop and Dielectric Breakdown Test System.

2.3 Fourier Transform Infrared Spectroscopy (FTIR):

In FTIR technique, infrared (IR) radiation beam is used to identify functional groups
of materials (solid, liquid and gas). Infrared spectroscopy technique compute the
incorporation of infrared radiation made by each molecule bond. As a result, this displays
a spectrum commonly consigned as transmittance (%) versus wave number (cm™). To
determine the functional group of the molecule, this should be IR active means molecule
has some dipole moment. IR radiations interact with the covalent bonds of the materials.
As a result, molecule absorbs energy, and the adhesives vibrate in back-and-forth
oscillation. Exchange in net dipole moment of the molecule is caused by these oscillations,

and the molecule must absorb infrared radiations.

Symmetrical molecules single-atom don’t absorb Infrared radiations as the former
has no net dipole moment, and the latter have only a single bond. As every bond has some

specific vibrational frequency, so a particular infrared radiation frequency will be absorbed.

Figure 2.6: Nicolet 5700 FTIR Spectrometer.
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2.3.1 Sample Preparation for FTIR:

Preparation of sample is predominant for Infrared spectra analysis. Infrared
radiations are strongly assimilated in glass materials and plastics. The cell or sample holder
comprises of ionic substances i-e., potassium bromide (KBr) or sodium chloride (NaCl).
Plates of KBr are costly but superior over the NaCl plates as KBr plates take down the
infrared spectra from 400-4000 cm™ while the economical NaCl plates take spectra in
the range of 650-4000 cm™'. First, we grind the KBr powder with the addition of acetone
for about 45min to 60 min. After that, we made two pellets of KBr by giving a pressure of
4 tons through a hydraulic press. Then we place our sample between two pellets and place
those pellets in the cell or sample holder. Some carbon dioxide (CO2) and water (H20)
present in the aerosphere typically appear in the compound spectrum. So before proceeds
to the spectrum of our samples, we first run the background spectrum, which produce
complications during elucidation of spectrum. Background spectrum is subtracted from the

compound spectrum.

Table 2.1: Numerous functional groups range in wave number (cm™).

Range (cm™) Functional Groups
2500-3000 Carboxylic (O-H)
2260-2220 Nitrile (CN)
3010-3100 (=C-H) stretch
1620-1680 (C=C) stretch
1750-1680 Ketone C=0
3500-3500 O =C —N - H stretch
2950-2850 C-H stretch
1740-1690 Aldehyde C=0
3200-3550 O - H stretching
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2.3.2 Working Principle of FTIR:

Infrared spectroscopies operate on the principle, that molecules absorb specific
frequencies which are quality of their structure. A lionizing black body source emits beam
of IR rays. This beam then drifts through an aperture which controls the number of IR rays
entering the detector. Then this beam throw into the interferometer where spectral
encoding occurs, and the subsequent signal leaves the interferometer. After that beam
plunge into compartment of sample, where it is pass on to the sample’s surface. Here
specific frequencies, distinctive characteristic of the sample, are pass on. Finally, the
detector takes down the beam and provoke a signal for final calculation. That signal is
digitalized and redirect to the computer where Fourier transformation takes place.

Schematic illustration of simple spectrometer layout is shown in Figure 2.7.

Figure 2.7: Simple spectrometer layout.

2.4 U-Vis Spectrometer:

For the optical measurements of the samples (specially band gap) we use the Lambda
950 spectrometer setup. It is a versatile spectrometer operating in the UV-Visible spectral
range. It also operates in the near IR (NIR) region. Lambda 950 is shown in Figure 2.8, and

1t consists of:

> Double monochromator

> Double beam
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» Ratio recording optical system
Double monochromator
Ratio recording optical system
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Figure 2.8: Features of Lambda 950 spectrometer.

All optical constituents are coated with silica for permanence. Holographic gratings
are handed-down in each monochromator for the ultraviolet and near infrared range. It has
double beam and double monochromator for removing the background signal.It utilizes two
radiation sources, a halogen lamp (HL) and deuterium lamp (DL) and it cover the operating
wavelength range of spectrometer. Photomultiplier tube and PbS act as detectors. Its
resolution is up to 0.05 nm and wavelength range is 175-3300nm. All the optical

compartments are also sealed which helps to protect them from dust or fumes.

2.5 Vibrating Sample Magnetometer:

Vibrating Sample Magnetometer “VSM” is used to evaluate or quantify the magnetic
properties of composites. It is a elementary yet constructive technique for characterizing
properties of magnetic materials introduced by “S. Foner” [80]. VSM measures the magnetic
properties of materials like, solids, powders, single crystals, liquids, and thin films [81].
Vibrating Sample Magnetometer setup allows to probe experimental technique for estimating

properties of magnetic material such as saturation hysteresis, coercivity, and anisotropy.

2.5.1 Working of VSM:

VSM consists of non-magnetic rod connects the sample to the vibrating driving head,

which is then positioned in a zone of DC magnetic field produced by an electromagnet as shown
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in Figure 2.9. A compatible magnetic field induce a magnetic dipole moment in the sample.
The sample is vibrated sinusoidally by the vibrator, which is parallel to applied DC magnetic
field. The sample is set down in the middle of the detection coils, which are made up of two
counter-round pick up coils. The received signals are directly related to the amplitude of the
sinusoidal motion, frequency, magnetic moment of the vibrating sample and geometrical factor

such as surface area of detecting coils and their distance from sample [82].

Figure 2.9: Schematic diagram of a vibrating sample magnetometer [83].
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3 Chapter 03 Synthesis and Structural Characterizations

In this chapter, synthesis method of cobalt ferrite, P(VDF-TrFE) solution and
P(VDEF-TrFE) and cobalt ferrite composite solution, films preparation and characterization

techniques will be discussed in detail.

3.1 Synthesis of CFO nanoparticles:

CFO nanoparticles can be synthesized by various methods, i-e, sol-gel, wet chemical
route [84], co-precipitation [85], precipitation, and heat treatment [86]. Among all these
methods, sol-gel is effective, cheap, and less time-consuming. In present study cobalt
ferrite nanoparticles (CFO) were synthesized by sol-gel method, which is explained below

in detail.

3.1.1 Sol-Gel Method:

Cobalt ferrite (CFO) nanoparticles can be synthesized using different methods. In
the present work, the sol-gel process is used because the sol-gel method is very effective,
less costly, environment friendly, and easy to produce ceramic powders of high purity,
small size, and excellent homogeneity. In the sol-gel process, as the name shows, a solution
is prepared, which is transformed into a gel by thermal treatment. The gel is then calcined
to remove the organics and obtain the final product. In the present work, Acetic Acid and
Ethylene Glycol were used as solvents. A solution of iron nitrate hexahydrate, cobalt nitrate
Nano-hydrate, acetic acid, and ethylene glycol was prepared through magnetic stirring.
After drying the solution, the gel was grinded in acetone and calcined at 800°C in the
furnace. It was observed that the total mass of powder reduced after calcination due to the

removal of different compounds.

3.1.2 Precursors:

The chemicals used to synthesize cobalt ferrite (CFO) nanoparticles are listed

below:
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Table 3.1: Precursors used in the synthesis of CFO nanoparticles.

Chemicals Formula Purity | Suppliers Molecular

Weight

Cobalt Nitrate | Co (NO3)2: 6H20 | 99% Aladdin® China 291.3 g/mol
Hexahydrate

Iron Nitrate Fe (NO3)2- 9H20 | 99.99% | RHAWN™ China 404 g/mol
Nanohydrate

Acetic Acid CH3;COOH 99.8% | Chem.-Lab Belgium | 60.052 g/mol
Ethylene Glycol C2HeO2 99% PANREAC 62.07 g/mol
QUMICA SA

3.1.3 Synthesis method of CFO nanoparticles:

Stoichiometric quantities of Cobalt Nitrate Hexahydrate [Co(NOz3)2- 6H20] are
mixed with the appropriate amount of ethylene glycol [C2H¢O2] and acetic acid
[CH3COOH] (Solution-1). Similarly, the Stoichiometric amount of iron nitrate
Nanohydrate [Fe (NOs3)2:6H20] is mixed with a suitable amount of ethylene glycol
[C2H6O2] and acetic acid [CH3COOH] (Solution-2). Solution-1 and Solution-2 are stirred
in a separate beaker for 2 hours without heating. After that, mix Solution-1 and Solution-2
in one cup and go the solution for 4 hours and 30 minutes without heating. Now place this
solution on a magnetic stirrer at 60°C for 30 minutes. After that, pour the solution into a
Petri dish and cover the Petri dish with aluminum foil. Make small pores on aluminum foil
so that evaporation is done easily and steadily. Place the Petri dish in the oven at 80°C for
14 hours. After that, a solid gel appeared. Using mortar and pestle grind the solid gel in
acetone for 1 hour. The nano-particles were formed by post-annealing under ambient air
conditions in a tube furnace. The size of the nano-particles can be controlled by annealing
temperature. I calcined the CFO nanoparticles in a furnace at 800°C for 4 hours. Flow chart

of synthesis of CFO nanoparticles is shown in Figure 3.1.
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Figure 3.1: Flow chart for the synthesis of cobalt ferrite nanoparticles.

3.2 Synthesis of P (VDF-TrFE) and P(VDF-TrFE)/CFO films:

Different methods can be used to fabricate P(VDF-TrFE) and P(VDF-TrFE)/CFO
free-standing films, such as solvent casting spin coating and electrospray deposition (ESD)
electrospinning, and spray coating. This work used the solvent casting to synthesize free-

standing P(VDF-TrFE) and P(VDF-TrFE)/cobalt ferrite composite films with varying
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CFO concentrations. P(VDF-TrFE)/cobalt ferrite composite films containing 05%, 10%,
15%, 20%, 30%, 40%, and 50wt% CFO are named as P(VDF-TrFE)/CFO 95/5, P(VDF-
TrFE)/CFO 90/10, P(VDF-TrFE)/CFO 85/15, P(VDF-TrFE)/CFO 80/20, P(VDF-
TrFE)/CFO 70/30, P(VDF-TrFE)/CFO 60/40 and P(VDF-TrFE)/CFO 50/50 respectively.

3.2.1 P(VDF-TrFE) Solution Preparation:

P(VDF-TrFE) 15 wt% solution was prepared by dissolving the stoichiometric
amount of P(VDF-TrFE) in DMF using magnetic stirrer. The required amount of Dimethyl
Formamide (DMF) was first added to the beaker and placed on a heating magnetic stirrer.
Following this, the calculated amount of P(VDF-TrFE) for 15 wt% solutions was added to
the beaker and allowed to stir for 1 hour at 60°C. After that, solution was stirred on a
magnetic stirrer at room temperature for 24 hours to align all the chains of polymer. P(VDF-

TrFE) solution preparation flow chart is presented in below Figure 3.2.

P(VDF-TrFE)

.

DMF

A

Stirring on magnetic stirrer (60C 1 hour)

Stirring on magnetic stirrer (24 hour)

P(VDF-TrFE) Solution

Figure 3.2: Flow chart for the solution preparation of P(VDF —TrFE) Solution.
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3.2.2 P(VDF-TrFE)/CFO composite solution Preparation:

To prepare P(VDF-TrFE)/CFO hybrid solution, required amount of cobalt ferrite
nanoparticles was dispersed in polymer solution and stirred continuously for 3 hours using
an electric motor with a DC power supply having a voltage of 1.8 V and current of 4 A.
After 3 hours of stirring, a homogeneous P(VDF-TrFE)/CFO solution was obtained. Seven
different solutions containing 05wt%, 10wt%, 15wt%, 20wt%, 30wt% 40wt% and 50wt%
CFO concentrations were prepared. Flow chart for the preparation of P(VDF-TrFE)/CFO

composite solution is presented in Figure 3.3.

Figure 3.3: Flow chart for the fabrication of P(VDF-TrFE)/CFO composite films.

3.2.3 Film fabrication:

P(VDF-TrFE) and P(VDF-TrFE)/cobalt ferrite free-standing films were prepared
using a hand-made 3x1-inch glass cavity. The cavity was filled with the prepared solution
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and placed in the oven. For P(VDF-TrFE) copolymer films, evaporation temperature was
set at 130°C for 3 hours in the oven. Pristine P(VDF-TrFE) films were prepared using pure
P(VDF-TrFE) solutions while P(VDF-TrFE)/cobalt ferrite composite films containing
05wt%, 10wt%, 15wt%, 20wt%, 30wt%, 40wt% and 50wt% CFO were prepared using
composite solution. Film fabrication steps of composite films by dry casting method are
summarized with the help of flow charts shown in Figures 3.2 and 3.3, respectively. A 3x1

inch film of P(VDF-TrFE)/CFO 85/15 is shown in below Figure 3.4.

Figure 3.4: Glass cavity used for Solvent Casting.
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4  Chapter 04 Results and Discussion

4.1 X-Ray Diffraction:

X-ray diffraction technique is used to study the structural characterization of
prepared samples. XRD of all the films was done using the PANalytical Empyrean system
in the range of 26 = 10°-80° with 0.02° angle increment and step time of 1 second. XRD
patterns of pristine P(VDF-TrFE), Pure CFO, and P(VDF-TrFE)/cobalt ferrite composite

films are shown in below Figure 4.1.

CFO

I P(VDF-TrFE)/CFO 50/50
I P(VDF-TrFE)/CFO 60/40
l E : ‘:F—TI'FE);’CFO 70/30
l P(VDF-TrFE)/CFO 80/20

A \ P(VDF-TrFE)/CFO 85/15

A P(VDF-TrFE)/CFO 90/5
A P(VDF-TrFE)/CFO 95/5

_ L Pristine P(VDF-TrFE)
10 20 30 40 50 60 70 80
20 (degree)

Intensity(arb. unit)

Figure 4.1: XRD pattern of Pristine P(VDF-TrFE), P(VDF-TrFE)/CFO composite
films, and pure CFO.

XRD peaks of pure CFO are well match with the reference card PDF # 22-1086,
specify the existence of spinel phase of cobalt ferrite [87]. No peaks corresponding to
impurity phases are found. Non-appearance of additional diffraction peaks manifest that
pure cobalt ferrite nanoparticles were synthesized successfully. Using Scherrer formula,

average crystallite size of CFO nanoparticles can be determined.
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kA
BcosO

4.1)

where "k" is shape factor, “D” is crystallite size of particles and its value is 0.91,

"B" is full width half maxima (FWHM), "A" wavelength of X-rays, and "0" is Bragg’s
angle [88]. Average crystallite size of CFO nanoparticles calculated from (311) peak is
36.72 nm.

Pristine P(VDF-TrFE) shows highest intensity peak at 260 =19.8°. This peak
corresponds to (110) and (200) planes of B-phase and specify the semicrystalline nature
of the polymer [89]. Sharpness of Pristine P(VDF-TrFE) peak shows that there exists only
single phase. No phases other than the B-phase is observed in the XRD patterns. P(VDF-
TrFE) film is annealed at 130°C to increase the crystallinity of P(VDF-TrFE) [90]. Cobalt
ferrite nanoparticles diffraction peaks were present in all composites samples. Presence of
ferroelectric B-phase of polymer and CFO nanoparticles was confirmed. XRD peaks of pure
CFO are shown in Figure 4.1 as there are multiple peaks of CFO which corresponds to
different diffraction planes [57]. There are peaks located at 29.8°, 35°, 42.8°, 56.7° and 62°
corresponding to diffraction planes (220), (311), (111), (511) and (440).

In P(VDF-TrFE)/CFO composite films (95/5, 90/10, 85/15), prominent peak related
to B-phase is observed, while its intensity reduces in all composite films of P(VDF-
TrFE)/CFO. This decrease in peak intensity indicates that concentration of CFO
nanoparticles changes the B-phase structure of P(VDF-TrFE). It’s due to increase in
aggregation of nanoparticles at higher concentrations of CFO, causing non uniform

dispersion [91].

With the addition of CFO in all composite films, the peak intensity of CFO
increases. Addition of low filler of nanoparticles, induces the crystallization of the B-
phase polymer matrix [92]. Also, the peak intensity of P(VDF-TrFE) decreases with the
addition of filler concentration. Hence, determining appropriate cobalt ferrite nanoparticle

concentration is predominant for elaborating performance of composite films [91].

4.2 Polarization versus electric field response of Pristine P(VDF-TrFE)
and P(VDF-TrFE)/CFO composite films:

P-E loops of prepared samples were computed at room temperature, at 10 Hz and 400

Hz frequencies. P-E hysteresis loops of pristine P(VDF-TrFE) is shown in below Figure
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4.2. P(VDF-TrFE) showed excellent ferroelectric behavior, which confirms the presence of

high concentration of B-phase, as shown by XRD. The addition of TrFE units into PVDF,

caused direct crystallization into ferroelectric B-phase.

30 @ 108z :2 (b) 400Hz
~ 201 - 8-
E 10+ E 4
S o <
< -10/ N4
20+ ry
-30; Pristine PVDF-TrFE -121 Pristine PVDF-TrFE
1.2 -0.8-0.4 0.0 0.4 0.8 12 15 -1.0 0.5 00 05 1.0 15

E (MV/cm) E (MV/cm)
Figure 4.2: P-E loops of pristine P(VDF-TrFE) at (a) 10 Hz and (b) 400 Hz.

For the ferroelectric hysteresis loops measurements Platinum (Pt) electrodes were
deposited on thin films by using sputter coater. Ferroelectric hysteresis loops were taken,
using standard Sawyer Tower circuit already explained in section 2.2.1. Figure 4.2 shows

that PE loops of pristine P(VDF-TrFE) are well saturated.

3](b) 4000z
2.
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£ 14
9
O 0
=
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24
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0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
E (MV/cm) E (MV/cm)

Figure 4.3: P-E loops of (a, b) P(VDF-TrFE)/CFO 95/5.
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Figure 4.4: P-E loops of (a, b) P(VDF-TrFE)/CFO 90/10,(¢c, d) P(VDF-TrFE)/CFO

80/20, (e, f) P(VDF-TrFE)/CFO 70/30, (g, h) P(VDF-TrFE)/CFO 60/40.
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Figure 4.5: P-E loops of (a, b) P(VDF-TrFE)/CFO 50/50.

At room temperature, ferroelectric hysteresis loops of the composite films, with
different ferrite weight fractions are presented in Figure 4.3-4.5. P(VDF-TrFE)/CFO 95/5,
P(VDF-TrFE)/CFO 90/10, P(VDF-TrFE)/CFO 80/20 and P(VDF-TrFE)/CFO 70/30
samples exhibit saturated hysteresis loops. While P(VDF-TrFE)/CFO 60/40 and P(VDF-
TrFE)/CFO 50/50 show lossy capacitor behavior due to the leakage current conduction
mechanism. Samples with higher concentration of CFO becomes conducting, indicating
the presence of leakage current which have prominent effect on the ferroelectric hysteresis
loops. It is reported in literature that this leakage current is the contribution of three current

Sources:

1) Polarizing current (generated by domain switching).
2) Charging and discharging current (produced due to linear polarization).

3) Leakage current (conductivity of samples) because it is not a perfect insulator[93].

P(VDF-TrFE)/CFO composites also shows decreased breakdown strength as compared to
pristine P(VDF-TrFE), due to the additional conduction caused by CFO nanoparticles which
facilitates the breakdown mechanism. This phenomenon can be from two reasons. This

phenomenon can be from two reasons.

1) Ferrite nanoparticles may instigate additional free charges. These charges are
required to compensate and balanced the polarization domain.
2) Ferrite nanoparticles can perform as heterogeneous nucleation centers for

ferroelectric domains during the polarization [94, 95].

We notice that coercive field “E.” is vigorously dependent on the volume proportion
of cobalt ferrite nanoparticles [56]. Value of coercive field escalate with the increase in

CFO concentration and changes from 0.0094, 0.0155, 0.0514, 0.0810 and 0.0989 MV/cm
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under different CFO volume fractions. All these values are measured at 0.11 MV/cm and

10 Hz frequency.

Saturation polarization and remanent polarization increases with the increase in

concentration of CFO. Various parameters Ps (saturation polarization), and Pr (remanent

polarization) and E. coercivity is calculated from the obtained P-E loops at 0.11 MV/cm. These

parameters are compiled in Table 4.1.

Table 4.1: The Py, P- and E. values at 0.11 MV/cm, ferroelectric hysteresis

measurements.
Sample Name Frequency Py P, E.
(uC/cm?) | (nC/ecm?) | (MV/cm)
P(VDF-TrFE)/CFO 95/5 10Hz 0.34 0.04 0.0094
400Hz 0.25 0.02 0.0034
P(VDF-TrFE)/CFO 90/10 10Hz 0.42 0.09 0.0155
400Hz 0.25 0.035 0.0053
P(VDF-TrFE)/CFO 80/20 10Hz 1.08 0.51 0.0514
400Hz 0.49 0.10 0.0109
P(VDF-TrFE)/CFO 70/30 10Hz 2.92 2.23 0.0810
400Hz 0.69 0.25 0.0254
P(VDF-TrFE)/CFO 60/40 10Hz 5.07 4.51 0.0989
400Hz 0.73 0.35 0.04
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Figure 4.6: Value of P,, P, and E. values plotted against weight fraction of CFO.

At0.11 MV/cm field and 10 Hz frequency, it is realized that saturation polarization,
remanent polarization and coercivity increases as the concentration of CFO increases in
P(VDF-TrFE) which is shown in above Figure 4.6 (a-c). Addition of CFO in P(VDF-TrFE)
increases the porosity of the system. As a result leakage current of the system increases.
This increased leakage current is responsible for the increased value of saturation
polarization, coercivity and remanent polarization as a function of CFO concentration in

P(VDEF-TrFE) prepared films.
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Figure 4.7: Ferroelectric loops of P(VDF-TrFE)/CFO films at maximum electric
field of around 0.11 MV/cm.
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In above Figure 4.7(a) it is noticed that, as the concentration of CFO increases,
hysteresis loops become lossy because of the increase in leakage current in the system.
Roundness in the loop is most obvious for P(VDF-TrFE)/CFO 60/40 sample. This is because
as the concentration of CFO increases, space charges also increase which contribute to the net

polarization of material.

Another important observation is that the area under the loop increases with the addition
of CFO. The reason is that with the incorporation of cobalt ferrite nanoparticles,
heterogeneous polarization facilitates in the composite film because of the accumulation of

charge at interface [96].

4.3 U-Vis Visible Spectroscopy:

e P(VDF-TrFE)/CFO 95/5
= P(VDF-TrFE)/CFO 90/10
= P(VDF-TrFE)/CFO 80/20
P(VDE-TrFE)/CFO 70/30
P(VDF-TrFE)/CFO 60/40
=== P(VDF-TrFE)/CFO 50/50

Reflectance (%)

300 400 500 600 700
Wavelength A (nm)

Figure 4.8: Reflectance of P(VDF-TrFE)/CFO composite film.

Reflectance versus wavelength plots of P(VDF-TrFE)/CFO nanocomposites are
shown in Figure 4.8. In UV region, as observed in P(VDF-TrFE)/CFO composites reflectance
decreases sharply up to about 350 nm, and then decreases linearly until 650 nm. This trend is
same in all the composite films. In visible region, no specific trend with the addition of CFO
nanoparticles is observed. Figure 4.9 shows the optical absorption spectra of P(VDF-
TrFE)/CFO 95/5, P(VDF-TrFE)/ CFO 90/10, P(VDE-TrFE)/CFO 70/30, P(VDF-TrFE)/CFO
60/40 and P(VDF-TrFE)/CFO 50/50 samples.
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Direct Bandgap is calculated by plotting (hv*F(R))? versus energy, where F(R) is
Kubelka-Munk function:

(1-R)?

F(R) = 2R

(4.2)

where R is diffuse reflectance. Extrapolating straight line from peak to energy axis gives direct

energy bandgap.

Figure 4.9: (hv*F(R))? versus energy plots for direct band gap of (a) P(VDF-
TrFE)/CFO 95/5, (b) P(VDF-TrFE)/CFO 90/10, (c) P(VDF-TrFE)/CFO 80/20,
(d)P(VDF-TrFE)/CFO 70/30, (¢) P(VDF-TrFE)/CFO 60/40, (f) P(VDF-TrFE)/CFO
50/50.

48




Chapter 4

The bandgap values for P(VDF-TrFE)/CFO 95/5, P(VDE-TrFE)/ CFO 90/10,
P(VDF-TtFE)/CFO 80/20, P(VDF-TrFE)/CFO 70/30, P(VDF-TrFE)/CFO 60/40, P(VDF-
TrFE)/CFO 50/50 are obtained as 1.66, 1.65, 1.62, 1.67, 1.61 and 1.67 eV respectively.
These values are shown in below Table 4.2. No specific trend is observed in the direct
energy band gap of prepared films. The optical bandgap in cobalt ferrite is due to d—d
transitions [97, 98]. Due to the presence of crystal field, level d splits into e, and tog levels.
The energy width between these two levels is different for octahedral and tetrahedral

sites. Energy difference relationship for the octahedral sites (A,) and the tetrahedral sites

(A;) is given by [99]:

Results and Discussion

(4.3)

The band gap of CoFe;0O4 nearly equal to 2.2-2.3 eV [100].

Table 4.2: Energy band gap values of P(VDF-TrFE)/CFO samples.

Sample name Energy band gap (eV)
PVDF-TrFE/CFO 95/5 1.66
PVDF-TrFE/CFO 90/10 1.65
PVDF-TrFE/CFO 80/20 1.62
PVDF-TrFE/CFO 70/30 1.67
PVDF-TrFE/CFO 60/40 1.61
PVDF-TrFE/CFO 50/50 1.67
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4.4 FTIR Spectrum of P(VDF-TrFE)/CFO composite films:
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—_— oo : :
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P(VDF-TrFE)/CFO 95/5

Figure 4.10: FTIR Spectra of P(VDF-TrFE)/CFO composite films.

Fourier-transform infrared spectroscopy (FTIR) allows the existence of different
bonds in a crystal. Room temperature FTIR pattern of all prepared samples is shown in
Figure 4.10. Most infrared-active vibrations for the copolymer are accumulated in a
preferably confined region, 400—1500 cm™ due to large mass of the fluorine atom [101].
Mainly, in spinel ferrites two types of vibration modes are present. Octahedral sites, which
appear in the frequency range of 430-370 cm™ and tetrahedral locations, which apparent
in the frequency spectrum of 600-500 cm ' [102]. Minor peak observed at 580 cm’!

corresponds to characteristic peak of spinel ferrite.

Modes at 661, 504, 841 and 1431 cm™ corresponds to the stretching vibration of
the P(VDF-TrFE) polar beta phase [103]. All the modes from 520-580 cm™ are absorption
bands which shows the stretching vibration of tetrahedral metal-oxygen bonding, and
modes is diminished with the increased of CFO filler content in P(VDF-TrFE). Mode
around (578 cm™!) in the tetrahedral site, is ascribed to the stretching vibrations of the
Fe** [tetra] <> O bond. Intensity of the mode decreases up to 15wt% CFO sample, after that

the mode completely disappeared. Mode observed at 838 cm’! assigned to
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the characteristic absorption of the B-phase, which is associated to the mixed CH; rocking
vibrations and CF; asymmetric stretching [104].

I assigned to the tetrahedral

The absorption modes, observed at 587-583 cm™
complexes also diminishes with the increase of filler content [105]. In all samples with
the increase of magnetic nanoparticles CFO, the ferroelectric beta-absorption decreases up
to P(VDF-TrFE)/CFO 70/30 and disappeared in sample P(VDF-TrFE)/CFO 60/40 and

P(VDF-TrFE)/CFO 50/50. These results are in accordance with the research articles [106].

4.5 M-H and M-T study of P(VDF-TrFE)/CFO composite films:

~ 0.044(a) P(VDF-TrFE)/CFO95/5] (b) P(VDF-TrFE)/CFO 95/5
= =
g = 0.012 1
@ )
= 0.024 =
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Figure 4.11: (a) M-H and (b) M-T graph of P(VDF-TrFE)/CFO 95/5.

Temperature dependent magnetic measurements were taken for some selected
samples at 3 T field. Graph of magnetic moment vs magnetic field of P(VDF-TrFE)/CFO
95/5 in temperature range of (55 K-400 K) is shown in above Figure 4.11(a). The shape and
magnetic moment values of the measured magnetic hysteresis loops depict that
magnetic particles are arbitrarily oriented within the polymer matrix. Initially by applying
external magnetic field magnetic moments aligns themselves and magnetic moment increases

until it reaches saturation, where all magnetic moments get align.

All magnetic loops show ferromagnetic behavior and there is increase in the
maximum magnetic moment Ms up to 200 K and then there is decrease in the magnetic
moment up to 400 K as shown in Figure 4.12(a). The variation of maximum magnetic
moment (M) values with the increase in temperature is probably due to the

rearrangement of cation distribution, i-e., the interchange of Fe’" and Co** ions from
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tetrahedral sites to octahedral sites and vice versa [107]. There is probable two reasons

for the decrease of maximum magnetic moment:

1) P(VDEF-TrFE) polymer layer can be proposed as a magnetic dead layer because its
non-magnetic. Due to this the value of M, vary, owing that the surface magnetic
moment are quenched.

2) Magnetization of the film is interrelated to the volume fraction of CFO nano-
particles by: My = ¢owMys, where M,s, is the saturation magnetization of the
individual nano- particle and ¢vn is the volume fraction of the nanoparticles in

composite film [108].

The decrease in maximum magnetic moment for temperature range 200- 400 K is

based on Bloch’s law:
T o
M(T) = M(0) [1 - T—O] (4.4)

where M (T) is temperature dependent magnetization, T_10 is called the Bloch constant

and "a" is Bloch’s exponent with a value of 3/2 for bulk materials [109]. Bloch’s law is
credible for temperature range 200-400 K. At temperatures lower than 200 K, a deviation
from the modified Bloch’s law occur where a sharp increase in maximum magnetic

moment occur for temperature range from 50 K to 199 K [110].

Magnetic moment with respect to temperature is shown in above Figure 4.11(b).
Values of magnetic moment continuously increases with the increase in temperature. No

evidence of any transition is observed in the measured temperature range.

Table 4.3: The My, H. and M, values of P(VDF-TrFE)/CFO 95/5.

Temperature (K) M (emu) H. (Oe) M, (emu)
55 0.0341 7472.7 0.0268
100 0.0347 5695.3 0.0259
150 0.0353 3704.3 0.0241
199 0.0356 2238.8 0.0210
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Figure 4.12: (a) Ms (b) M, and (c¢) H. graph of P(VDF-TrFE)/CFO 95/5 as a function

of temperature.

Maximum magnetic moment increases with the increase of temperature up to 200
K. After that with the increase in temperature maximum magnetic moment decreases which
follow the Bloch’s law. Maximum value of magnetic moment is reported as 0.0356 emu at
199 K. At all temperatures, there is continuously decrease in the coercive field and
remanent magnetization as observed by above Figure 4.12. Value of coercive field strongly
depends on factors such as the size, shape, calcinations temperature and structure of the

formed particles [67, 111, 112].
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Figure 4.13: (a) M-H and (b) M-T graph of P(VDF-TrFE)/CFO 80/20.

Magnetic moment as a function of applied magnetic field for P(VDF-TrFE) 80/20
sample is shown in Figure 4.13 (a). While magnetic moment with respect to temperature is
shown in Figure 4.13 (b). M-H and M-T data follows similar like P(VDF-TrFE)/CFO 95/5

sample. No evidence of any transition is observed in the measured temperature range.

The magnetic moment arises in ferrites due to the uncompensated parallel electron
spin of individual ion. Neel’s model explained that magnetization intensity is due to metal
ion distribution [113]. Neel’s model explains that there are three types of interactions A-
A, A-B and B-B. The net magnetization is, given by the vector sum of the magnetization
of the two sublattices 1.e.

MS:MB_MA (45)
where M, and My are the magnetization of the sub-lattices A and B, respectively.

Some narrow loops are observed with low coercivity values, which confirms the soft

ferromagnetic nature of cobalt ferrite [114].
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Table 4.4: The My, H. and M, values of P(VDF-TrFE)/CFO 80/20.

Temperature (K) M; (emu) H. (Oe) M, (emu)
55 0.159 7578.2 0.122
100 0.162 5784.3 0.119
150 0.165 3783.5 0.111
199 0.166 2300.1 0.096
249 0.164 1411.8 0.082
299 0.159 937.5 0.067
349 0.151 670.1 0.055
400 0.141 506.2 0.048
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Figure 4.14: (a) M (b) M, and (c) H. graph of P(VDF-TrFE)/CFO 80/20 as a

function of temperature.
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Maximum magnetic moment increases with the increase of temperature up to 200
K. After that with the increase in temperature maximum magnetic moment decreases up to
400 K which agrees to Bloch’s law. Maximum value of magnetic moment is reported as
0.166 emu at 199 K. Remanent magnetization and coercivity decreases with the increase in

temperature as observed by above Figure 4.14.

4.6 Conclusion and summary:

Multiferroics are class of materials where more than one ferroic order is present. In the
present work ferromagnetic particles have been incorporated in the ferroelectric polymer which
results in formation of a composite. This work mainly focuses on the investigation of structural,
magnetic, optical, and ferroelectric properties of polymer nanocomposites with ceramic fillers.
These composites are flexible free-standing films. The CoFe>O4 nanoparticles have been
selected as a filler due to their chemical stability, mechanical hardness, high saturation
magnetization, coercivity and high electromagnetic performance. While PVDF-TrFE is
selected as polymer matrix due to their good mechanical flexibility, ferroelectric properties,
and good breakdown strength. CoFe>O4 nanoparticles were prepared by sol-gel method. XRD
pattern of CoFe>O4 nanoparticles confirms its cubic spinel structure. XRD pattern of PVDF-
TrFE/CoFe>04 composite films, showed that addition of CoFe>O4 nanoparticles decreases the
content of B-phase and crystallinity of PVDF-TrFE matrix.

Ferroelectric loop measurements of PVDF-TrFE/CoFe;O4 films showed good
ferroelectric loops at low concentration of CoFe>Oy fillers which confirms that CoFe;O4
nanoparticles are well dispersed in polymer matrix and confirms that addition of TrFE units
resulted in a high content of B-phase, which was also confirmed by XRD. While at high
concentration of filler content rounded loops appeared (above 30wt%) because
conductivity arises due to the additional free charges of CoFe;0s. PVDF-TrFE/CoFe;04
composite films with different CoFe;O4 content compared at 0.11 MV/cm have showed that
increasing the content of CoFe,O4 filler increases the value polarization at given field due to
the contribution of leakage current and interfacial polarization. Decrease in B-phase content
with the increase of filler was also confirmed by P-E loop measurements. Another important
observation was decrease in the breakdown electric field of composite films with the increase

in CoFe;O4 content.

UV-Visible spectroscopy was performed in the wavelength range of 250-700 nm.

Reflectance and bandgap spectra of all composite films exhibited almost similar behavior. The
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(hv*F(R))? versus energy plots of all composite films showed hump of CoFe;O4 phases. FTIR
analysis shows that modes associated with the B-phase is observed at specific wavenumbers.
Spinel ferrites have two types of vibration modes; tetrahedral sites, which indicate in the
frequency range of 600—-500 cm ™!, and octahedral sites, which appear in the frequency
range of 430-370 cm™. No modes of alpha phase are observed which is consistent with the

XRD results.

Temperature dependent M-H study reveals the saturated ferromagnetic hysteresis
loops. The shape of hysteresis loops changes with increase in temperature due to the presence
of the thermal fluctuations. Both temperature dependent magnetization and hysteresis
behavior have been presented. Remanent magnetization and coercive field decrease with the

increase in temperature. Data has been analyzed on the bases of Bloch’s law.
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