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Abstract

ABSTRACT

A study on physical property dependent EMI shielding effectiveness behaviour of some
magnetic and conducting nanofillers incorporated PVDF nanocomposite system.
Tanmoy Chakraborty

Index No.: 135/22/Phys./28 Registration No.: SOPHY 1113522
Abstract: In the variety of applications where waves interact with matter, it is required to
enhance the ability of the materials to shield the electromagnetic interference (EMI) in terms
of reflection at the surface and absorption into the bulk structure of the materials. When EM
radiation is absorbed, it is transformed into heat energy and released into the atmosphere,
but when it is reflected and transmitted it remains unaltered. The continuous exposure of
EM radiation on living object causes many long-term health hazards such as Alzheimer’s
disease, infertility and AUTISM etc. The main objective of this work is to increase the
absorption of EM radiation in the microwave (MW) frequency region. It is possible to
enhance absorption of MW radiation in numerous ways over reflection and transmission. In
this report the incorporation of magnetic fillers into the polymer system, magnetic-
conducting binary nanofillers incorporated polymer system and their further modifications
in form of multi-layer as well as non-conducting polymer jacket coated multi-layer polymer
nanocomposite structure has been developed to enhance the absorption of MW radiation.
The presence of crystallographic phase of the nanocomposite films has been confirmed
using XRD analysis. The surface morphology of the nanofillers and nanocomposite films
estimated using FESEM micrographs. The role of magnetic response to modulate the
absorption property has been investigated using M-H loop study of the magnetic nanofillers
and nanocomposite films. The EMI shielding study has been carried out and the estimations

of the attenuation percentage for absorption of the MW radiation by the nanocomposite
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Abstract

system has been done. The attenuation constant, which symbolizes the ability of integral
attenuation of the incident EM wave inside the material has been calculated from the real
and imaginary component of relative permeability and permittivity of the nanocomposite
films in the MW frequency region. Therefore, the formation of these magnetic nanofillers
incorporated and magnetic-conducting binary nanofillers incorporated nanocomposite films
as well as their tailor-made multi-layer structure make them more efficient to come out as a
unique concept of improving the absorption property (SEa) and the total shielding

effectiveness (SET) of these laminated nanocomposite films.
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Chapter: 1

Introduction:

A new era starts with the study which aims to address the challenges faced due to advancements
in technology by exploring diverse strategies to minimize its negative effects while recognizing
its importance in modern society. Due to evolution of technology, there has been a substantial
increase in various forms of pollution, namely water pollution, air pollution, soil pollution etc.
which as a whole aggravating many environmental issues such as global warming, loss of
habitat etc. Industries, transportation, and energy production have contributed largely to these
environmental problems. Technological advancements have led to deforestation and
urbanization which have in turn worsened these issues by disrupting natural ecosystems leading
to loss of habitat. Besides these prominent forms of pollution there is also a rise of global issue
related to the excessive exposer of non-ionizing electromagnetic (EM) radiation called EM
pollution. With the progression of technology there is an exponential increase in the number of
electronic devices, wireless communication networks, and power lines, which emit
electromagnetic radiations (EMR). Regardless of its potential impact on human health and the
environment, the recognitions of harmful effects of EM pollution remain almost unrealised and
ignored as compared to other forms of pollution. This discrepancy might be due to the
invisibility of EM pollution, contrary to the visible and tangible effects of conventional
pollutants like smog or contaminated water. It becomes all the more essential to concentrate on
understanding the long-term effects of EM pollution on human health and ecosystems and focus
on finding strategies to combat the harmful effects of EMR. In the following section,
discussions on the definition of EMR, it’s various types, application areas, advantages and
disadvantages of EMR in microwave (MW) frequency region along with strategies to combat

the harmful effects of EMR in MW frequency region have been made.
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1.1 Electromagnetic radiation (EMR):

The direction of energy and wave propagation, together with coordinated oscillations of the
electric and magnetic fields perpendicular to one another, make up electromagnetic radiation
(EMR). These travel in the form of electromagnetic (EM) waves. X-rays, microwaves, radio
waves, and visible light are examples of EMR. It has the ability to pierce solid things and travel
across space. In addition, a variety of uses for EMR exist, including imaging, medical
diagnostics and treatments, and communication [1]. These waves' distinctive properties are
energy, wavelength, and frequency. Global communication has been completely transformed
by technologies including 4G/5G cellular networks, GPS systems, Wi-Fi gadgets, Worldwide
Interoperability for Microwave Access (WIMAX), long-term evolution (LTE), Radio
Frequency ldentification (RFID), and Internet of Things (IoTs). EMR are released by
equipment that uses radio frequencies to receive and send data, such as satellite transponders,
microwave lines, routers, switches, and Wi-Fi modems [2].

1.2 Types of electromagnetic radiation (EMR):

With the advancement of technology to grow more communication system the installation of
cell phone towers, internet router etc. increase rapidly. There are already over 600 million cell
phone subscribers and about 7.4 lakh cell phone towers in India have been constructed to
provide communication services [3]. A wireless communication link between the user and the
network is provided by a mobile tower. It has many radio transmitters, which are merged via
cables to the base station antenna [4]. As a result, the total power that is radiated will be the
same as the total output of all the transmitters. When all the channels are in use during peak
hours, there will be the most exposure to radiations, and the sector with the most call traffic will
also be the one most exposed to EMR [5]. Each mobile phone has a SAR (Specific Absorption

Rate) rating with a limit of 1.6 W/kg so, a person should not use a mobile phone for no longer
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than 24 minutes a day, considering the SAR limit [4, 6]. Unfortunately, most mobile phone
users are unaware of this information, therefore many individuals use their phones for more
than 2-3 hours a day without realizing the potential health risks associated with this practice.
The biological system is negatively impacted by the thermal and non-thermal effects of the MW
frequencies utilized in mobile communication. The cell structures of living objects are impacted
by the microwave radiation (MWR) released by mobile antennas and various other electronics
used at base stations and user-owned mobile phones. Over time, prolonged and continuous
exposure to this radiation may have detrimental effects on the human biological system [7-9].
When EM wave interacts with matter, the wave energy is transferred into the medium and is
absorbed. Human tissue absorbs varying amounts of EMR depending on exposure parameters
such as frequency, intensity, polarization, and duration. The MWR propagates with both electric
and magnetic waves in the form of photons. MWR comes in a spectrum with varying
frequencies and wavelengths, which gives it distinct properties. There are two types of EM
radiation which have been classified as:

1.2.1 lonizing radiation:

EMR having enough energy (10 eV) that interact with matter and create ions is known as
ionizing radiation. Such as, cosmic rays, y-rays, X-rays, and UV radiation etc. lonizing radiation
mainly damages the living tissues and modifies molecular structure which further modifies cell
genetic tissue (chronic effects) [10].

1.2.2 Non-ionizing radiation:

Radio frequency (RF) radiation is classified as non-ionizing radiation. Atoms and molecules
cannot be ionized by RF electromagnetic waves due to insufficient photon energy. MW,
infrared waves (IF), radio waves (RW), etc. are a few examples. The main way that non-ionizing

radiation affects health is via heating bodily tissue [4]. In this study the focus has been given to
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minimize the hazardous effects of MWR on living beings. There are various sources of MWR
which uses various bands of MW frequency such as [11]:

Table 1.1: MW frequency band and their applications

1. UHF Band 300-3000 MHz Television broadcasts, Microwave oven,

Microwave devices, Communications,

Radio astronomy, Mobile phones,
Wireless LAN, Bluetooth

2. L-Band 1-2 GHz Military telemetry, GPS, Air traffic
control (ATC) radar
3. S-Band 2-4 GHz Weather radar, Surface ship radar,

Microwave ovens, Microwave devices,
Communications
4. C-Band 4-8 GHz Long-distance radio
telecommunications.
5. X-Band 8-12 GHz Satellite communications, Radar,
Terrestrial broadband, Space
communications
6. Ku-Band 12-18 GHz Radar, Satellite communications,
Astronomical observations,
Automotive radar
7. Kq-Band 26.5-40 GHz Satellite communications

8. Q-Band 36-46 GHz Satellite communications, terrestrial
microwave communications, radio
astronomy studies and automotive

radars.

2. U-band 40-60 GHz Wireless high capacity, Line-of-Sight

communications.
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3. V-band 40-75 GHz Wireless backhaul and point to
point/point to multi-point radio links.
4. W-Band 75-110 GHz Automotive radars, satellite

communication, astronomy, defence, and

security applications.

1.3 Telecommunication system and it’s developments in modern technology:

A communication system’s primary function is to send signals or information. As baseband
signals, which identify the frequency band and represent the original signal as transmitted from
the information source, are often referred to as message signals. Furthermore, a signal is
typically not a single frequency sinusoid; rather, it consists of a range of frequencies known as
the signal bandwidth [12]. There are two categories of communication systems:

1.3.1 Analog system:

Analog technologies use electronic signals with different frequencies and amplitudes to transfer
data between devices or humans. The most prevalent applications of analog technology are
radio transmission and the telephone [13].

1.3.2 Digital system:

There are two states in which information is generated and processed in digital technology: high
and low. Data is stored and sent digitally as a series of 0 and 1 [13]. On the other hand, two
different kinds of channels exist for communication: Wired and wireless; specially, the working
of wireless communication is based on Ground wave communication, Skywave
communication, Space wave communication, Satellite communication [14]. The evolution of
communication technologies over the past 20 years has fundamentally changed how we live

our daily lives.

T. Chakraborty 5 Jadavpur University



Introduction

To improve the internet communication system the 1G, 2G, 3G, 4G and 5G networking
system has been introduced since early 1980s. Approximately every ten years from the
introduction of 1G in the early 1980s, a new wireless mobile telecommunications technology
has been released. They are all related to the mobile carrier's and the internet device's own
technology. They are better than the previous generation in terms of features and speed
variations. 1G technology only allows voice calls with its analog technology, and the phones
that used it had low security, poor speech quality, short battery lives, and frequent call drops.
1G technology has a maximum speed of 2.4 Kbps [15]. The first significant advancement in
cell phone technology came with the transition from 1G to 2G. This transition from analog to
digital communications for cell phones happened in Finland in 1991 on GSM networks. 50
Kbps is the fastest 2G speed when using General Packet Radio Service (GPRS). The 2G
telephone technology brought data services like MMS, SMS, and picture communications, as
well as call and text encryption [16]. With the advent of 3G networks in 1998, which allowed
for greater data transmission speeds, cell phones were used for increasingly data-intensive
purposes, like mobile internet access and video calling. When 3G cellular technology was
initially introduced, the phrase "mobile broadband™ was used. For stationary devices, maximum
speed of 3G was about 2 Mbps [16]. After that, 4G stands for fourth generation networking,
which debuted in 2008. As compared to 3G, it enables high-speed capabilities including video
conferencing, gaming services, HD mobile TV, and mobile web access. The 4G network can
communicate at a maximum speed of 150 Mbps [16]. In order to improve such a broad variety
of technologies, 5G must undoubtedly focus on a few factors that cause the network's
capabilities and requirements to differ from those of previous generations. Early in 2020, 5G

technology was put into place. 5G networks use radio millimeter bands in the 30 GHz to 300
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GHz range. Results from millimeter Wave testing in the 5G range are obtained at 500 meters
away from the tower. The implementation of 5G with millimeter wave-based carriers can
increase the total coverage area by using tiny cells. Up to 20 gigabits per second is the
theoretical speed of 5G connectivity is expected [17, 18].

1.4 Pros and cons of MWR (A comprehensive analysis):

1.4.1 Pros of using MW radiation:

Long-distance large data transmission via MW is effective and doesn't require physical
connections. Because MW can pass through smoke, clouds, and light vegetation, they may be
used for communication under a variety of circumstances. MW are a kind of radiation that does
not ionize atoms or molecules in biological tissues, in contrast to gamma and X-rays. There are
many uses for MW in cooking by the conversion of EM energy to thermal energy by rotation
of water molecules with MW within the food. Moreover, due to high frequency of MW more
data can be sent at same time, so the antenna size gets reduced, as the frequencies are higher.
1.4.2 Cons of MW radiation:

The living beings are constantly exposed to low-intensity radiation from the cell phone towers
and high-tension power line or sources. Since MWR cannot be smelled, touched, or seen, it
takes extensive exposure to detect their potential danger before biological illnesses appear. The
strength and frequency of the radiation affect biological systems differently. A human body is
70% liquid, thus when it is subjected to EMR, it causes thermal heating effects due to radiation.
Since the wavelength of the frequencies that cell towers transmit matches with that of a human,
there will be a resonance in the human body, leading to localized heating effect. Over time,
chronic low-intensity MWR exposure can lead to major health issues as well as the impact of
MWR can also damage the plants growth. There are many harmful hazards that arise for living

objects related to the MWR and some of the problems listed below.
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1.4.2.1 Impact on Plants:

The immobility and continual exposure to RF/EM wave produced by cell towers, plants provide
excellent models for studying the harmful effects of this radiation. Numerous laboratory
investigations demonstrate that plants exposed to radiation undergo chemical and biological
changes in a short amount of time. In a study on the impact of EMR on plant development,
Jamie A. Dyvig found that exposure to EM radiation reduced plant growth. Continuous
exposure to 2.4 GHz radiation has caused radish plants to grow 16.5% shorter, while wheatgrass
has shown a mean height decrease of 5.1% [19]. Extended exposure to RF/MW can cause a
plant's leaf to become yellow instead of green, which could limit the plant's ability to develop
[18]. Since 5G mobile cells emit radiation using millimeter waves, which have a higher
frequency band, a strong RF/MW radiation will affect the growth of plant and shorten plant
lifetime.

1.4.2.2 Effect on bird species:

Long-term impacts of EMR are observed in birds, including sparrows, owls, and crows;
however, the families of pigeons and crows are less damaged than those of sparrows. This
caused a large number of bird families to move across areas free of radiation and unaffected by
cell tower coverage. There are more birds in certain parts of the place where 3G mobile
technology is still in use than in areas with access to 4G or 5G cell towers. According to some
experts, RF/MW waves also disrupt the earth's magnetic field, which birds need to guide them,
and exposure to EMR causes them to get disoriented and fly in various directions. In order to
navigate, birds use their thin skulls and wings, which function as dielectric receivers. Birds are
unable to procreate due to the harmful effects of radiation; the sparrow species is a prime

example in India [20, 21].
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1.4.2.3 Peril for Expectant Mothers:

Because these MWR constantly react with the growing embryo and growing cells, both the
pregnant lady and the fetus are at risk. The placental barrier, which shields the fetus from some
harmful substances by blocking their passage between the mother's and fetal blood, can be
harmed by MWR.

1.4.2.4 Irreversible Infertility:

Research has shown that heavy mobile phone users have 30% less sperm and also have
damaged sperm. Cell phone radiation can also induce DNA breakage in sperm cells, which can
lead to mutations and can further cause cancer. In addition, damage to sperm DNA can carry
genetic alterations to offspring. One of the main causes of tumors and cancer is damage to DNA.
According to Phillips et al., exposure to MWR can harm DNA [22]. According to research by
Hardell et al. and Muscat et al, exposures to MWR can result in chromosomal breakage and
DNA damage [23, 24].

1.4.2.5 Effect on Pace Makers:

Implantable cardioverter defibrillators (ICDs), pacemakers, and impulse generators can all be
negatively impacted by MW/RF exposure and can develop arrhythmias. Cell phone radiation
or MWR sources can cause implanted pacemakers to malfunction and cease in producing pulses
on a regular basis. It can also cause an external regulating pulse that might kill the patient [25].
1.4.2.6 Effect on eye:

Mobile phone usage on a regular basis can also harm the visual system by the increase the risk
of uveal melanoma, or eye tumors. A rise in temperature around the eye's lens can cause lens
opacities and a chance of getting cataracts, a condition marked by clouding of the natural lens
of the eye and lens opacities. Long-term exposure to MWR can cause both the microscopic and

macroscopic damage, some of which seems to accumulate over time and not heal [26].
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Not only that, it has been demonstrated that EM fields alter brain physiology. Using a phone
right before bed lowers and delays sleep, and it can also result in headaches, melancholy, and
disorientation. The exposure of radiation directly correlates with the percentage increase in
sleep disruption. According to reports, even at a radiation level of 10 uW/m?, there is a 35%
interruption in sleep [27].

So, to control the increasing effect of EM pollution by the quick increase of electronic
devices and the steep rise in the need for wireless communication, the focus has been given
towards to develop such kind of materials that helps to absorb the EM radiation. As a result,
materials to protect against electromagnetic interference (EMI) have been created in an attempt
to address the alarming issue of EM pollution. However, shielding materials now need to meet
greater standards for EMI shielding performance, weight, flexibility, and compatibility with 5G
communication technologies and structure of current electronic goods. The issue has recently
attracted even more attention and grown more significant; thus, it is now more important than
ever to look into it in the pertinent study. Therefore, the requirement of the materials for the
application of EMI shielding study first need to understand about the mechanism of EMI
shielding property:

1.5 Theory of electromagnetic interference (EMI) shielding property:

As per the MW absorption theory, when the EM waves strike the surface of the materials the
incident energy undergoes absorption (SE,), reflection (SER), transmission and multiple
reflection (SEygr). The transmitted wave passes through the outer surface of the material by
undergoing many internal reflections [28, 29]. There are several reflections and surface
reflectance that make up the EM wave's reflection. The dispersive impact of inhomogeneity

within materials is the requirement for numerous reflections. Heat generated by incoming
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MWR can be converted into thermal energy and then absorbed by the material through the

interaction of the EM waves with its molecular and electronic structure [30].

SE; (dB) = —10logy, (?) = SE, + SEp + SEug (1.1)
Where, P: represents the transmitted power
Ing; Shield
and Pg represents the incident power of MWR. Ten Eyy material
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incident EM radiation that causes reflection 0 Distance from EM shicld edge

loss is represented by the dielectric loss. Figure 1.1: EMI shielding mechanism
Conversely, the magnetic loss is a measure of the magnetic interaction between the EM wave
and the nanomaterial. The categorization of absorbers can be accomplished by applying
standard measuring techniques, such as indirect assessment of their EM characteristics.

1.5.1 Shielding effectiveness due to absorption (SEa):

It is known from the wave theory the amplitude of EM wave diminishes exponentially inside
the material as it moves through it. Therefore, ohmic losses and material heating brought on by
currents produced in the medium result in absorption loss. The SEa value of the material can

be written as [31, 32]

d
SE,(dB) = 20loges = 8.7(frou)*/? x dou « ad (1.2)
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Where, d represent thickness of the material, o is conductivity, f is frequency, u is permeability
and a signifies the attenuation constant of the material. So, it is clear that the value of SEa
depends on conductivity (o), permeability (1) and thickness (d) of the material. The degree to
which an EM wave's strength is diminished when it travels through a substance is indicated by

the attenuation constant. This attenuation constant can be written as [33]

\/E I ar ! I arr I ! 17 I/
a=7”f\/(ﬂ e — e+ (u"e" — e+ (We" +p'e')? (1.3)

where, f is the frequency of the incident wave and c is the speed of light.

1.5.2 Shielding effectiveness due to reflection (SER):

The relative impedance mismatching between the EM waves and the surface of the EMI
shielding material is the cause of reflection (SEr) of MW. The SEr value of the material can be

expressed as [31]

Zo
4Zin

SEr(dB) = 20log—=> = 39.5 + 10 log% 2 (1.4)

u
As may be observed, SEr is determined by the ratio of conductivity (c) to permeability (1) of
the shielding material. Therefore, SEr falls with frequency (f) with constant conductivity (o)
to permeability (u). In order to reflect EMR, materials need to have mobile charge carriers, such
as electrons or holes.

1.5.3 Shielding effectiveness due to multiple reflection (SEwmr):

Because of multiple reflection, radiation is trapped between two barriers for thinner materials.
Specifically, the EM waves reflect from the second boundary, return to the first boundary, and
then re-reflect from the first to the second boundary, and so on. The SEwmr of the material can

be calculated by [31]

-2d

SEmMr=20log (1 —e 5) (1.5)
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Where, 6 represent the skin depth, SEwmr is directly connected to absorption and is dependent
on thickness (d). More active sites for EM wave scattering and multiple reflection are provided
by the huge surface area and considerable empty space outside of the solid structure. However,
the shielding effectiveness by multiple reflections (SEwmr) can be neglected of the materials
when their thicknesses are more than the skin depth of the incident MW radiation as well as
when the SEa value of the material is above 10 dB.

1.5.4 SKin depth effect:

The near-surface area of an electrical conductor is penetrated by high frequency EMR this
phenomenon is known as the skin depth effect (3). The attenuation of EM waves in an electric
field mostly takes place on the surface of the shielding materials. Consequently, the skin depth
and the electrical conductivity or permeability of the materials have a negative relationship with
the EM wave frequency. The effect of numerous reflections can be disregarded if the skin depth

is smaller than the thickness of the material. The skin depth effect (3) expressed as [31, 32]

8 =/(nfuo)? (1.6)
Where, f is the frequency, p represent the magnetic permeability, and o represent the electrical
conductivity.
1.6 Factors modulating the EMI shielding performance:
In different literature it has been found that the EMI shielding performance of different
materials depends on various factors such as, size, permittivity, permeability, thickness and the
mass ratio of the materials. The suitable modulation of one or more such physical property can
modulate the EM shielding performance of the materials related to absorption, reflection and
multiple reflection. The details discussion related to the modulation of the above mentioned

physical quantity are listed below.
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1.6.1 Size and morphological property:

To modulate the permeability of the material, dimensions of magnetic particle play a significant
role. It is noticed that eddy current losses diminish when generated eddy voltage (Eeday < area)
declines below a crucial small value of particle size. At the tiny scale of the nanostructures,
anisotropy energy is thought to predominate because some exchange bonds are broken. Spin
relaxation time or frequency are altered by the changes in anisotropy energy. Unlike inherent
resonance, which predicts a constant permeability until relaxation, permeability in
nanomaterials is determined by relaxation processes, with the exception of the bulk magnet
scenario. Relaxation happens at higher frequencies in the superparamagnetic state because spin
fluctuation stays extremely rapid because of its small size [33-38]. Furthermore, several
interfaces were produced by some complex structures with high porosity and huge surface area,
which accumulate bound charges at the interfaces, which leads to Maxwell-Wagner interfacial

effect.

Figure 1.2: (a) Hexagonal shape, (b) Rod like shape and (c) Spherical shape

1.6.2 Permeability and permittivity:

An EM wave is a combination of oscillatory electric and magnetic field. Materials which
interact with one or both of these fields can be utilized for fabrication of EMI shielding material.

For effective MW shielding the most fundamental parameters are the complex permeability
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(ur = ' —jp'") and permittivity (e, = €' — je'"). Here, u’ and u''corresponds to the storing
capacity and loss of magnetic energy respectively whereas, €’ and &'* corresponds to the storing
capacity and loss of electric energy respectively. The EM parameters like complex permittivity
(&, = € + j€e) and complex permeability (u, = ¢’ + ju™) of the material are determined from
the scattering matrix calculated between the sample planes and are often tested using PNA
series Network Analyzer. The Nicolson-Ross-Weir (NRW) approach is often utilized for
conducting this calculation. This approach is noniterative and can be used with coaxial line and
rectangular waveguides. The real and imaginary components of permeability, u'and u'’ strongly
depends on the magnetization value of the magnetic material according to the following relation

[39],

w=1+ (%) cosa 1.7

p' = (%) sing (1.8)

Here, M is the magnetization, H is the external magnetic field and o corresponds to the phase
lag of magnetization with respect to the external magnetic field.

1.6.3 Thickness of the material:

When the thickness (t) of the absorber material is about a fourth of the propagating wavelength

multiplied by an odd number, the minimal reflection of the MWR is detected.

t =n(%) (1.9)
Where, n=(1, 3, 5, ...) and A be the propagating wavelength. The incident and reflected waves
at the absorber material's surface cancel out when the matching condition is met. Reflection of
peaks therefore moved toward lower frequencies as sample thickness increased. The coating on

the Fe component at the surface of the material alters the MW absorption characteristics in
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addition to sample thickness. The rise in thickness due to coating can absorb the EM wave due

to the matching of dimensions [31, 40].

Figure 1.3: Thickness of the materials
1.6.4 Mass ratio of the material:
The electrical characteristics of any material are typically determined by the conductivity's
percolation threshold value [41].

o=oy(V—-V)° (1.10)
Here, o represent the electrical conductivity, oy is natural conductivity, V shows the volume
fraction of materials, V¢ denoted the volume fraction at the percolation threshold and c is the
critical exponent. Conductive networks begin to develop inside matrices at the percolation
threshold. The filler's conductivity, aspect ratio, and morphology are responsible to modulate
the percolation threshold. Furthermore, it is contingent upon the dispersion, concentration, and
compatibility of the filler with the host matrix. The characteristics of the composites begin to
decline over the percolation threshold. For instance, a large volume proportion of filler in the
host matrix (mainly metals) reduces the robustness of the composites.
1.7 Useful materials for EMI shielding:

There are two main EM characteristics of the MW absorbers. The first characteristic is magnetic
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loss, while the second is dielectric loss. The feature of the electrical interaction between the
nanomaterial and the electric field of the incident EM radiation that causes reflection loss is
represented by the dielectric loss. Conversely, the magnetic loss is a measure of the magnetic
interaction between the EM wave and the nanomaterial. The categorization of absorbers can be
accomplished by applying standard measuring techniques, such as indirect assessment of their
EM characteristics or direct measurement of reflection in free space. The useful magnetic
materials for the study of EMI shielding property are:

1.7.1 Spinel ferrites:

When it comes to its crystal pattern,
spinel ferrites are made up of cubic
close-packed (FCC) oxides (O%),
where M’ cations occupy half of
the octahedral holes and M” cations
one-eighth of the tetrahedral holes.
Though they are often red, yellow,

and brown, spinel ferrites can also

be colorless. Octahedral and Figure 1.4: Structure of spinel ferrite (MnosCuo2Zno3Fe204)
tetrahedral groups are the possible locations for metal ions. In contrast to Fe?*, Ni?*, and Mn?*
ions, which tend to occupy octahedral positions, Fe3* and Zn?* ions generally prefer tetrahedral
sites. With part of the M"" atom occupying the octahedral position and the M atom filling the
tetrahedral site, inverse spinel structures are seen in MnZn and NiZn ferrites. These cations in
the spinel structure give rise to tetrahedral and octahedral sublattices arranged in a close-packed

manner through four- or six-fold coordination in the spinel system [31].
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1.7.2 Garnet ferrites

Garnet ferrites have the crystal structure of the silicate mineral garnet and are represented by
the chemical formula M3(FesO12), where M denotes either yttrium or a rare-earth ion. There is

also dodecahedral sites in the structure of

garnet, in addition to the tetrahedral and
octahedral sites as found in spinel. The net
ferrimagnetism arises from the combined
outcome of antiparallel spin alignment among
the three distinct sorts of sites. Garnets are hard
magnets [42]. The garnet crystal structure is

composed of a unit cell that is in a cubic form

and consists of 160 atoms. The distribution of

iron oxide ions is in a ratio of 3:2 between  Figure 1.5: Structure of garnet ferrite (M3Fes012)
tetrahedral and octahedral sites. Yttrium Iron Garnet (YIG) is a widely recognized and
frequently used type of iron garnet material that has distinct functional features that make it
suited for applications involving magneto-optics and RF in the MW region. The chemical
formula of the compound is Y3[Fe2](Fes)O12. In this compound, the Y3* ions are located in the
dodecahedral sublattice sites, two of the Fe** ions are found in the octahedral sites, and the
remaining three Fe3* ions are situated in the tetrahedral sublattice sites. Several studies have
shown that new types of garnet materials can be synthesized by replacing yttrium with
transition-metal or rare-earth ions, such as Bi**, Ce®*", Er**, Tb®*, and others, in the dodecahedral
sites. Additionally, the Fe** ions can be substituted with other elements (such as Ga®*, AI**, or

other metals) in the tetrahedral sublattice sites [43-46].
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1.7.3 Ortho-ferrites:

Ortho-Ferrites are chemical substances with a general formula of RFeOs. R represents the

group of rare earth elements. Their crystal
structure is orthorhombic and they exhibit
moderate ferromagnetism. Instead of using
the letter R in the chemical formula of
Ortho-ferrites, the letter M can also be used,
which represents trivalent metal ions. The
alignments inside the lattices of ortho-

ferrites are anti-ferromagnetically linked.

The material's properties are Figure 1.6: Structure of ortho-ferrite (CaTiO3)

dependent on temperature, and the net magnetization of this material undergoes a 90° rotation.
Ortho ferrite exhibits antiferromagnetic behaviour at temperatures below the Neel temperature.
There are following few characteristics of [(La)w-x)][(Ce)x][(Fe)w-x)][(Cr)x]O3 refers to the
saturation magnetization Ms, remanence magnetization Mg, and the critical field Hc. Their
susceptibility is contingent upon the Neel temperature. There is another type of ferrite called
gadolinium ortho-ferrite, which has a single crystal structure and a magnetization temperature
range of 78-295 K. Another type is Yttrium ortho-ferrite, which operates at an
antiferromagnetic temperature of roughly 602 K. Ortho-ferrites have a face-centered cubic
structure at a temperature of 310 K and a body-centered cubic structure at a temperature of 865

K [47,48].
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1.7.4 Hexaferrite materials:

The crystalline structures of the hexagonal ferrites are inherently related to their magnetic

characteristics, as they are all ferrimagnetic
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crystalline anisotropic, meaning that induced

magnetization has a preferred orientation

within the crystal structure [49]. Figure 1.7: Structure of hexaferrite (BazCo2Fe24041)
Generally, there are six types of hexaferrite has been reported now a days, such as:

1.7.4.1 M-type hexaferrite:

The stoichiometry ration of BaFe12019 compound was long known to exist in 1936 with the
melting point of 1390 °C was confirmed in 1936. But the structure was initially investigated
and magnetically characterized in the early 1950s. It is less expensive to synthesize, had a high
electrical resistivity of 108 Q, and exhibited high magnetic uniaxial anisotropy along the c-axis,
while having a lower saturation magnetization than the alloy magnets with a maximum density
of 5.295 gcm™, and the molecular mass of 1112 g [49].

1.7.4.2 Y-type hexaferrite:

The Y-type hexaferrites are the first ferroxplana ferrites to be found. At room temperature (RT),

almost all of them have a preferred plane of magnetization that is perpendicular to the c-axis.
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The formula of Y-type hexaferrites is BazMezFe12022, where Me is a divalent cation. The Y-
type hexaferrite is composed of one S unit and one L unit, forming a total of six layers. The unit
cell has three of these units and has a c-axis length of 43.56 A. This hexaferrite belongs to the
Ram space group. When compared to ferrites with uniaxial anisotropy, Co.Y-hexaferrite has
lower magnetic permeability. However, it exhibits a significant magnetization at high
frequencies because it benefits from having an easily rotatable magnetization plane [49].
1.7.4.3 W-type hexaferrite:

The formula for W ferrites is BaMe2Fe16027, where Me is often a transition metal or another
divalent cation. In another composition two metal can be used in place of barium. W-type
hexaferrite Fe,W was discovered to have a substantially better electrical conductivity than M
because of the Fe?* ions, but it also had an easy axis of magnetization in the c-axis of the
hexagonal crystal structure. In the c-axis, its computed hardness is 5.5 GPa [49].

1.7.4.4 X-type hexaferrite:

The X-type hexaferrites have the chemical formula BaxMezFe2s046, Where Me is a divalent
transition metal or divalent cation. X-type hexaferrites were initially discovered in 1952 as a
mixed phase with M and W-type hexaferrite. At RT, every X-type hexaferrite exhibits this
uniaxial anisotropy, except of Co2X (MW = 2688 g), which has a magnetization cone at 74° to
the c-axis. It has been mentioned specifically in many articles that the X-type hexaferrite
polycrystalline nanoparticle has significant permeability and permittivity [49].

1.7.4.5 U-type hexaferrite:

The U-type hexaferrites, BasMexFessOeo, here, Me is a divalent cation, were discovered
concurrently with the other hexagonal ferrites discussed here. From the study it has been
observed that the densities of Co,U is 5.44 g cm3, respectively. Co,U-hexaferrite consist planar

anisotropy at RT and a molecular mass of 3622 g. The presence of sufficiently high magnetic
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response and dielectric permittivity of U-type hexaferrite nanoparticles or most of the
hexaferrite nanoparticles could lead to a vast array of novel EM devices for applications [49].
1.7.4.6 Z-type hexaferrite:

The Z-type hexaferrites were found simultaneously with the ferroxplana Y-type hexaferrites
and they contain the composition BasMezFe24041. C02Z has a maximum density of 5.35 g cm™
and a molecular mass of = 2522 g. All Z-type hexaferrites have a uniaxial anisotropy aligned
with the c-axis, except for Co2Z, which is planar at ambient temperature but possesses an
intricate magnetic anisotropy. The Co2Z hexaferrites exhibit magnetic permeability ranging
from 12 to 15, with a resonance frequency of 1.5 GHz. The Co2Z-type hexaferrite is highly
intriguing for MW research due to its spontaneous polarization and planar magnetic anisotropy
[49].

1.7.5 Conducting and semiconducting nanomaterials:

Along with these magnetic nanoparticles to improve the EMI shielding of the composite films
by the improvement of the magnetic loss contribution, the dielectric loss also contributes to the
SE due to absorption. In this regard the incorporation of conducting and semiconducting
nanomaterials helps to enhance the dielectric loss of the material then any possible enhancement
of any one of these two loss factors or the possible enhancement of both of them can enhance
the EMI shielding of the materials with large bandwidth. Here in this study conducting and
semiconducting materials has been chosen for their large aspect ratio, flexibility and its ability
to modulate its charge conduction property depending on temperature and doping. Also, these
type of materials acts as a charge source as a result of which there is more charge accumulation
at the interfaces which enhances the dielectric response. Such kind of conducting and
semiconducting materials are: Single-walled carbon nanotubes (SWNTSs), Multi-walled carbon

nanotubes (MWNTSs), Carbon nitride (CsN4), Molybdenum disulphide (MoSz), Reduced
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graphene oxide (rGO), conducting MXene, Graphene etc [50].

1.7.6 Polymer materials:

The powder form of magnetic and conducting/semiconducting to study the EMI shielding
property was a big challenge. Because, for different measurement purpose there is a
requirement to hold the materials during measurement where a specific holder must be there,
especially during the measurement of EMI shielding property. So, the selection of holding
materials to hold the magnetic and conducting/semiconducting materials is an important part of
this EMI shielding study. Also, the holding materials should be flexible, corrosive resistant,
with controllable thickness and area. Such kind of materials are: Polyvinylidene fluoride
(PVDF), Polyvinylidene fluoride-hexafluoropropylene (PVDF-HFP), Polytetrafluoroethylene
(PTFE), Polychloro trifluoro ethylene (PCTFE), Fluorinated ethylene propylene (FEP),
Ethylene tetrafluoroethylene (ETFE), polyacetylene (PA), polythiopene (PTs), polypyrole
(PPy), polyaniline (PANI) etc. All the above-mentioned polymer are very good piezoelectric
material and their additional contribution to the dielectric permittivity has been imparted in the

resultant materials which is essential for EMI shielding [51].
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Figure 1.9: Structure of Polyvinylidene fluoride-hexafluoropropylene (PVDF-HFP) and
Polytetrafluoroethylene (PTFE)

1.8 Selected materials for the EMI shielding property in this study:

MW absorbers work on an attenuation mechanism, which is characterised by the presence of
dielectric and magnetic losses of the material, which are used in the measurement of the
impedance matching and resonant frequency calculations, respectively. Hexaferrites can exhibit
very high values of resonance frequency, ranging up to 100 GHz, making them very lucrative
in the field of microwave-absorbing-based applications [49]. The presence of c-axis and c-plane
anisotropy results in the creation of a suitable material for MW absorption [49]. In case of
hexaferrite materials the unit cell is comprised of three layers or blocks namely the R-block
which has the most significant hexagonal geometry consisting of the barium ions and two
oxygen layers, the S-block, or the spinel geometry and lastly the T-block having the hexagonal
geometry. On the other hand, it is expected to get a good magnetostrictive response from the
magnetostrictive phase due to the presence of Ni-Zn-Cu-ferrite nanoparticles. The magnetic
properties of Ni-Zn-ferrite can be greatly affected by the size of its particles/domains. Also, the
partial replacement of Zn?* with an optimum limit of 20% of Cu?*, in Ni-Zn-ferrite enhances

the density of copper ions in the resultant magnetic material which leads to increase in its
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resistance to electricity and magnetic permeability.

According to recent studies, the X-type hexaferrite exhibits a high anisotropic field and
saturation magnetization. In fact, the saturation magnetization of the W- and X-types is greater
than that of any other types of hexaferrite. This X-type hexaferrite also possesses excellent
chemical stability, low coercivity, small remanence, high mOicrowave magnetic loss, and is
cost-effective. All of these characteristics contribute to its enhanced microwave absorbing
properties [52-54]. Kyaw et al conducted a study where they synthesized X-type hexaferrites
with a nominal composition of [Baz(ZrosMnos)xFe2sxOas+0.25¢], Where, x values of 0, 1.5, 2,
and 2.5 were used. The synthesis was carried out using the solid-state reaction approach, and
two distinct sintering settings of 1240 °C and 1300 °C for 5 hours were applied. The material
with x = 2 exhibited the highest remnant magnetization, regardless of the sintering settings. The
Baz(ZrosMngs)2Fe26044.5 sample with x = 2, which was sintered at a temperature of 1240 °C,
exhibited a maximum absorption of -36.2 dB (99.975%) at a frequency of 15.4 GHz [55].

The U-type hexaferrite BasMe2Fe3sOs0 possesses the most intricate crystal structure and
the greatest unit cell size. Lisjak et al. conducted a comprehensive investigation on the
characteristics of this type of hexaferrite, focusing on phase formation, thermal stability, and
microwave properties [56-62]. The increased complexity and larger size of the unit cell
contribute to achieving greater absorption of EM waves across a wide range of frequencies. The
anisotropic features of hexaferrites lead to a rise in the ferromagnetic resonance frequency,
allowing them to be customized for the dissipation of EM energy in the MW frequency range.
Polycrystalline samples of the U-type hexaferrite series, specifically (Bai-3xLazx)aCo2Fezs060
with x ranging from 0.10 to 0.20 in increments of 0.05, are synthesized using the usual solid-
state reaction method by Meena et al. The introduction of La%* ions in place of some Ba?* ions

improve electron hopping and decreases magnetic interaction over the entire X-band

T. Chakraborty 25 Jadavpur University



Introduction

frequencies. As a result, the samples exhibit broad microwave absorption across all frequencies.
The sample with a thickness of 1.8 mm and x=0.10 had a minimum reflection loss of RL=-27
dB, indicating a high absorption rate of 99.8% [63].

Z-type hexaferrite (BazMezFe24041) is a ferrite with soft magnetic characteristics that
make it highly valuable for absorbing MW, especially at higher frequencies. The saturation
magnetization (Ms) of the material is 51 emu/g, and its Curie temperature (T¢) is 680 K. The
Co2Z type hexaferrites have a static magnetic permeability ranging from 12 to 15, and their
resonance frequency is 1.5 GHz [64-67]. Magham et al., synthesized barium Z-type hexaferrites
(BazCo2CraxFe2s-2x041 With x = 0, 0.3, 0.6 and 0.9) utilizing the solid-state reaction approach.
The BasCo02Cri2Fe2n 041 sample, with a composition of x = 0.6, demonstrated a peak
microwave absorption of 99.8% at a frequency of 5.34 GHz. All of the samples exhibited a
wide absorption bandwidth ranging from 3 to 3.2 GHz, as well as a large reflection loss of -10
dB [68].

Y-type hexaferrites (BazMe2Fe1202.) exhibit a comparatively lower value of Ms when
compared to other forms of hexaferrites. The Y-type hexaferrites with planar magnetic
anisotropy have received attention due to their capacity to demonstrate higher magnetic
permeability in the GHz frequency range compared to other hexaferrites with uniaxial magnetic
anisotropy [69, 70]. Suthar et al. studied the synthesis of Y-type barium hexaferrite, Bay-
xLaxC02.xMgxFe12022, where x values of 0.1, 0.2, 0.3, 0.4, and 0.5 were used. The synthesis was
done using the sol-gel auto-combustion method. The ceramics that were created were sintered
to a temperature of 1050 °C for a duration of 2 h. The study of shielding efficiency demonstrated
that the shielding efficiency due to reflection (SEr) and overall shielding efficiency (SEr)

improved when the concentrations of La-Mg increased [71].
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Zn-Ni ferrites have attracted significant attention among spinel ferrites because of their
elevated electrical resistivity and reduced magnetic coercivity, resulting in decreased eddy
current losses at high frequencies. It has excellent mechanical hardness, a high Curie
temperature, and exceptional chemical stability. Zn-Ni ferrites possess features that make them
suitable for a wide range of applications, including recording heads, antenna rods, microwave
devices, telephony, and as a core material for power transformers in electronics [72,73].
Recently, it has been used in applications like radar absorbent materials (RAMS). Zinc-Nickel
(Zn-Ni) ferrites, are employed in systems for the transmission and reception of EM signals.
Singh et al. had synthesized Zn-Ni ferrite, Nickel ferrite, and Zinc ferrite using a
solvohydrothermal technique assisted by sonochemistry. The Ni-Ferrite material achieved a
SEr of 28.5 dB, while the Zn-Ni-Ferrite material achieved a SE+ of 30.5 dB in the X band. The
primary factor contributing to the shielding effectiveness in both cases was absorption. This
indicates that the materials were able to successfully reduce the intensity of almost 99.99% of
the incident MW [74].

The conducting/semiconducting fillers of in association with the magnetic materials can
improve the EM shielding effectiveness (SE) of the nanocomposite nanomaterials just by
allowing the flow of current loops inside the composite structures at RT, called eddy current,
since conducting/semiconducting nanofiller can modulate its charge conduction property
depending on temperature and doping [75]. This eddy current inside the nanocomposite
structures may be appeared due to the magnetic flux linkages and it leads to the large absorption
of EMR in the RF/MW frequency region. Among all the different nanofillers materials the
selected conducting/semiconducting nanofiller material, such as rGO with a band gape of 1 to
1.6 eV, C3N4with a band gap of ~ 2.7 eV and MoS> with a band gap of 1.2 eV can be the most

interesting filler material because of its large aspect ratio and flexibility [75].
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The extensively researched 2D nitrides mostly consist of C3Ns nanosheets and
hexagonal boron nitride (BN) nanosheets. Nitrides are not utilized in isolation for MW
attenuation in the literature. They are frequently used as an addition to create multipurpose
microwave absorbers, either to improve thermal conductivity or to boost impedance matching.
C3N4 is a semiconductor with low weight and moderate resistance, which reduces the
conduction loss of electromagnetic waves and improves impedance matching to decrease
surface reflection of EM waves. Lv et al. fabricated graphene/g-C3N4 composites for MW
absorption by depositing g-CaN4 nanosheets onto graphene using a straightforward liquid-phase
method. Due to its suitable resistance, the combination of g-C3N4 on graphene functions as a
resistor, resulting in significant reduction in current when exposed to an EM field. This process
converts EM energy into heat energy through the Joule effect. The optimal reflection loss (RL)
was -29.6 dB at a frequency of 14.5 GHz for a thin coating layer with a thickness of 1.5 mm.
The effective absorption bandwidth of 5.2 GHz (12.8-18 GHz) was achieved with a filling ratio
of only 10 wt.%. [76].

rGO possesses excellent electrical conductivity, significant dielectric constant,
substantial specific surface area, impressive mechanical strength, and low mass density. As a
result, it provides remarkable benefits for the purposes of shielding and absorbing EM waves.
Nevertheless, its effectiveness as a microwave absorber is limited due to its high conductivity,
resulting in significant interfacial reflection caused by the impedance mismatch with the
surrounding. Undesirable reflections can cause interference, information leakage, and signal
loss in several scenarios, including anechoic chambers, stealth coating, and signal receivers. In
order to enhance the MW absorption capabilities of materials based on graphene, such as
reducing the reflection loss (RL) and increasing the range of frequencies absorbed, it is common

practice to incorporate different dielectric or magnetic elements into the composite system.
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Zhang et al. synthesized composites of reduced graphene oxide (RGO), copper sulfide (CuS),
and polyvinylidene fluoride (PVDF) using wet chemistry and a hot-press technique. In this
procedure, CuS complex microspheres of consistent size were included within the RGO layers,
resulting in distinct core-shell nanostructures. These nanostructures were then hot-pressed into
the PVDF matrix. Composites containing 15 wt.% filler demonstrated a dielectric constant of
36 at 2 GHz, which is ten times more than that of pure PVDF. Composites with 5 wt.% filler
showed a minimum RL of -32.7 dB at 10.7 GHz when the thickness was 2.5 mm. The enhanced
RL is elucidated by the Debye dipolar relaxation of the composites [77].

2D MoS: nanosheets exhibit exceptional MW absorption properties due to their unique
2D structure and appropriate EM characteristics. These properties result in significant losses
through interfacial polarization and a multimode attenuation mechanism. MoS; nanosheets can
serve several functions, such as impedance modulation, microwave attenuation, or structural
support, when used in conjunction with other absorbers. Research was conducted on MoS;-
based multinary composites to enhance their EM performance. Quan et al. incorporated
graphene into composites based on MoS> to modify the dielectric properties in order to achieve
a more optimal balance between impedance matching and energy conservation. This is
necessary because using only pure graphene or pure MoS:; is not effective in attenuating EM
waves due to either excessive surface reflection or inadequate dissipation. MoS2/RGO
composites were synthesized using a simple hydrothermal method. The dielectric constant of
the composites was controlled by adjusting the mass ratio of the precursors, resulting in an ideal
equilibrium between impedance matching and energy conservation. The RL reached a
minimum value of -67.1 dB at a frequency of 14.8 GHz. The effective bandwidth for EM wave
absorption, where the RL is less than -10 dB, was 5.92 GHz (ranging from 12.08 GHz to 18

GHz) were obtained using a thin material with a thickness of 1.95 mm. The study showed that
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having better performance on one side alone does not ensure good microwave absorbing
capabilities. To improve the microwave absorbing qualities, it is crucial to effectively combine
impedance matching, attenuation ability, and absorber thickness [78].

Now, in order to hold the materials during EMI shielding measurement, a specific holder
is required to contain all the powder materials. So, piezoelectric polymers PVDF and PVDF-
HFP have been selected to not only have a laminated film structure to hold all the materials but
also to incur dielectric losses in the GHz frequency range due to the enriched polar B-phase of
PVDF and PVDF-HFP.

Although the above-mentioned materials have good EMI SE, their applicability are
limited due to their poor mechanical properties and processing problems [79]. In order to
prevent this issue, a potential solution is to include the fillers in engineering thermoplastics like
poly (vinylidene fluoride) (PVDF). This technique offers the benefits of improved design
flexibility, increased mechanical qualities, and excellent EMI SE. Polyvinylidene fluoride
(PVDF)-based polymers have garnered ongoing interest in EMI shielding applications because
of their inherent dipole and interfacial polarization effects. These properties contribute to the
improved dissipation of EMR [80]. Zhao et al produce nanocomposite foams made of
poly(vinylidene fluoride) (PVDF) and 10 wt% graphene nanoplatelets (GnP) that are
lightweight and exhibit exceptional EMI SE. The foam thickness played a crucial role in
determining the EMI shielding capabilities. The EMI SE of the PVDF/10 wt%-GnP foam,
which has a void percentage of 48.7%, improved from 12.4 to 32.2 dB at 26.5 GHz and from
15.2 to 37.4 dB at 40 GHz when the thickness of the sample rose from 1.5 to 3.0 mm [81].
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Chapter: 2 Experimental
2.1 Materials:
2.1.1 Required chemicals and apparatus used to synthesized nanoparticles and
nanocomposite film:
Synthesis of nanoparticles and the fabrication of an effective nanocomposite film to study the
EMI shielding property, the most important part is the selection of precursor chemicals of high
degree of purity. For the synthesis of different ferrite magnetic materials such as, spinel ferrite
(Ni-Zn-Cu-ferrite) and hexagonal ferrites (Co2X, Co2U, Co2Z and Co.Y)) the required precursor
salts or chemicals are Nickel (1) acetate tetrahydrate Ni(CH3COOQ)2-4H20O (Sigma Aldrich,
99%), Zinc (Il) acetate dihydrate Zn(CH3COQO),-2H,0O (Sigma Aldrich, 99%), Copper (1)
acetate monohydrate Cu(CH3COQ)2-H.O (Sigma Aldrich, 99%), Iron (111) nitrate nonahydrate
Fe(NO3)3-9H.O (Merck Germany, 99%), Barium (Il) nitrate Ba(NOz)> (Merck Germany,
99%), Cobalt (I1) nitrate Co(NO3) (Merck Germany, 99%), Strontium (1) nitrate (Sr(NOs).)
(Merck Germany, 99%), Citric acid (CsHsO7), Acetone (C3HsO), and Ethyl alcohol (C2HsOH).
The semiconducting (CsN4 and MoS>) and conducting (rGO) nanofillers acts as a charge
source inside the PVDF matrix at the interfaces. In association with the magnetic nanofillers,
the resultant composite can improve the shielding effectiveness due to absorption (SEa),
reflection (SER), and the total shielding effectiveness (SEt). The required precursor chemicals
to synthesize the semiconducting and conducting nanofillers are Melamine (CsHsNe),
Molybdenum Oxide (M0Os3) (Sigma Aldrich, 99%), Potassium thiocyanate (KSCN) (Sigma
Aldrich, 99%), Graphite fine powder (Loba Chemie), Sodium nitrate NaNOz (Merck Germany,
purified), Sulphuric acid (H2SO4) (98% concentrated, Merck), Potassium permanganate

(KMnOg4) (Loba Chemie India, 99%), Hydrogen peroxide (H202) (30% concentrated, Merck),
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Hydrochloric acid (HCI) (35% concentrated, Merck), Hydrazine hydrate (made in Germany,
Sigma-Aldrich) and Milli-Q water.

Making a high degree of flexible, free standing and mostly cost-effective nanocomposite
material is more important to conduct the whole EMI shielding property study without having
any breakdown. To synthesize the nanocomposite film Poly(vinylidene fluoride)pellets
(molecular weight Mn: 107,000, Mw: 275,000 (hpc), Aldrich, Germany), Poly(vinylidene
fluoride-co-hexafluoropropylene) (PVDF-HFP) (average Mw: 455,000 Sigma Aldrich), N, N-
dimethyl formamide (DMF, Merck, India) have been considered. Using these high quality and
contamination free chemicals we have synthesized the required spinel ferrite-PVVDF, hexagonal
ferrites-PVDF (Co2X-PVDF, Co,U-PVDF) and the binary nanofillers-PVDF (NZCF-PVDF,
C02X-C3Ns-PVDF, C02Z-rGO-PVDF and Co2Y-MoS2-PVDF) nanocomposite films.

2.1.2 Apparatus used to fabricate the materials

During the synthesis of nanomaterials and nanocomposite films different types of apparatus
have been used and the required apparatus are:

2.1.2.1 Recurring apparatus

The recurring apparatus are weighing machine (WENSAR), beaker (Borosil), petridish S-line
(Borosil), micro pipet, spatula, glass rod (Borosil), teflon jacket, autoclave, glass vials (Borosil),
centrifuge and hot air oven.

2.1.2.2 Non-recurring apparatus

The following non-recurring apparatus are micro tip (Tarsons), micro centrifuge tube (Tarsons,
2 ml), centrifuge tube (Thermo Fisher Scientifics, 50 ml), aluminium foil and tissues.

2.2 Methods:

2.2.1 Synthesis of magnetic hexaferrite and ferrite nanoparticles by sol-gel method:

The synthesis of hexaferrite (Co2X, Co2U, Co2Z and Co.Y) were prepared by the simple sol-
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gel method [1]. The stoichiometry ration of different hexaferrite used to synthesized the
nanoparticles are Co2X: BaxCozFe20as6, CoU: BasCozFessOs0, C02Z: BasCozFe24041 and
Co2Y:BaxCo2Fe12022. In this method the required amount of precursor salts was taken in a
beaker and as a solvent ethyl alcohol (C2HsOH) have been used. The mixture was then placed
over magnetic stirrer for 2 hrs to get a homogeneous solution at 60 °C. After few hours the
solution become dense and placed it inside the hot air oven at 70 °C. After 24 hrs the dense
solution transform into dried flaky like structure and we have ground it using mortar pestle until
the flaky like structure become powder. The details of the synthesis procedure has been shown
in Figure 2.1. The as prepared hexaferrites was annealed in between 1100 to 1400 °C in hot air
furnace for 6 hrs. Using the same above-mentioned method, the spinel ferrites nanoparticles
Nio.50Zno.30CuUo.20Fe204 (NZCF) have been synthesized and the as prepared nanoparticles
annealed at 400 °C for 6 hrs. The annealing process is most important part because in order to
get desired size and to ensure structural integrity, along with phase formation [2]. The growth
of crystallites into grain can improve the magnetic domains present in the magnetic materials.
The formation of large magnetic domains can further enhance the magnetization, remanence

and magnetic loss of the finally prepared hexaferrite and ferrite nanoparticles [3].
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Figure 2.1: Synthesis of hexaferrite and spinal ferrite nanoparticles by sol-gel synthesis

method.

2.2.2 Synthesis of semi-conducting and conducting nanofillers:

2.2.2.1 Synthesis of carbon nitrate (C3N4) by solid state reaction method:

The semiconducting C3N4 nanofillers was prepared by following one-step solid state reaction
method. The desired product was obtained via heat treatment of 10 g melamine in a 7 ml curved
bottom silica crucible and partially covering it with the cap. The crucible with the precursor
was annealed in the presence of air using a hot air furnace at 500 °C for 4 hrs with a heating
rate of 3 °C/min. The crucible containing C3sN4 was then cooled to room temperature before
collecting the powdered sample. A colour change was observed from white to faded yellow
indicating the effective condensation of melamine resulting in a high yield of C3Na4 with
negligible loss in precursor [4]. The synthesized yellow sample was finely grounded using

mortar pastel and the final form of C3zN4 has been collected.
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2.2.2.2 Synthesis of reduce graphene oxide (rGO) by modified Hummer’s method:

Before getting the highly conducting rGO nano sheet graphene oxide (GO) has been
synthesized using most effective modified Hummer’s method. In this method, the precursor
salts, namely graphite flakes and sodium nitrate (NaNO3) were taken in stoichiometric ratios
(2:1) in a beaker, wherein they were dissolved in 50 ml of 98 % concentrated H2SO4. The first
phase of the reaction was carried out at low temperature conditions using an ice bath while
stirring the suspension and maintaining the overall reaction temperature below 10 °C. This
mixture was stirred for 2 hrs followed by the dropwise addition of freshly prepared 6 g of
KMnO;4 solution, to promote oxidation. Using the mid-temperature phase of the reaction,
constant stirring was maintained and the ice bath was removed, the reaction temperature rose
upto 30 °C and the conditions were maintained till a partly brown colour solution was obtained,
after that 100 ml of milli-Q was slowly added to the solution. The temperature got rapidly
increased to about 98 °C, resulting in a brown coloured solution which was then diluted by
adding 200 ml of milli-Q while maintaining constant stirring. In order to terminate the reaction
process 10 ml of H.O> was added to the solution and the solution turned yellow in colour. This
sample suspension was subsequently washed multiple times with dilute HCI followed by milli-
Q, decanting the supernatant each time, and eventually drying the washed sample in a vacuum
oven, yielding a black coloured graphene oxide (GO) powder [5]. The dried GO powder was
dispersed in milli-Q (1 mg/ml) and hydrazine hydrate (1 ml for 50 mg of GO) was added to the
solution under continuous stirring and maintaining the temperature around 80 °C. After 12 hrs
stirring, the resulting suspension was washed with distilled water to adjust the pH of the sample.
The resulting sample was then finally dried in a hot air oven, and thus reduced graphene oxide
(rGO) was obtained. Figure 2.2 represent the details synthesis procedure of reduced graphene

oxide (rGO).
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Figure 2.2: Synthesis of reduced graphene oxide (rGO) by modified Hummer’s method.

2.2.2.3 Synthesis of molybdenum sulphide (MoS2) by hydrothermal method:

MoS: nanoparticle synthesized via hydrothermal method. For the fabrication of MoS: precursor
chemicals MoOz and KSCN are mixed in a 1:2 molar ratio with 60 ml of milli-q water. For an
hour at 50 °C, the mixture is constantly agitated to ensure complete mixing and solvent
dissolution of the precursors. The well-dispersed solution placed in stainless-steel autoclave
with a Teflon jacket. After that, the complete system is put in an oven and heated to 200 °C for
24 hrs. Following completion of the process, the resultant suspension is carefully collected from
the Teflon jacket and separated by centrifugation. The supernatant is effectively discarded by
thorough washing and the pH level of the solution maintain at 7 in order to confirm that no
unreacted species remain. Now, the sample has been collected and dried it using hot air oven at

70 ©C and then mortared and the details synthesis procedure has been given in Figure 2.3 [6].
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Figure 2.3: Synthesis of reduced semiconducting MoS; by hydrothermal method.

2.2.2.4 Synthesis of binary nanocomposite by grinding-mixing method:

The hexaferrite binary nanofillers (Co2X-C3Ns4, C02Z-rGO, Co.Y-MoS2, and NZCF-C3Na) has
been prepared by the one step solid-state reaction method [7]. At first, both the synthesized
magnetic nanoparticles (Co2X, Co2Z, Co.Y, and NZCF-C3N4) and semiconducting/conducting
(C3Ng4, rGO, MoS>) were mixed with proper proportion (mentioned in Table 2.1) in an organic
solvent (acetone) and the homogeneous mixture of magnetic nanoparticles and
semiconducting/conducting was prepared using ultrasonic bath sonicator. After several minutes
of sonication process the homogeneous mixture was dried on a glass plate using hot air oven at
60 ©C. The dried mixture was then grounded thoroughly in order to make the homogeneity of
the mixture even better. After an hour of grinding process, the mixture was poured again in the
organic solvent to make the well dispersed solution. This solution was then sonicated again and

the entire process was repeated for 3-4 times. Finally, the dried and homogeneous mixture of
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C02X-C3N4, C02Z-rGO, and Co2Y-MoS; binary nanofillers has been collected.

Table 2.1: Specifications of binary nanofillers

1. NFC55 50:50 wt.% of NZCF:C3N4
2. NFC73 70:30 wt.% of NZCF:C3N4
3. XC73 70:30 wt.% of C02X:C3Ny
4. rZ55 50:50 wt.% of rGO:Co2Z

5. rZ37 30:70 wt.% of rGO:Co2Z

6. YM55 50:50 wt. % of Co2Y:MoS;
7. YM91 90:10 wt. % of Co.Y:MoS;

2.2.2.5 Synthesis of nanofillers-polymer nanocomposite film by solution casting method:

The synthesis of binary nanofillers-polymer nanocomposite films synthesized using a cost-
effective simple solution-casting method and the details procedure has been given in Figure 2.4.
In this method the required amount of PVDF/PVDF-HFP pellets were initially taken in a glass
vial with N, N-dimethyl formamide (DMF). After that, they were put on a magnetic stirrer at
50 OC to prepare the PVDF/PVDF-HFP gel. The PVDF/PVDF-HFP solution turned into a
homogenous transparent gel. On the other hand, hexaferrite (Co2X, CozU) and the binary
nanofillers (NZCF-C3Nas, Co2X-C3Na, C02Z-rGO, and Co2Y-MoS>) were taken in another glass
vial with DMF and the solution has been dispersed using vortex for an hour. Now, the thick,
transparent gel of PVDF/PVDF-HFP was then supplemented with the hexaferrite and the binary
nanofillers. For a one hour, the entire apparatus was submerged in a sonicator to ensure that the

binary inside the PVDF/PVDF-HFP gel were evenly mixed. After that, the homogenous
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mixture of Co.X-PVDF, Co.U-PVDF, NZCF-C3N4-PVDF, C02X-C3Ns-PVDF, C02Z-rGO-
PVDF, and Co2Y-Mo0S>-PVDF-HFP was substrate at dried and cleaned petridish and placed it
at hot air oven at 70 °C for 6 hrs [8]. This slow evaporation is maintained to get the development
of better interfacial area between the nanofillers and the polymer structure. After a slow
evaporation process the casted mixture is now transform into a thick, free standing and flexible
nanocomposite film. As mentioned the above process the bare PVDF and PVDF-HFP film has
been synthesized. The details of the nanocomposite films discuss in the bellow mentioned Table
2.2.

Table 2.2: Specifications of nanocomposite films

1. NFCP552 20 wt.% of NFC55 in 80 wt.% of PVDF
2. NFCP553 30 wt.% of NFC55 in 70 wt.% of PVDF
3. NFCP732 20 wt.% of NFC73 in 80 wt.% of PVDF
4. NFCP733 30 wt.% of NFC55 in 70 wt.% of PVDF
5. XCP732 20 wt.% of XC73 in 80 wt.% of PVDF
6. XCP733 30 wt.% of XC73 in 70 wt.% of PVDF
7. rZP552 20 wt.% of rZ55 in 80 wt.% of PVDF
8. rZP553 30 wt.% of rz55 in 70 wt.% of PVDF
9. rZP372 20 wt.% of rZ37 in 80 wt.% of PVDF
10. rZP373 30 wt.% of rZ37 in 70 wt.% of PVDF
11. YMP552 20 wt.% of YM55 in 80 wt.% of PVDF
12. YMP553 30 wt.% of YM55 in 70 wt.% of PVDF
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Figure 2.4: Synthesis of binary-hexaferrite-PVDF and binary-spinal ferrite-nanocomposite

nanocomposite film

film by solution casting method.

2.3 Instrumentations:

In experimental research work on the most important part is uses of instruments starting from
the synthesis of materials, characterization to fundamental study of the respective field. In this
report to study the EMI shielding property of some magnetic fillers incorporated polymer or
binary fillers incorporated polymer nanocomposite various type of measurement have been
done. The details of the utilized instruments are mentioned in bellow:

2.3.1 Furnace

Muffle furnaces operate using the indirect heating concept, in which the material to be heated
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is put inside a separate chamber known as a muffle and the heating sources are located outside
the furnace chamber. Usually, a ceramic substance like alumina is used to make the muffle
because it is resistant to chemical corrosion and high temperatures. The heating elements in the
muffle furnace get an electric current when turning on, which causes them to heat up and radiate
heat toward the muffle. A temperature controller regulates the temperature within the muffle
by keeping an eye on it and modifying the power given to the heating components as necessary.
This guarantees that the material will neither overheat or underheat when heated to the
appropriate temperature. When material needs to be heated to temperatures of 1200 °C or more
for high-temperature processes including sintering or calcination muffle furnaces are usually
utilized. In this report the spinel ferrite (NZCF) and the hexaferrite (Co2X, Co2Z, and Co.Y)

nanomaterials sintered at 400 °C and 1200 °C respectively.

Figure 2.5: High temperature Muffle furnace.
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2.3.2 Thermo Gravimetric Analyzer (TGA) and Differential Scanning Calorimetry
(DSC):

The mass los of a sample is determined over time and temperature varies in a thermal analysis
technique is called thermogravimetric analysis, or thermal gravimetric analysis (TGA). The
measuring phenomena give us the information on both physical and chemical phenomena, such
as thermal stability, and solid-gas interactions. Physical phenomena include phase changes,
absorption, and desorption. The sample is heated at a controlled rate in a specific atmosphere
(air, N2, Coz, He, Ar, etc.) for thermogravimetric analysis. The sample’s weight variation is
noted in relation to temperature and/or time. For a known beginning weight of the substance,
the temperature is raised at a fixed pace, and weight variations are recorded as a function of
temperature at various intervals. The thermo-gravimetric curve, sometimes known as the
thermo-gram, is this plot of weight change versus temperature.

On the other hand, based on the temperature difference between the sample and the
reference material, differential scanning calorimetry (DSC) estimates the amount of heat that
the sample radiates or absorbs excessively during a temperature shift. For the better
understanding of melting and crystallization behaviour of the material can be done by
Differential Scanning Calorimetry (DSC) study. From this DSC study we have recorded the
onset temperature (To), peak temperature (Tp), end temperature (Te) and the enthalpy (AH)
values of the material. The thermal properties of the materials were recorded using Perkin EImer

6300 series thermoanalyzer (Perkin Elmer, Waltham, MA, USA).
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Figure 2.6: Thermo Gravimetric Analyzer.

2.3.3 X-Ray Diffractometer:

X-ray powder diffraction (XRD) is most useful method to identify the phase of a crystalline
material and the providing information related on unit cell dimensions. Also, the X-ray
diffraction is used to study the atomic spacing and crystal formations. The incident X-rays
interact with the sample to produce constructive interference, when conditions meet Bragg’s
Law (nA = 2d sin 0), where, A stands for incident X-ray wavelength, d stands for the average
crystallite size, 0 stands for Bragg’s angle, which relates the wavelength of the electromagnetic
radiation to its diffraction angle and lattice spacing in the crystalline sample. The X-rays are
made up of several elements, K, and Kg are the most common. One of the most common targets
for single-crystalline diffraction is copper, the wavelength of CuK, is 1.5418 A of D-8 Bruker
advanced. Using this X-rays study the individual phase of bare PVDF/PVDF-HFP, all the
magnetic nanoparticles (Co2X, Co2Z, Co.Y, and NZCF), conducting nanofillers (CsN4, rGO and

MoS,), multiphase nature in binary nanofillers (Co2X-C3N4, C02Z-rGO, Co2Y-MoS,, and
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NZCF-C3Nas) and in nanocomposite films of Co2X-PVDF, Co.U-PVDF, NZCF-C3Ns-PVDF,

C02X-C3Ns-PVDF, C02Z-rGO-PVDF, and Co,Y-Mo0S,-PVDF-HFP has been estimated.
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Figure 2.7: X-ray powder diffractometer.

2.3.4 Field Emission Scanning Electron Microscopy (FESEM):

The interaction between the electron beam and specimen, the losses of energy express in terms
of various mechanism, such that:

1. Heat energy

2. emission of low-energy secondary electrons

w

. high-energy backscattered electrons

4. light emission or X-ray emission.

By using a low-energy electron beam (usually between 1 and 30 keV) to scan the sample's
surface and achieve resolutions in the low nanometer range, FESEM produces an image of the
material. A picture is created by detecting the backscattered or secondary electrons that are
generated when the incident electron beam is traversed across the sample's surface in a raster
pattern. In this report using INSPECT-F50 (FEI, Netherland) the surface morphology of the

nanoparticles and nanocomposite films has been collected. The EDS and elemental mapping
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help to confirm the presence of existing elements inside the nanocomposite film and

nanoparticles.
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Figure 2.8: Field Emission Scanning Electron Microscopy (FESEM).

2.3.5 High resolution transmission electron microscopy (HR-TEM):

In High resolution transmission electron microscopy (HR-TEM) a positive electrical potential
is used to accelerate an electron stream coming from an electron source, commonly referred to
as the "Gun," in the direction of the sample. Then, using magnetic lenses known as "condenser
lenses™ and metal apertures, this stream is concentrated into a narrow, monochromatic beam. A
portion of the beam is transmitted through the sample when it collides with it. The investigation
of crystallographic phase, surface morphology and the presence of different elements in the
nanoparticles have been carried out by the HRTEM analysis. Also, the Selected Area
Diffraction (SAED) pattern use to confirms the structure of the nanoparticles and the elemental
study (EDX) have been done to confirm the presence of all the elements of the nanoparticles.
The HR-TEM study carried out using JEOL JEM 2100 HR, EELS microscope (Japan,

accelerating voltage at 80-200 kV).
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Figure 2.9: High-Resolution Transmission Electron Microscopy (HR-TEM).

2.3.6 Fourier Transform Infrared (FTIR) spectroscopy:

Using a Fourier transform infrared (FTIR) spectrophotometer and bonding network analysis,
phase purity at the molecular level was examined. This experiment has been done using
Shimadzu Infrared Spectrometer, the IR Affinity 900i. ATR (attenuated total reflectance) was
used to perform the measurement where, the nanocomposite films were put over the path of
infrared light and the data in a region of 400-1200 cm™ wavenumbers. By this chemical
property study, we will try to understand the polarization corresponding to the B-phase of the

polymer matrix in the nanocomposite films.
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Figure 2.10: Fourier Transform Infrared (FTIR) spectrometer.

2.3.7 X-Ray Photoelectron Spectroscopy (XPS):

The elemental composition of a material, as well as its chemical state, overall electronic
structure, and density of electronic states, can all be determined using X-ray photoelectron
spectroscopy (XPS), a surface-sensitive quantitative spectroscopic method based on the
photoelectric effect. The number of electrons found at a certain binding energy is plotted in an
XPS spectrum. There are distinct XPS peaks produced by each element. The electron
configurations of the individual atoms, such as 1s, 2s, 2p, 3s, etc., are represented by these
peaks. Within the XPS sampling volume, the quantity of each element is precisely proportional
to the number of electrons observed in each peak. A minimum of 10 to 200 micrometers can be
used for data analysis and the maximum size of an X-ray monochromatic beam is 1-2 mm.

Beams that are not monochromatic range in diameter from 10 to 50 mm.
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Figure 2.11: X-Ray Photoelectron Spectrometer.

2.3.8 RAMAN Spectrometer:

An effective method for analyzing molecular structure is Raman spectroscopy, which is thought
to be a supplement to infrared spectroscopy. Raman spectroscopy is working based on the
Raman effect. The basis for the Raman effect is light scattering, which can be caused by
molecular vibrations at various wavelengths or by elastic (Rayleigh) scattering at the same
wavelength as the input light. Approximately a million times less strong than Rayleigh
scattering is Raman scattering. Consequently, it is essential to keep Rayleigh scattering from
outweighing the weaker Raman scattering in order to acquire Raman spectra. Using a high-
intensity laser beam to excite a sample and then passing the scattered light via a spectrometer
is how Raman spectra are determined. To find the spectroscopy band of conducting rGO, the

Raman spectroscopy have been used.
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Figure 2.12: RAMAN Spectrometer.

2.3.9 Source measurement unit (Study of I-V characteristics)

Important quantities in an electrical network are electrical voltage and current. Since current
cannot exist without voltage, voltage is the effort variable. An electrical circuit element or
circuit branch is used to measure it. Voltmeter: The instrument that measures voltage. The net
motion of charged particles (ions in a liquid, electrons in a solid) in a certain direction is
represented by the flow variable called current. Instantaneous electrical power is obtained by
multiplying the two. Impedance is defined as the voltage divided by current. It is an ammeter,
sometimes known as an ammeter, that measures current. The current in the load is measured by
connecting ammeters in series with it. The current must eventually be broken by the ammeters.
To measure the I-V characteristics and J-E study followed by the I-V data Keithley 2450 Source

measurement unit have been used.

T. Chakraborty 56 Jadavpur University



Experimental

Figure 2.13: Source measurement unit.

2.3.10 4-probe LCR meter (Study of dielectric property):

The capacity of a sample to store charge is reflected in its dielectric characteristic. The size of
grain, temperature, humidity, the frequency of the external electric field etc. factors plays a
significant role to modulate the dielectric property of a material. There are two functions that
make up the total dielectric permittivity such as, real part of dielectric permittivity (¢") and the
imaginary part of dielectric permittivity (7). The real part shows the charge storage capacity
and the imaginary part suggests the electrical dissipation factor. To study the dielectric property

of the material 4294A Precision Impedance Analyzer has been used.
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Figure 2.14: 4-probe LCR meter.

2.3.11 The Superconducting Quantum Interference Device (SQUID)/ Vibrating Sample
Magnetometry (VSM):

The superconducting quantum interference device (SQUID) is made up of two parallel
Josephson junctions formed by two superconductors that are separated by thin insulating layers.
To detect extremely small magnetic fields, the gadget is set up as a magnetometer. The pick-up
coil experiences an alternating magnetic flux as a result of the sample being moved up and
down. A superconducting pick-up coil with four windings is used to obtain the sample's
magnetic signal. To study the magnetic response of the material MPMS XL 7, Quantum Design

SQUID has been used.
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Figure 2.15: (a) The Superconducting Quantum Interference Device (SQUID) and (b)
Vibrating Sample Magnetometry (VSM)

2.3.12 Vector Network Analyser (VNA):

Using Vector Network Analyser (VNA) both the amplitude and phase of the signal can be
measured simultaneously. Their capacity to offer a thorough examination of intricate networks
renders them indispensable in the creation, advancement, and upkeep of radiofrequency and
microwave elements and structures. The transmission and reflection of RF signals is the
fundamental function of a vector network analyzer. A test signal is sent via the device under
test (DUT) by the analyzer, which then measures the signals at different frequencies that are
reflected and transmitted. Important factors like the scattering parameters (S-parameters),
which characterize the DUT's behavior in terms of reflection, transmission, and impedance,
may be computed by the VNA by comparing the input and output signals. The shielding
effectiveness of the nanocomposite films was measured by using Agilent E8363B PNA series

Network Analyzer in the frequency range 8-12 GHz (X-band) and 12-18 GHz (Ky-band).
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Figure 2.16: Vector Network Analyser.
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Chapter 3:

3.1 Introduction:

The increasing usage of smartphones and other electronic devices increases the risk of several
negative consequences on plant, animal, and human life. Silent and unseen EM pollution
permeates our environment, affecting our brain and body. The overuse of numerous electronic
devices, including FM radios, microwaves, cell phones, wireless LANs, Bluetooth, GPS,
RADAR, and others in the microwave (MW) frequency range (300 MHz to 300 GHz), is
causing this kind of pollution to appear in our surroundings [1, 2]. The detrimental impact of
electromagnetic (EM) pollution is what causes a number of really problematic issues for living
beings [3-7]. Here, in this study, the prime attention is given to identify potential possibilities
to fix this issue. An attempt has been made to create an improved composite material with
significant electromagnetic interference and EM pollution EMI shielding efficiency at
microwave (MW) and radio frequency (RF) ranges. To control the exposer of EM radiation
different types of magnetic nanofillers with proper domain size, magnetic moment, and weight
percentage can be selected as the component materials. It is expected that, the hexagonal ferrite
materials can be the most suitable component to get large magnetic loss factor from the
laminated nanocomposite films [8,9]. In light of this, we have chosen to work with
Co2U(BasCo2Fes3s060) and Co2X(BaxCozFe2s046)-hexaferrite. In addition to having a high
magnetic moment at room temperature (RT), these Co.U and Co>X-hexaferrites are suitable for
a wide range of applications involving electromagnetic radiation in the RF and MW region [9].
On the other hand, polar B-phase enriched Poly (vinylidene fluoride) (PVDF) matrix, which is
a well know piezoelectric material, was chosen to impart additional dielectric permittivity to
the nanocomposite films [10]. By interacting with the EM wave's electric field vector in the

RF/MW region, the resulting nanocomposite systems' additional dielectric permittivity
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enhances the overall dielectric loss effect. Also, the incorporation of PVDF giving a light
weight, flexible and free-standing nature to the nanocomposite film that helps to conduct all the
measurements without using any additional support (holder) to the nanocomposite films during
measurement.

3.2 Experimental:

3.2.1 Materials:

The required chemicals to synthesize Co,U and Co2X-hexaferrite are barium (Il) nitrate
Ba(NOs)2 (Merck Germany, 99%), cobalt (1) nitrate Co(NO3)2, iron (I11) nitrate nonahydrate
Fe(NO3)3.9H.O (Merck Germany, 99%), citric acid (CeHsO7), and ethyl alcohol (C2HsOH).
After prepared Co,U and CoxX-hexaferrite to get the Co,U and CoxX-hexaferrite-PVDF
nanocomposite films poly(vinylidene fluoride) pellets (molecular weight Mw: 275,000 (hpc),
Mn: 107,000, Aldrich, Germany), N,N-dimethyl formamide (DMF) (Merck, India have been
used.

3.2.2 Synthesis of Co2U- and Coz2X-hexaferrite:

Synthesis of Co,U and Co2X-hexaferrite with the stoichiometry ration of BasCo2FessOgo and
Ba>CozFe2s046 has been done using simple sol-gel method. The details of the synthesis
procedure have already been discussed in chapter 2 (Section: 2.2.1 Synthesis of magnetic
hexaferrite and ferrite nanoparticles by sol-gel method). After collecting the as prepared CooU
and CozX-hexaferrite by sol-gel method, Co,U-hexaferrite was annealed at 1400 °C and Co2X-
hexaferrite was annealed at 1200 °C in a hot air oven to get the proper crystallographic phase.
3.2.3 Synthesis of Co2U- and CozX-hexaferrite-PVDF nanocomposite films:

To get the flexible, free-standing Co.U and Co,X-hexaferrite-PVVDF nanocomposite films, cost
effective solution casting method have been used. The detailed process of solution casting

method is mentioned in chapter 2: (Section: 2.2.2.5 Synthesis of nanofillers-polymer
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nanocomposite film by solution casting method). The prepared UP1410, UP1420, XP1210,
XP1215, and XP1220 nanocomposite films are cut into proper dimensions to conduct all the
measurement.

3.2.4 Formation mechanism of Co2U- and Co2X-hexaferrite-PVDF nanocomposite films:
Figure 3.1 shows the structural mechanism of the Co;U and CozX-hexaferrite-PVDF
nanocomposite films. As previously indicated, solution casting was used to create the Co.U and
Co2X-hexaferrite-PVDF nanocomposite films and Co.U and CoxX-hexaferrite, that were
created using the sol—gel method. The presence of c-axis and c-plane anisotropy results in the
creation of a suitable material for microwave absorption [11]. The Co2U and CozX-hexaferrite
unit cell is comprised of three layers or blocks namely the R-block which has the most
significant hexagonal geometry consisting of the barium ions and two oxygen layers, the S-
block, or the spinel geometry and lastly the T-block having the hexagonal geometry [9]. The -
phase PVDF (Polyvinylidene Fluoride) in an all-trans (TTTT) zigzag conflict form the basis of
the X-type hexaferrite-PVDF nanocomposite. The CH> group has a positively charged
hydrogen atom as a result of their differing electronegativity. The total negative surface charge
of X-type hexaferrites interacts with this positively charged hydrogen atom. Co,U and Co2X-
hexaferrite-PVDF nanocomposite films are formed when the hexaferrite binds to the PVDF
matrix, forming a sandwich-like structure and this process is caused by electrostatic contact

[12].
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Figure 3.1: Formation mechanism of hexaferrite-PVVDF nanocomposite films.

3.3 Result and Discussions

3.3.1 Crystallographic phase analysis:

Development of the crystallographic phases of Co.U and Coz2X-hexaferrite calculated from the

profile fitting that the Co2U and CoxX-hexaferrite has a hexagonal structure with a space group

configuration of R-3 m:H [9]. The XRD has been observed for Co.U and Co.X-hexaferrite as

well as UP1410, UP1420, XP1210, XP1215, XP1220 nanocomposite films and bare PVDF by

using X-ray diffractograms and the corresponding images were depicted in Figure 3.2(a-f). The

corresponding phases of getting from XRD analysis were confirmed from the JCPDS file. Co.U

and CoxX-hexaferrite are basically the mixed phase of Co,U = C02Z+Co2M and CoxX =

Co.W+Co2M-hexaferrite, which are also significantly matched and we have observed a well-

defined crystalline XRD pattern [9]. The average crystallite diameter of Co.U and CoxX-

hexaferrite were calculated using the Debye-Scherrer equation from the broadening of 100%
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intense XRD peak [13]

0.9A

B1cosB
2

<D >=

(3.1)

Here, D stands for the average crystallite size, A stands for incident X-ray wavelength, 0 stands

for Bragg’s angle for the peak (114) and B. stands forfull width at half maximum (FWHM).
2

The average crystallite diameter of ~ 30 nm and 33 nm for CozU and Co,X-hexaferrite has been
observed in the XRD analysis, respectively. From Figure 3.2(a-f) it is quite clear that the
different peaks corresponding to the combined phases of PVDF and Co,U and Co.X-hexaferrite
present in UP1410, UP1420, XP1210, XP1215, and XP1220 nanocomposite films have been
matched very well with the actual crystallographic phase of the respective components. As
compare to bare PVDF, in case nanocomposite films it has been clearly visible that the polar
phases such as 3 and y-phase are quite prominent and the non-polar a-phase getting suppressed.
This has also developed a large interfacial area between the hexaferrite and PVDF, which leads
to the formation of the polymer chains with zigzag (TTTT) conformation [14]. This polymorph
of PVDF improves the electroactivity of the P\VDF matrix in the nanocomposite films (UP1410,
UP1420, XP1210, XP1215 and XP1220) and it makes the nanocomposite films the most
potential one for the magnetodielectric as well as shielding effectiveness applications [14, 15].
At the same time none of the given XRD patterns consist of any impurity phases other than the
required phases of the component materials. This observation also signifies the coexistence of
both the phases of PVDF, Co;U and CoxX-hexaferrite in each of the nanocomposite films
(UP1410, UP1420, XP1210, XP1215, and XP1220) which is the signature pattern of any multi-
phase nanocomposite material. Thus, all the nanocomposite films (UP1410, UP1420, XP1210,

XP1215, and XP1220) reported in this study are multi-phase in nature.

T. Chakraborty 65 Jadavpur University



EMI shielding study ... ...... electromagnetic pollution

i w \/\_/LMM%
i (¢) XP1220
VW (d) UP1420 3 Al
; ! 3 ‘ : 1 &1y (d) XP1215

-~ 18 (¢) UP1410 ~ () XP1210
= 5= = -
g z

zZ 3 z

< (b) PVDF £

= o (b) PVDF

[ g

20 (degree) 0 (degree)

Figure 3.2: XRD patterns of (I)(a) PVDF, (b) UP1410, (c) UP1420, (1) (a) X1200, (b) PVDF,
(c) XP1210, (e) XP1215, and (f) XP1220 nanocomposite films.

3.3.2 Study of surface morphology:

The surface morphology of the nanocomposite films (UP1410, UP1420, XP1210, XP1215, and
XP1220) illustrated using FESEM analysis. Figure 3.3(a-j) represent the microstructural images
of the PVDF, UP1410, UP1420, XP1210, XP1215, and XP1220 nanocomposite films. The
spherulite bubble like structures has been observed for UP1410, UP1420, XP1210, XP1215,
and XP1220 nanocomposite films, demonstrating their enhanced B-phase crystallization as a
result of the Co.U and CoxX-hexaferrite being inserted into PVDF. It is also not possible to
totally rule out the possibility of PVDF matrix a-phase present in the nanocomposite films [16].
Figure 3.3(a-j) clearly illustrates the existence and dispersion of Co.U and Co2X-hexaferrite
within the PVDF matrix. The large-scale bubble-like structure found in nanocomposite films is
an obvious. The creation of bigger polymer chains with zigzag (TTTT) conformation in
nanocomposite films is the reason for the large size bubble-like structure, which is a clear sign
of a larger fraction of B-phase crystallization of the PVDF matrix [17]. Furthermore, it is evident

from this microstructural analysis that nearly all of the surfaces of the nanocomposite films
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have bubbles similar to spherulite structures. Thus, all of the nanocomposite films (UP1410,
UP1420, XP1210, XP1215, and XP1220) with bubble-like spherulite structures are
significantly enhanced with electroactive nature, according to the FESEM analysis. Therefore,
the PVDF matrix's enhanced -phase crystallization and increased abundance in a wider range
of surfaces inside the nanocomposite films make them the most promising candidate for
different applications in the RF/MW frequency range. Figure 3.3(k, 1) depicted the elemental
mapping of the nanocomposite films, which prove the presences of all the elements (Ba, Co,

Fe, F, C and O) in the nanocomposite films and distributed uniformly all around.
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Figure 3.3: FESEM micrographs of (a, b) UP1410, (c, d) UP1420, (e, f) XP1210, (g, h) XP1215
and (i, j) XP1220 nanocomposite films and Elemental mapping image of (k) UP1410, and ()

XP1215 nanocomposite films.
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3.3.3 HR-TEM analysis:

The HR-TEM analysis was used to examine the crystallographic phase, surface shape, and
presence of various elements in the Co.X-hexaferrite. The corresponding micrographs are
shown in Figure 3.4(a-h). In the micrograph, the size of the CoxX-hexaferrite has been
approximated. A single hexaferrite has also yielded the selected area diffraction pattern
(SAED), and the matching image. Furthermore, the hexagonal structure of the Co.X-hexaferrite
is confirmed by the SAED pattern [18]. The crystalline structure of the Co>X-hexaferrite
observed from the HR-TEM micrographs. The fringe pattern of the crystalline material
indicates that the hexaferrites are structurally homogeneous with the corresponding group of
atomic planes as shown in Figure 3.4(c, d). The fast Fourier transform (FFT) pattern of CoX-
hexaferrite represent the perfect alignment of the planes in a specific direction that has been
observed from Figure 3.4(e, ) [19]. Thus, the Co2X-hexaferrite crystalline structure exhibits a
noticeable periodicity. The EDX spectra confirms the presence of Ba, Co, Fe, and O in the

Co2X-hexaferrite shown if Figure 3.4(h).

100 nm ; 3 (a)

o**
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Figure 3.4: (a, b) HR-TEM image, (c, d) fringe pattern, (e-g) FFT pattern and (h) EDX study
of CoxX-type hexaferrite.

3.3.4 Thermal property study:

The thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) analysis
have been used to evaluate the thermal stability of bare PVDF, UP1410, UP1420, XP1210,
XP1215, and XP1220 nanocomposite films are shown in Figure 3.5(a). From TGA data, it has
been noticed that the bare PVDF began to degrade earlier as compared to other nanocomposite
films. This may happen due to the presence of Co.U and CoxX-hexaferrite inside the PVDF
matrix. Also, the thermal stability of the nanocomposite films increases with the increase of
wt.% of CooU and CoxX-hexaferrite inside the PVDF matrix and it has been observed that in
the case of nanocomposite films, the presence of surface electrostatic charge in the Co,U and
CoxX-hexaferrite significantly enhances the f content with the decreasing o content. These
mostly affect the UP1410, UP1420, XP1210, XP1215, and XP1220 nanocomposite films to get
thermal stability [20].

On the other hand, Differential Scanning Calorimetry (DSC) studies can be used to gain
a better knowledge of the melting and crystallization behavior of bare PVDF and Co2X-PVDF
nanocomposite. The DSC curves for PVDF, XP1210, XP1215, and XP1220 nanocomposite
films are shown in Figure 3.5(b-e). Using the TGA data and a temperature in the range of 30 to
550 °C, a first-order differential computation was used to conduct to get the DSC data. The
onset temperature (To), peak temperature (Tp), end temperature (Te), and enthalpy (AH) values
of PVDF, XP1210, XP1215, and XP1220 nanocomposite films observed from this DSC
analysis. Here, it is evident that, in comparison to naked PVDF film, the melting point increased
as the loading percentage of Co2X-hexaferrite within the PVDF matrix has increased. However,

the enthalpy (AH) readings has fallen simultaneously. Therefore, the presence of
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nanocrystalline domains inside the crystallized nanocomposite and the morphological

variations in the crystalline phase of nanocomposite XP1210, XP1215, and XP1220 films may

be the cause of this change in enthalpy (AH) values [21]. The enthalpy data has been given in

Table 3.1.

Table 3.1: DSC characteristic data of the nanocomposite films.

1. PVDF 415.93 437.22 454,34 13.52
2. XP1210 425.15 444.68 456.59 9.20
3. XP1215 443.28 459.96 473.58 8.40
4, XP1220 436.10 455,72 468.60 8.14
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Figure 3.5: (a) TGA and DSC characteristic of (b) bare PVDF, (c) XP1210, (d) XP1215 and

(e) XP1220 nanocomposite films
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3.3.5 Chemical property study:

The chemical property study has been studied to understand how much polarization
corresponding to the B-phase of the P\VDF matrix in the nanocomposite films has been enhanced
as compared to PVDF system. In this study, the IR spectra of all the nanocomposite films
(PVDF, UP1410, UP1420, XP1210, XP1215, and XP1220) were measured and the various
absorption bands of nonpolar a-phase and the polar 3-phase of the host PVDF system have been
recognized. The IR absorption spectra of nanocomposite films (PVDF, UP1410, UP1420,
XP1210, XP1215, and XP1220) have been displayed in the Figure 3.6(1) and the details of
corresponding absorption spectra has been mention in Table 3.2 [22, 23]. The B-phase fraction
(F(B)%) of PVDF system and nanocomposite films have been done by using Lambert-Beer law

and the values are displayed in the Figure 3.6(11) [24].

Ag

(R2)Aact Ag

F(B) = (3.2)

Here A, and Ay are the absorbance at 773 cm™ and 847 cm™, respectively, and K, (6.1 x 10*
cm?mol™) and Kz (7.7 x 10* cm2mol™?) are the absorption coefficients at their respective
wavenumbers. the improvement of the B-phase of the nanocomposite films in comparison to
the bare PVDF due the presence of electrostatic attraction between the negative surface charge
of Co2U and CoxX-hexaferrite and the CH> groups of PVDF matrix. Due to this electrostatic
attraction the effective amount of aligned chains inside the PVDF matrix having zigzag (TTTT)
conformation has been enriched and it improves the (F()%) from 42% for PVDF system to the
maximum of 46.5% for XP1215 and 45% for UP1210 nanocomposite films. Also, it has been
observed that the (F()%) has been reduced due to further incorporation of the Co.U and CoxX-
hexaferrite in the matrix of P\VDF. The (F(f)%) has been reduced when the wt.% of Co.U and

CoxX-hexaferrite is 20 wt.% inside the PVDF matrix. This phenomenon may be appeared due
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to the restraint of the movement of elongation of the polymer chains in zigzag (TTTT)

conformation for further loading of Co.U and Coz2X-hexaferrite from 15 wt.% to 20 wt.% inside

PVDF, which in turn reduces the B-phase crystallization in the nanocomposite films [24].

Table 3.2: FTIR peaks and corresponding data of bare PVDF, UP1410, UP1420, XP1210,

XP1215, and XP1220 nanocomposite films

1. PVDF
2. UP1410
3. UP1420
4. XP1210
3 XP1215
6. XP1220

495 (CF2 waging)

537 (CF2 bending)

619 (CF2 bending)

771 (CF2 skeletal

bending)

801 (CH2rocking)

897 (CHarocking)

980 (CH2rocking)
same as above
same as above
same as above
same as above

same as above

522 (CF stretching) 42
605 (CF2 waging)

845 (CHa rocking, CF2
stretching and skeletal
C-C stretching)
1083 (CH2 and CF»
groups generated from
the CH> rocking and
CF2 stretching)

same as above 45

same as above 44.6
same as above 46.2
same as above 46.5
same as above 42.5

T. Chakraborty

72

Jadavpur University



EMI shielding study ... ...... electromagnetic pollution

(l) () XP1220 (")4/_
XP1215
@xpi21s 4ol
() XP1210
3 < 45r UP1420
2 () UP1420 R
g <y
= (b) UP1410
]
=
i 43t
(a) PVDF
: B o alVBigln B alfla | 42-IPVDF , . ,
1200 1000 800 600 400 0 5 10 15 20
Wavenumber (cm™) Co X content (weight %)

Figure 3.6: (1) FTIR spectra and (1) variation of F(f3)% for (a) bare PVDF, (b) UP1410, (c)
UP1420, (d) XP1210, (e) XP1215, and (f) XP1220 nanocomposite films.

3.3.6 Study of DC conductivity:

The electrical conductivity of the material has an impact on the EMI shielding study [25]. For
a specific EMI shielding efficiency characteristic, conducting materials are typically employed
for high reflection (SER) at the expense of absorption (SEa) [25]. Here, for high absorption over
reflection which is the primary goal of this study. The uses of Co,U and CoxX-hexaferrite-
PVDF nanocomposite films to get better absorption property which is the main objective of this
study. So, the enhancement of absorption (SEa) in EMI shielding study we have used PVDF as
a nonconducting polar polymer material and the Co.U and Co.X-hexaferrite are successfully
encapsulated inside the matrix of PVDF to improve further the magnetic permeability and
polarization loss. Now, to understand the electrical behaviour of the resultant Co.X-hexaferrite-
PVDF nanocomposite film (XP1215) we have attached current (I) vs. voltage (V) graph
displayed in Figure 3.7. The nonlinear nature of the I-V characteristic in each case with very
low magnitude of current confirms the nonconducting nature of the resultant nanocomposite

film [26]. Therefore, this nonconducting nature of the resultant nanocomposite film plays the
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most significant role for high EMI shielding effectiveness due to the absorption (SEa) over EMI

shielding effectiveness due to the reflection (SER).

. (a) XP1215
2.0x10° |
15V
18V
< 0.0 =
;E) 2.5x10°F
=
=
U 9
-2.0x10 fF 2.0x10°F
1.5x10°L
-4.0x10”F, : 10-—13 .14 1618 30
-21 -14 -7 0 7 14 21
Voltage (V)

Figure 3.7: I-V characteristic of XP1215 nanocomposite films

3.3.7 Magnetic property study:

A static magnetic study of Co.U and Co2X-hexaferrite-PVDF nanocomposite has been
performed at room temperature (300 K) with an applied magnetic field of 50000 Oe. This static
magnetic study has been considered in this report to understand the presence of magnetic
ordering in the nanocomposite films. The room temperature M-H loops of UP1410, UP1420,
XP1215, and XP1220 nanocomposite films are displayed in Figure 3.8(1 and I1). The magnetic
parameters such as magnetisation (Mm), high coercive field (Hc) and remanence magnetisation
(My) of UP1410, UP1420, XP1215, and XP1220 nanocomposite films represent the presence
of ferromagnetic nature of the nanocomposite films and the respective parameters mentioned
in Table 3.3. With the increasing loading percentage of the CooU and Co2X-hexaferrite inside
the matrix of PVDF, the values of magnetization and coercivity of the composite materials have

been increased. The values of maximum magnetization (Mm) of UP1410, UP1420, XP1215,
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and XP1220 nanocomposite films. Thus, each of these UP1410, UP1420, XP1215, and XP1220
nanocomposite films with sufficiently high magnetisation (Mm), coercive field (Hc) and
remanence magnetisation (M) can be considered the most potential materials for the specific
application in the EMI shielding study.

Table 3.3: Various magnetic parameters of UP1410, UP1420, XP1215, and XP1220

nanocomposite films.

1. UP1410 7.21 1836 3.25
2. UP1420 10.63 2026 5.24
3. XP1215 9.7 1902 4.6
4. XP1220 135 1979 6.2
@ 1; [ gtk a1, A
4+ ~ OF
' %” g (b) XP1220 at 300 K
g 4f £ ;
o v -6F
< st e () UPL420atRT | 7
.s 12 L i N L i ! i E =12+ frm——t—tr "*-F‘*‘ . .
E 8 —0—0-0—0—0—0 E 0—0—0—0—0
;E i -0~ .‘: 8 -0=—0—0
) ! 2 4t AL
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-4 B 2 _4 9
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Figure 3.8: Static magnetic loops of (I) (a) UP1410, (b) UP1420, (II) (a) XP1220 and (b)

XP1215 nanocomposite films at RT.

3.3.8 Dielectric response study:
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The study of a dielectric response and the determination of complex dielectric permittivity is
an important and integrated part for the study of the magneto-dielectric effect of the
nanocomposite films. The dielectric response study and the determination of various dielectric
parameters such as real dielectric permittivity (¢"), the imaginary dielectric permittivity (g"),
tangent loss (tand) factor and the ac conductivity (cac) Of the nanocomposite films. The value
of both ¢ and &” of UP1410, UP1420, XP1210, XP1215, XP1220 and bare PVDF
nanocomposite films have been calculated in the frequency range 40 Hz to 10° Hz using the

equations [27]

— 4
€= e (3.3)
and " =¢' x tand (3.4)

Here, C stands for capacitance of UP1410, UP1420, XP1210, XP1215, XP1220 and bare PVDF
nanocomposite films at applied frequency, d and A stand for thickness and area of each
nanocomposite films and &o stands for dielectric permittivity of free space. Usually, the
frequency dependent dielectric permittivity of the PVDF based nanocomposite films can be
explained by two major phenomena such as the improvement of electroactive B-phase
crystallization of nanofillers-PVDF nanocomposite films and the second one is the Maxwell-
Wagner-Sillers interfacial polarization effect [28-31]. In this synthesis procedure (the solution
casting method, also known as doctor’s blade method) the formation of space charge
polarization and other types of polarization components at the interfaces inside the
nanocomposite films are responsible for the wvariation of the electroactive [-phase
crystallization of the nanocomposite films. The value of ¢’ for all nanocomposite films shows
enhancement as compared to the bare PVDF due to the improvement of the polar f-phase

crystallization of the PVDF matrix in the nanocomposite films as well as the improvement of
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space charge polarization at the interfaces of the nanocomposite films corresponding to the
Maxwell-Wagner-Sillers interfacial polarization effect. It is clear to us that CooU and Co2X-
hexaferrite both are good dielectric material and it has a good frequency dependent dielectric
response. Therefore, this could also help the nanocomposite films to improve its &’ at the low
frequency region as compared to bare PVDF. It is clear from Figure 3.9(a-c) that all the
nanocomposite films and bare PVVDF show a significant dielectric response in the low frequency
region. Now, in some case the dielectric property study has been done at different temperature.
As the temperature increases from 30 °C to 100 °C, the value of &’ has been enhanced for
UP1410 and UP1420 nanocomposite films. Therefore, it can be inferred that all the materials
have significant amount of frequency response as well as temperature dependent dielectric
polarizations due to the improvement of their electroactive B-phase crystallization as discussed
in structural and chemical studies.

Figure 3.9(d-f) shows the variation of " of UP1410, UP1420XP1210, XP1215, XP1220
and bare PVDF nanocomposite films. Here also, the high value of &” of UP1410,
UP1420XP1210, XP1215 and XP1220 nanocomposite films has been found at low frequency
region which confirms the greater polarization loss of the nanocomposite films as compared to
bare PVDF. This improvement of &" of UP1410, UP1420, XP1210, XP1215 and XP1220
nanocomposite films due to the occurrence of effective area of interfaces between Co.U and
Coz2X-hexaferrite and PVDF matrix and the corresponding space charge polarization or
interfacial polarization inside the nanocomposite films and the generation of larger heat energy
at the cost of the external electrical energy corresponding to the external electric field by the
dipoles of interfacial polarization effect. At the high frequency region, the inability of the
dipoles to follow the frequency of the external electric field reduces the value of " of the

nanocomposite films, also, they do not obey the Maxwell-Wagner-Sillars interfacial
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polarization effect. The same trend has been also observed with the increase of temperature for

UP1410, UP1420 nanocomposite films.
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Figure 3.9: Variation of the real part of the dielectric constant (¢) with the frequency of at (a)

30 °C for bare PVDF, UP1410, UP1420, XP1210, XP1215 and XP1220 nanocomposite films,

and (b) 50 °C, and (c)100 °C for bare PVDF, UP1410, UP1420 nanocomposite films and (1)

variation of the imaginary part of the dielectric constant (¢’”) with the frequency of at (a) 30 °C

for bare PVDF, UP1410, UP1420, XP1210, XP1215 and XP1220 nanocomposite films, (b) 50

°C, and (c) 100 °C for bare PVDF, UP1410, UP1420 nanocomposite films.

The tangent loss (tand) factor of UP1410, UP1420, XP1210, XP1215, XP1220 and PVDF

nanocomposite films within the frequency range of 40 to 10° Hz of the external electric field has been

observed from Figure 3.10(a-c). The tangent loss (tand) factor of UP1410, UP1420, XP1210, XP1215,

XP1220 and PVDF nanocomposite films have been calculated by using the equations.

"

tand = =~
£

(3.5)
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The high value of tangent loss (tand) factor of UP1410, UP1420, XP1210, XP1215, XP1220
and PVDF nanocomposite films has also been observed due to the occurrence of space charge
polarization or interfacial polarization dependent polarization loss and the conduction loss [27,
32]. This conduction loss appears due to the drift motion of the induced charge carriers inside
the nanocomposite films [32]. Now, the simultaneous existence of both these two loss factors
inside the nanocomposite structure increases the value of tangent loss (tand) factor of UP1410,
UP1420, XP1210, XP1215 and XP1220 nanocomposite films quite significantly as compared
to PVDF system. It is to be mentioned here that inside the nanocomposite films the structural
mismatch between Co,U and CoxX-hexaferrite and PVDF matrix induces localized carrier
charges at the interfaces. The growth of charge carriers at the interface enhances dipole moment
at the interfaces as well as the conductivity inside the Co,U and Co.X-hexaferrite grains of
nanocomposite films (UP1410, UP1420, XP1210, XP1215 and XP1220) as compared to PVDF
system and thereby the whole effect i.e., polarization loss due to induced dipole moment
corresponding to interfacial polarization and conduction loss due to drift motion of carrier
charges, increases the overall value of tangent loss (tand) factor of UP1410, UP1420, XP1210,
XP1215 and XP1220 nanocomposite films. Also, the observed dielectric loss tangent has been
increased with the increasing loading percentage of Co,U and Co2X-hexaferrite in the matrix
of PVDF as well as with the increase of temperature (30 to 100 °C) in case of UP1410 and
UP1420 nanocomposite films. This type of dielectric response can be explained partially by the
high value of the dielectric loss tangent of the Co.U and Coz2X-hexaferrite relative to those of
the B-phase of the host PVDF due to the presence of a resistive factor called equivalent
resistance (Er) in series with the capacitive effect of the nanocomposite films and partially by

the heterogeneous structure of the CooU and CozX-hexaferrite with the PVDF polymer.
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In Figure 3.10(d-f) shows the variation of ocac response of UP1410, UP1420, XP1210,
XP1215 and XP1220 nanocomposite films and bare PVDF. The ac conductivity of the
nanocomposite films has been calculated by using the equation [27]

Oac=27f €y€'tand (3.6)
Where, f is the applied frequency of external ac field. Now, it is to mention here that the
nanocomposite films and bare PVDF are non-conducting in nature, so, the displayed ocac IS
short-range conductivity in nature. The short-range conductivity mostly appears when the
induced charge carriers drifts inside the structure of these nanocomposite films under the
influence of external electric field. In the low frequency region, all the samples show very low
value of 6ac and it remains constant throughout a very large variation of frequency and at very
high frequency region this o4 increases very sharply. At a frequency region greater than 10° Hz
the high value of 6ac has been found due to the occurrence of various others dipolar polarization
effects corresponding to the ionic polarization, electronic polarization etc. Also,
the short-range oac increases with the increasing temperature from 30 to 100 °C, and the cause
behind this enhancement of this short-range cac at higher temperature is the formation of more
and more induced carrier charges at higher temperature inside the UP1410 and UP1420
nanocomposite films. Therefore, cac 0f XP1210, XP1215, XP1220, UP1410, UP1420 and the
bare PVDF in the frequency range of 40-10° Hz depends on various dipolar responses. Thus,
the dielectric response study indicates that the incorporation of these Co,U and Co2X-
hexaferrite inside the PVDF matrix can generate various dipolar effects which become helpful

for the EMI shielding effectiveness of these nanocomposite films in the GHz frequency range.
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Figure 3.10: Variation of the tangent loss (tan ) with the frequency at (a) 30 °C for bare PVDF,
UP1410, and UP1420, XP1210, XP1215 and XP1220 nanocomposite films, (b) 50 °C, and (c)
100 °C for and bare PVDF, UP1410, and UP1420 nanocomposite films (Il) variation of ac
conductivity (cac) With the frequency at (a) 30 °C for bare PVDF, UP1410, and UP1420,
XP1210, XP1215 and XP1220 nanocomposite films, (b) 50 °C, and (c) 100 °C for bare PVDF,
UP1410, and UP1420 nanocomposite films.

3.3.9 Impedance analysis:

The dielectric impedance study is important to understand some of the interesting electrical
characteristics such as grain morphology, synthesis procedure, internal interfaces etc.
corresponding to the simultaneous existence of both homogeneous and heterogeneous
nanocomposite films as well as grain and grain boundary effects inside the nanocomposite films
systems in a more comprehensive manner. So that, the complex impedance has been done for
some of the nanocomposite films (XP1210, XP1215, XP1220 and bare PVDF) within 40-10°

Hz frequency range at RT can be expressed as
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1

Z'=7'+j2" =R+ — (3.7)

Here, Z’ is the real part of complex impedance and Z’’ is the imaginary parts of complex
impedance within 40-10° Hz frequency range and these Z’ and Z’* can be further represented

as

!
I —

B ZH;CO [(e')zi(e")Z]

(3.8)

I —

1 [ g ]
T 2mfcy LieNz+(e')2

3.9)

Here also, €' and €"” have their usual meaning, f is the applied frequency of external ac field
that varies within 40-10° Hz frequency range, C, is the geometric capacitance.

Also, these Z’ and Z”’ can be estimated further as [33]

A | S—— (3.10)

1/R2 + w2(C2 1+ w2C2R?

"o_ -wC _ —wCR?
" 1/R?+w2C? 1+ w2C2R?

(3.11)

Here, ® is the angular frequency, R and C are grain resistance and grain capacitance,
respectively. Figure 3.11(a) represents the variation of Z" of XP1210, XP1215, XP1220 and
bare PVDF within 40-10° Hz frequency range at RT. The figure shows that in frequency region
the values of Z" decreases very first and after that this Z" gets saturated. This comparatively
high value of Z" in the low frequency region appears due to the presence of non-conducting
grain boundary effect and at higher frequency region it decreases due to either by the
enhancement of polarization effect across the grain boundaries or due to the rise in electron
hopping mechanism between the localized ions present inside the structure. Figure 3.11(b)
shows the variation of Z"" of XP1210, XP1215, XP1220 and bare PVDF within the frequency
range of 40 Hz to 10° Hz at RT. This figure shows the gradual decrement of Z** with the rising

frequency. It is also found that the value of Z"" corresponding to XP1210, XP1215, XP1220
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and bare PVDF gets saturated at high frequency region and this particular variation of Z"’
develops due to the growth of space charge carriers at the interfaces of the materials.

Figure 3.11(c) represents the Nyquist plot or the Cole-Cole plot of XP1210, XP1215,
XP1220 and bare PVDF within 40-10° Hz frequency range at RT. The variation of Z'" as a
function of Z" provides very important information regarding the electrical characteristics
(grain, grain boundary and the interface etc.). It is clear from the Cole-Cole plot of the
nanocomposite films that the electrode effect is not there in the dielectric polarization response
and the present dielectric response is appeared due to the interfacial polarization at the interfaces

of XP1210, XP1215, XP1220 and bare PVDF.
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Figure 3.11: Variation of (a) real part of complex impedance (Z), (b) imaginary parts of
complex impedance (Z"") and (c) Nyquist plot of XP1210, XP1215, XP1220 and bare PVDF
nanocomposite films.

3.3.10 Study of EMI shielding property:

The shielding effectiveness study of the nanocomposite films (UP1410, UP1420, XP1210,
XP1215, and XP1220) has been examined in the 4-18 GHz frequency range, where, 4-8 GHz
knows as C-band, 8-12 GHz range known as X-band and 12-18 GHz represent the Ky-band of

microwave radiation. The combined effects of shielding effectiveness by absorption (SEa),
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reflection (SEr), and multiple reflection (SEmr) phenomena resulted in the total shielding

effectiveness (SET) of the nanocomposite films.

SE; (dB) = —10logy, (:;;) = SE, + SEg + SEug (3.12)
However, the shielding effectiveness by multiple reflections (SEmr) can be neglected for these
nanocomposite films as their thicknesses are more than the skin depth of the incident microwave

radiation in the frequency range of 4-18 GHz. Thus, the total shielding effectiveness (SEt) of

nanocomposite films given in equation (12) can be further expressed as [33-35]
Pt
SEr (dB) = —10logy () = SE, + SEg (3.13)
0
Where, Pt represents the transmitted power and Po represents the incident power of microwave

radiations. The estimation of shielding effectiveness as SEa and SEr in the frequency range of

4-18 GHz can be done by the following equations [33-35]

SE, (dB) = —~101ogy, (1 '511'2) (3.14)

[S1212

SEg (dB) = —10logy, (3.15)

Here, S represent the scattering parameters i.e., S11 (reflection coefficient) and Sz1 transmission
coefficient) and the respective S represent have been extracted using the PNA Series Network
Analyzer. Now, the interaction between EM wave and the material medium has been appeared
due to three different phenomena and these phenomena are reflection, absorption and
transmission. The interactions between the magnetic field vector of the incident EM wave with
magnetic dipoles and electric field vector of the incident EM wave with electric dipole induced
charge carriers convert this microwave radiation into thermal energy and these interactions are
responsible for the improvement of the absorptivity of the materials [33]. On the other hand,

the reflection phenomenon would be maximum from the surface of the material if it contains
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conduction electron, whereas the absorption phenomenon would be maximum inside the
volume of the material if it contains different forms of dipoles such as magnetic dipoles and
electric dipoles [33]. The interaction between the electric field vector of the incident EM wave
and the quantum particles (conduction electron) reflects the incident EM wave are responsible
for the improvement of the reflectivity of the materials. Figure 3.12(a and d) and Figure 3.13(a,
d, and g) shows the shielding effectiveness due to absorption (SEa) of UP1410, UP1420,
XP1210, XP1215, and XP1220 nanocomposite films in C-band, X-band and Ky-band of
microwave frequency range. And Figure 3.12(b and e) and Figure 3.13(b, e, and h) shows the
shielding effectiveness due reflection (SEr) of UP1410, UP1420, XP1210, XP1215, and
XP1220 nanocomposite films within the same frequency range of microwave radiation. In
Figure 3.12(c and f) and Figure 3.13(c, f, and i) maximum shielding effectiveness due to
absorption (SEa) is -54 dB at -13.9 GHz in matching frequency of Ky-band for UP1420. On the
other hand, -57.65 dB at 14.1 GHz in matching frequency of Ky-band corresponding XP1215
nanocomposite films have been observed. Now, in the present study high value of SEa has been
observed due to the presence of Co.U and CozX-hexaferrite inside the matrix of PVDF. The
significant amount of interaction between magnetic field vector of microwave radiation (4-18
GHz) with the magnetic dipoles of Co.U and CozX-hexaferrite magnetic nanofillers of high
magnetic response is responsible for the generation of this high value of shielding effectiveness
by absorption (SEa) of UP1410, UP1420, XP1210, XP1215, and XP1220 nanocomposite films.
Also, the presence of various electric dipolar effects in each of the composite materials due to
the successful incorporation of the Co,U and Co2X-hexaferrite inside the matrix of PVDF can
generate the high value of shielding effectiveness due absorption (SEa). Again, the maximum
SEr of -33 dB at 14.7 GHz in matching frequency of Ky-band for UP1420 and -32.67 dB at

15.30 GHz in matching frequency of Ky-band for XP1215 nanocomposite films. The presence
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of CozU and Co2X-hexaferrite inside P\VDF matrix can generate induced carrier charges at the
surface of the nanocomposite films. Now, these induced carrier charges when interacts with the
electric field vector of the incident EM radiation, reflect them back to the first medium right
from the surface of the nanocomposite films and thereby improves the SEr of UP1410, UP1420,
XP1210, XP1215, and XP1220 nanocomposite films in the frequency range of 4-18 GHz. Here,
it is noticeable that for both the Co.U and Co2X-hexaferrite the absorption (SEa) property of
the materials is quite high as compare to the shielding effectiveness due to reflection (SEr) and
it gives us a clear idea that, both the materials have high capability to absorb the EM radiation.
Finally, the maximum value of SEt of -83 dB at 14.2 GHz in the matching frequency of K-

band for UP1420 have been found -84.65 dB at 12.44 GHz in the matching frequency of Ky-

band for XP1220.
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Figure 3.12: Shielding effectiveness by absorption (SEa), reflection (SEr), Total Shielding

effectiveness (SET) in the frequency range of (a-c) 8-12 GHz of the X-band and (d-f) 12-18
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GHz of the Ky-band for UP1410 and UP1420 nanocomposite films.
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Figure 3.13: Shielding effectiveness by absorption (SEa), reflection (SEr), Total Shielding
effectiveness (SET) in the frequency range of (a-c) 4-8 GHz of the C-band, (d-f) 8-12 GHz of
the X-band and (g-i) 12-18 GHz of the Ky-band for XP1210, XP1215 and XP1220
nanocomposite films.

The high value of SEt for these Co,U-PVDF composite materials with an attenuation
of >99.999999% corresponding to the UP1420 and >99.999999% for XP1220 lies in the large
band width of 6 GHz. The attenuation percentage has been depicted in Fig. 3.14(a-c) for C-
band, X-band and Ky-band respectively. Therefore, from the maximum values of SEa, SEr and
SEr of all the nanocomposite films (UP1410, UP1420, XP1210, XP1215, and XP1220) with

the corresponding frequency) plays a significant role for the fabrication of superior microwave
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absorbers that helps to reduce electromagnetic pollution and make our society free from all the

hazards of EM pollution.
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Figure 3.14: Attenuation percentage of XP1210, XP1215, XP1220, UP1410 and UP1420
nanocomposite films.

3.4 Conclusion:

The Co2U and CozX-hexaferrites incorporated PVDF nanocomposite films have been reported
in this study for shielding effectiveness applications in the GHz frequency range with
comprehensive details. The incorporation of Co2U and Coz2X-hexaferrite inside PVDF has been
proved by substantiating the multiphase nature of the resultant Co,U-PVDF and Co2X-
hexaferrite-PVVDF nanocomposite films in XRD analysis. The coexistence of the dielectric and
magnetic properties inside the nanocomposite films of Co.U-PVDF and Co.X-hexaferrite-
PVDF have been substantiated from the dielectric and magnetic response study. The significant
dielectric improvement of the nanocomposite films due to the generation of large area of
interfaces between the Co2U and Co2>X-hexaferrites and the PVDF matrix has been observed
here. The simultaneous existence of both dielectric and magnetic responses of the
nanocomposite films plays the most important role for the improvement of SEa, SEr and SEt
of Co2U-PVDF and Co.X-hexaferrite-PVDF nanocomposite films. The high EMI shielding

effectiveness with high attenuation >99.999999% of the nanocomposite films of Co.U-PVDF
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and Co2X-PVDF system have been observed in this chapter. The high shielding effectiveness
of magnetic nanofiller incorporated PVVDF based nanocomposite films made of Co.U and Co2X
nanomaterials is very useful to design the efficient electromagnetic pollution reducers.
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and their confugated structure with PVDZF for superior
EMI shielding behaviour
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Chapter 4:

4.1 Introduction:

In the previous chapter (Chapter 3), the importance of highly magnetic hexaferrite nanofillers
incorporated PVDF nanocomposite films has been studied for the EMI shielding applications.
The impressive MW/RF wave absorption property of the magnetic nanofillers incorporated
PVDF nanocomposite films confirms that, the nanocomposite material has sufficiently high
magnetic (permeability) losses or dielectric (permittivity) losses or the simultaneous presence
of both the loss factors therein, which are greatly helpful to reduce the electromagnetic pollution
from our environment [1-4]. Therefore, the various forms of magnetic loss factors have
appeared in the nanocomposite films due to the presence of hexagonal ferrites such as CoX-
hexaferrite, Co2U-hexafettite etc. inside the matrix of PVDF [5-8]. Also, the various forms of
dielectric loss/polarization loss factors have appeared in the nanocomposite films due the
presence of polar B-phase of modified PVDF matrix in the nanocomposite structure. Thus, the
enhancement of the magnetic responses of the magnetic nanofillers and the enhancement of the
dielectric responses of polar B-phase improved PVDF matrix can contribute to more shielding
effectiveness (SE) just by producing more interaction with the magnetic field vectors and
electric field vectors of incident EM radiation. So, in this chapter, to improve the SE of the
nanocomposite films by the improvement of the magnetic loss contribution as well as the
dielectric loss contribution of the nanocomposite films we have incorporated the
semiconducting fillers of C3N4 in the matrix of PVDF along with the magnetic fillers such as
Co2X-hexafettite and Ni-Zn-Cu-ferrite (NZCF). Since, spinel ferrite such as Ni-Zn-Cu-ferrite
can possess high permeability loss like magnetic hexaferrites in the MW/RF wave region, it is

expected to get significant MW absorption behaviour from this spinel ferrite nanoparticles.
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Among all the different semiconducting filler materials, C3N4, can be the most interesting filler
material because of its large aspect ratio and flexibility. The semiconducting fillers of C3N4 of
band gap energy ~2.7 eV in association with the magnetic materials such as CoX-hexafettite
and Ni-Zn-Cu-ferrite can improve the EM shielding effectiveness of these Co02X-C3sN4 and
NZCF-C3N4 binary composite materials just by allowing the generation of current loops inside
the binary composite structures at RT, called eddy current, since semiconducting C3sNa filler
can modulate its charge conduction property depending on temperature and doping [9]. Here in
this present study C3Ng acts as a charge source and as a result of which there are more charge
accumulations at the interfaces which enhances the dielectric response. This is to be mentioned
here that the fabrication of nanocomposite materials with good shielding effectiveness in terms
of reflection (SERr), absorption (SEa) and total shielding effectiveness (SEr), a good dielectric
and magnetic response is very crucial, especially the complex relative permittivity (¢*) and
complex relative permeability (u*) play the most significant role. The eddy current inside the
nanocomposite structures of Co,X-hexafettite and NZCF-C3Ns may be appeared due to the
magnetic flux linked with the respective magnetic filler materials and it leads to the large
absorption of EM radiation in the RF/MW region. Thus, below the percolation threshold this
semiconducting filler i.e. CaN4 along with the magnetic fillers can improve the overall loss
factors of this composite structure with enhanced shielding effectiveness. Now, inside the polar
PVDF matrix the heterogeneous dispersion of semiconducting and magnetic binary filler
materials leads to the synergistic absorption as well as total shielding effectiveness of MW

radiation by these nanocomposite films.
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4.2 Experimental Details:

4.2.1 Materials:

The required chemicals to synthesize Co2X-C3N4 and NZCF-C3N4 binary fillers are barium (11)
nitrate Ba(NO3)2 (Merck Germany, 99%), cobalt (1) nitrate Co(NOs3)2, iron (I1I) nitrate
nonahydrate Fe(NO3)3.9H20 (Merck Germany, 99%), citric acid (CsHgO7), nickel (I1) acetate
tetrahydrate Ni(CH3COO)2:4H,O (Sigma Aldrich, 99%), zinc (IlI) acetate dihydrate
Zn(CHsCOO0)2:2H.O  (Sigma  Aldrich, 99%), copper (Il) acetate monohydrate
Cu(CH3C0O0),-H20 (Sigma Aldrich, 99%), melamine (C3HsNs) and ethyl alcohol (C2HsOH).
After synthesized Co2X-C3N4 and NZCF-C3N4 binary fillers, to get the Co2X-C3Ns-PVDF and
NZCF-CsNs-PVDF nanocomposite films poly(vinylidene fluoride) pellets (molecular weight
Mw: 275,000 (hpc), Mn: 107,000, Aldrich, Germany), N,N-dimethyl formamide (DMF)
(Merck, India) have been used.

4.2.2 Synthesis of Co2X-hexaferrite and NZCF spinel ferrite:

Synthesis of CoxX-hexaferrite and NZCF spinel ferrite with the stoichiometry ratio of
BaxCo2Fe28046 and Nio.50Zno.30Cuo.20Fe204 have been done using simple sol-gel method. The
details of the synthesis procedure have already been discussed in chapter 2 (Section: 2.2.1
Synthesis of magnetic hexaferrite and ferrite nanoparticles by sol-gel method). After collecting
the as prepared CoxX-hexaferrite and NZCF spinel ferrite, CoxX-hexaferrite was annealed at
1200 °C and NZCF spinel ferrite was annealed at 400 °C in a hot air oven to get the proper
crystallographic phase.

4.2.3 Synthesis of CsN4semiconducting fillers:

The semiconducting C3N4 nanofillers was prepared by one-step solid state reaction method.

The desired product was obtained via heat treatment of 10 g melamine in a 7 ml curved bottom
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silica crucible and calcined at 500 °C for 4 hrs with a heating rate of 3 °C/min. The detailed
synthesis procedure has been mentioned in chapter 2 (Section: 2.2.2.1 Synthesis of carbon
nitrate (CsNa) by solid state reaction method).

4.2.4 Synthesis of Co2X-hexaferrite-CsN4 and NZCF-CsNs-PVDF nanocomposite films:
Before synthesizing the nanocomposite films the binary fillers of Co.X hexaferrite-CsN4 and
NZCF-C3N4 have been prepared by solid-state reaction method, and the details of the solid-state
reaction method have been discussed in chapter 2 (Section: 2.2.2.4 Synthesis of binary
nanocomposite by grinding-mixing method). To get the flexible, free-standing Co02X
hexaferrite-CsN4 and NZCF-C3Ns-PVDF nanocomposite films, cost effective solution casting
method has been used. The detailed procedure of solution casting method has been mentioned
in chapter 2 (Section: 2.2.2.5 Synthesis of nanofillers-polymer nanocomposite film by solution
casting method). The prepared XCP732, XCP733, NFCP732, NFCP733, NFCP552 and
NFCP553 nanocomposite films are cut into the proper dimensions to conduct all the

measurement.

(c) XCP733 (d) NFCP553 (e) NFCP733

Figure 4.1: Free standing and flexible images of (a) PVDF, (b) XCP732, (c) XCP733, (d)

NFCP553, (e) NFCP733 nanocomposite films.
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4.3 Result and Discussions
4.3.1 Crystallographic phase analysis:
The X-ray diffraction (XRD) analysis of CoxX-hexaferrite, NZCF, C3N4, bare PVDF and

XCP732, XCP733, NFCP732, NFCP733, NFCP552 and NFCP553 nanocomposite films in the
range of 10° to 80° that confirms the crystallographic phases and the presence of all the
crystallographic phases corresponding to the phase of Coz2X-hexaferrite-C3N4 and NZCF-C3N4
binary fillers inside the matrix of PVDF in the heterojunction multiphase nanocomposite films.
The crystallographic phases corresponding to Co2X-hexaferrite, NZCF nanoparticles, C3N4 and
bare PVDF have been matched well with the crystallographic phases of the respective samples
given in their JCPDS files 78-0135, 84-0757, 87-1526, and 42-1650, respectively. Co2X-
hexaferrite has two types of mixed phases i.e. Co,W and Co.M-hexaferiite so that the JCPDS
number of 78-0135, 84-0757 belongs to Co,W and Co:M-hexaferiite respectively. The
simultaneous existence of Co.X-hexaferrite-C3Ns and NZCF-C3N4 binary fillers inside the
structure of PVDF and the identification of their crystallographic phases along with the phase
of laminated PVDF matrix make this study more significant from the shielding effectiveness
point of view. Figure 4.2(1 and Il) shows the XRD pattern of Co.X-hexaferrite, NZCF, C3Na,
bare PVDF and the laminated nanocomposite films, i.e., XCP732, XCP733, NFCP732,
NFCP733, NFCP552 and NFCP553. Thus, this XRD analysis will help us to understand the
formation of the composite form of the resultant materials with proper multi-phase nature. The
average crystallite diameter of Co.X-hexaferrite and NZCF nanoparticles has been estimated
from the broadening of the 100% intense peak of Co>X-hexaferrite and NZCF nanoparticles,
by applying the Debye-Scherrer equation [10]

0.9A

B1cosO
2

<D >=

(4.1)
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Here, D is the average crystallite size, A is the incident X-ray wavelength, 0 is the Braggs angle

and the corresponding full width at half maximum (FWHM) is designated as (31. The crystalline

diameter of CoxX-hexaferrite and NZCF nanoparticles are ~ 28 nm and ~ 34 nm, respectively.
Also, the formation of non-polar a, polar B and y-phase crystallizations of the resultant
nanocomposite films indicate that Co2X-hexaferrite-CsN4 and NZCF-C3N4 binary fillers have
formed successful interfaces in the PVDF matrix through electrostatic interaction. Also, it has
been noticed that as compare to bare PVDF the non-polar a-phase is suppressed and the polar
B-phase are quite prominent in case of nanocomposite films. The interaction between the binary
fillers and PVDF is responsible for the formation of all trans-planar zig-zag (TTTT)

conformation inside the nanocomposite films.

)

(1
I (g) NCP733

(f) NCP732

(1055)

(d) XCP733 s ‘ (¢) NCP553
i (d) NCP552

5
: 3 : 5 i :
= (¢) XCP732 i ¥ i |
i . § H $ :
A : ‘j .
. |

~
-
~
oo/
(|))(3\_‘ .;’
w
=
L
=
=
p—

(b) NZCF

Intensity (a.u.)

L)

(a) PVDF (a) PVDF

1020 30 40 50 60 70 80 10 20 30 40 50 60 70 80
20 (degree) 20 (degree)

Figure 4.2: XRD patterns of (I) bare PVDF, CoxX-hexaferrite, NZCF nanoparticles, C3N4
nanofillers, and (I1) the nanocomposite films of XCP732, XCP733, NFCP552, NFCP553,
NFCP732 and NFCP733.

4.3.2 Study of surface morphology:

The surface morphology study of CozX-hexaferrite-C3sN4 and NZCF-C3Na binary fillers and
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some selected nanocomposite films (NFCP552, NFCP732, XCP732, and XCP733) has been
depicted in Figure 4.3(a-1). The spherulite nature with the presence of prominent bubble type
structures has been observed for the nanocomposite films. Also, the presence of radial lamellar
structure has been found in the nanocomposite films, but the fractional contribution of the radial
lamellar structure in the nanocomposite films is less. It has already been mentioned in the
previous chapter that the presence of spherulite structure of bubble type in nature over the
surface of NFCP552, NFCP732, XCP732, and XCP733 nanocomposite films indicates the
presence of polar/electroactive -phase crystallization of PVDF matrix, whereas, the radial
lamellar structure over the surface of NFCP552, NFCP732, XCP732, and XCP733
nanocomposite films is attributed to non-polar a-phase [11, 12]. From Figure 4.3(b, c, €, f, h, i,
k and 1) of the given micrographs clearly show that the binary fillers are present inside the
PVDF matrix. The insertion of Co.X-hexaferrite-C3sN4 and NZCF-C3Na binary fillers inside the
matrix of PVDF is responsible for the formation of nanofiller-PVDF interfaces inside
nanocomposite films and the formation of such interfaces improves the overall electroactivity
of the nanocomposite films and therefore, the polar/electroactive B-phase has been developed.
Again, the energy dissipative spectroscopy (EDX) and elemental mapping study for the
NFCP552 nanocomposite film have been done as a representative among the other
nanocomposite films. The EDX and elemental mapping of NFCP552 are shown in Figure 4.3(m
and n), respectively. The presence of nickel (Ni), zinc (Zn), copper (Cu), iron (Fe) and oxygen
(O) ions in the NFCP552 nanocomposite film is confirmed by the EDX and elemental mapping
study. Also, the peaks relating to gold (Au) in the EDX study has been observed due to the
presence of gold coating over the surface of NFCP552 composite film during the preparation

of the samples for FESEM imaging. The carbon and nitrogen peaks have not been considered
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in EDX study since the FESEM observation was conducted keeping NFCP552 nanocomposite
film over the surface of carbon tape which can make the carbon (C) peak corresponding to both
C3N4 and carbon tape indistinguishable. Also, the elemental area mapping of NFCP552
nanocomposite film shows a nearly uniform distribution of all the ions, namely nickel (Ni), zinc
(Zn), copper (Cu), iron (Fe) and oxygen (O), inside the composite film. From this
morphological analysis it is quite clear that both magnetic NZCF nanoparticles and the
semiconducting C3Na4 layer structures are present simultaneously inside the NFCP552 and
NFCP732 nanocomposite films and it is expected that these two components and more
specifically the insertion of C3N4 semiconducting fillers inside the matrix of PVDF will put
some addition impact to improve the shielding effectiveness due to absorption (SEa) of the

nanocomposite films.
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Figure 4.3: FESEM images of (a-c) NFCP552, (d-f) NFCP732, (g-i) XCP732, and (j-1)
XCP733 nanocomposite films, (m, n) EDX spectra of NFCP552 and elemental mapping of

NFCP552 nanocomposite film.
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4.3.3 Chemical property study:

The FTIR study of bare PVDF and the nanocomposite films have been displayed in Figure 4.4(l
and I1), the presence of non-polar a-phase and the polar B-phase of the nanocomposite films
have been observed and the corresponding peaks are also assigned in the given figure in the
range of 1200-400 cm™. The different mode characteristic peaks of non-polar a-and polar B-
phase of XCP732, XCP733, NFCP552, NFCP553, NFCP732 and NFCP733 have been listed
and given in Table 4.1 [13-16]. Also, it is to be mentioned here that the several strong bands
have been observed for all the nanocomposite films within the range of 2000-1100 cm ™2, signify
the presence of stretching modes of CN heterocycles [17, 18]. The presence of these strong
bands of XCP732, XCP733, NFCP552, NFCP553, NFCP732 and NFCP733 nanocomposite
films clearly indicate that CsN4 semiconducting fillers are present inside the structure of PVDF.
Now, the presence of both Co2X-hexaferrite-CsN4 and NZCF-C3N4 nanoparticles with C3Na
semiconducting fillers are responsible for the formation of interfaces between the CoxX-
hexaferrite-CsNs and NZCF-C3N4 binary fillers and the PVDF matrix. This electrostatic
interaction between the CoxX-hexaferrite-C3N4 and NZCF-C3N4 binary fillers and the PVDF
matrix leads to the formation of aligned chains with all-trans-planar zig-zag (TTTT)
conformation of all the nano composite films (XCP732, XCP733, NFCP552, NFCP553,
NFCP732 and NFCP733), which on the other hand improves the fractional contribution of polar
B-phase of PVDF in the nanocomposite films as compared to the non-polar a-phase. The B-
phase fraction [F(p)%] of bare PVDF, XCP732, XCP733, NFCP552, NFCP553, NFCP732 and

NFCP733 has been estimated using Lambert—Beer law

A
F(B) = (KB—B

4.2)
K_O()Aa+ AB

T. Chakraborty 101 Jadavpur University



Synthesis of Magnetic-semiconducting ......... shielding behaviour

Here A, and Ag are the absorbance at 773 cm™ and 847 cm™, respectively, and K, (6.1x10*
cm?mol™) and Kg (7.7x10* cm?mol™) are the absorption coefficients at their respective
wavenumbers. The enhancement of B-phase fraction [F()%] of the nanocomposite films has
been observed due to the formation of more areas of interfaces between the Co.X-hexaferrite-
C3Ns and NZCF-C3N4 binary fillers and the PVDF matrix. Basically, the electrostatic
interaction between the binary fillers and the CH> groups of PVDF matrix can produce a
significant amount of aligned chains with all-trans-planar zigzag (TTTT) conformation, which
will further enhance the B-phase fraction [F(B)%] of XCP732, XCP733, NFCP552, NFCP553,
NFCP732 and NFCP733 nanocomposite materials as compared to the bare PVDF. This
electrostatic interaction is mainly responsible for the enhancement of the polarization effect as
well as the electroactive behaviour of XCP732 and XCP733 composite materials.

Table 4.1: FTIR peaks and corresponding data of bare PVDF, XCP732, XCP733, NFCP552,

NFCP553, NFCP732 and NFCP733 nanocomposite films.

T

1. PVDF 496 (CF 520 (CF 846 36.9
waging) stretching) 1081
537 (CF 608 (CF2 waging) -
bending)

617 (CF 848 (CH: rocking, -
bending) CF; stretching and
skeletal C-C
stretching)
768 (CF2 1079 (CHz and -

skeletal CF2groups
bending) generated from the
CH: rocking and

CF stretching)
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815 (CH: -
rocking)
895 (CH:2 -
rocking)
970 (CH: -
rocking)
2. XCP732 same as same as above 1211 38.9
above 1289
1334
1344
1432
1550
1678
3. XCP733 same as same as above same as above 40.2
above
4. NFCP552 same as same as above 1290 44.3
above 1340
1437
1685
5.  NFCP553 same as same as above same as above 44.5
above
6. NFCP732 same as same as above same as above 45.2
above
7. NFCP733 same as same as above same as above 44.6
above
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Figure 4.4: (I) FTIR spectra of (a) bare PVDF, (b) XCP732, (c) XCP73 (d) NFCP552, (e)
NFCP553, (f) NFCP732 and (g) NFCP733 nanocomposite films in the range of 1200-400 cm™*
and (I1) FTIR spectra of (3) XCP732, (b) XCP73 (c) NFCP552, (d) NFCP553, (e) NFCP732
and (f) NFCP733 nanocomposite films in the range of 2000-1100 cm ™.

4.3.4 Magnetic property study:

In this chapter the magnetic response of Co2X-hexaferrite-C3Ns-PVDF and NZCF-C3Ns-PVDF
(XCP732, XCP733, NFCP553, NFCP7333) nanocomposite films have been investigated. The
nanocomposite films show a clear hysteresis loop at RT which is clear evidence of having
magnetic ordering in the representative nanocomposite films depicted in Figure 4.5(1 and I1). It
has already been discussed in the experimental section of chapter 2 (section 2.2.2.5) that
XCP733 and NFCP733 consist larger loading percentage of magnetic nanofillers as compared
to NFCP553. So, it is expected to get a better magnetic response in NFCP733 as compared to
XCP732 and NFCP553 nanocomposite films. In Figure 4.5(1)(a and b) it is observable that the
M-H loops of XCP732, XCP733 are not completely saturated even when the applied magnetic

field strength was 50,000 Oe but it has large coercive field this type of behaviour of the
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magnetic nanocomposite films indicates the ferromagnetic behaviour. On the other hand Figure
4.5(I11)(a and b) i.e. NFCP553, NFCP733 nanocomposite films shows relatively low coercivity
and low retentivity, that indicates the superparamagnetic (SPM) behaviour of the
nanocomposite films. The extracted magnetic information like, maximum magnetization,
coercivity, and retentivity of XCP732, XCP733, NFCP553, NFCP733 have been listed in Table
4.2. The variation of maximum magnetization and coercivity of these magnetic nanocomposite
films appears due to the variation of the Co>X-hexaferrite and NZCF loading percentage in the
matrix of PVDF. From the magnetic response study of these two representative nanocomposite
films one thing can be confirmed that the other two nanocomposite films are also magnetic in
nature at RT. This magnetic nature of the nanocomposite films signifies that all the
nanocomposite films consist magnetic dipoles at RT and when these magnetic dipoles interact
with the magnetic field vector of EM radiation attribute shielding effectiveness due to
absorption (SEa). The sufficiently high maximum magnetization and coercivity of the
nanocomposite films make them a very good candidate for such kind of specific application in
EM radiation absorption to combat against the pollution of excessive exposure of EM radiation
in the GHz frequency range.

Table 4.2: Various magnetic parameters of XCP732, XCP733, NFCP553, NFCP733

nanocomposite films.

1. XCP732 9.63 1445 3.87
2. XCP733 16.79 3366 10.29
3. NFCP553 1.9 23 0.033
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Figure 4.5: Magnetic M-H loops of (I) (a) XCP732, (b) XCP733, (Il) (a) NFCP553 and (b)
NFCP733 nanocomposite films at RT.

4.3.5 Dielectric response study:

The presence of complex dielectric permittivity and the types of polarizations responsible for
the enhancement of the complex dielectric permittivity in bare PVDF and in the nanocomposite
films (XCP732, XCP733, NFCP552, NFCP553, NFCP732 and NFCP733) have been
investigated in this dielectric study. The variation of the real part of complex dielectric
permittivity (¢') and the imaginary part of complex dielectric permittivity (¢”) of the
nanocomposite with respect to frequency of the external electric field (40 Hz to 10° Hz) at three
different temperatures (30, 50, and 100 °C). The real part of complex dielectric permittivity (&)
and the imaginary part of complex dielectric permittivity (¢") of all the samples have been

calculated by using the formula [19]
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— 4
g'= Eon (4.3
andg"=¢' x tand (4.4)

Here, C is the capacitance of the films, d and A are the thickness and area, respectively, of the
films and €, is the free space permittivity. Usually, the frequency dependent dielectric
permittivity of the PVDF based nanocomposite films can be explained by two major
phenomena such as the improvement of electroactive B-phase crystallization of nanofillers
incorporated PVVDF nanocomposite films and the second one is the Maxwell-Wagner-Sillers
interfacial polarization [20-23]. In this particular synthesis procedure (the solution casting
method also known as doctor’s blade method), the formation of space charge polarization and
other types of polarization at the interfaces inside the nanocomposite films are responsible for
the variation of the electroactive B-phase crystallization. The nanocomposite films and bare
PVDF show a significant dielectric response in the low frequency region, and as the temperature
increases from 30 °C to 100 °C, the value of €' has been enhanced for all the materials keeping
their nature of variation constant. Therefore, it can be inferred that all the materials have
significant amount of frequency response dielectric polarizations. The value of &' of NFCP553
and NFCP552 shows enhancement as compared to the bare PVDF due to the improvement of
the polar B-phase crystallization of the PVDF matrix in the nanocomposite films as well as the
improvement of space charge polarization at the interfaces of the composite materials
corresponding to the Maxwell-Wagner-Sillers interfacial polarization effect. In NFCP552 and
NFCP553 nanocomposite films, the greater loading percentage of C3sN4 semiconducting fillers
inside the matrix of PVDF as compared to the NFCP732 and NFCP733 can provide more

conduction charges at the interfaces of the NZCF-C3N4-PVDF nanocomposite films and this
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can make the dielectric permittivity significantly high for NFCP552 and NFCP553. With the
increase in temperature from 30 °C to 100 °C, C3N4 semiconducting fillers inside NFCP552 and
NFCP553 nanocomposite films can contribute more conduction electron at the interfaces and
thereby improves the dielectric permittivity of these nanocomposite films largely as shown in
Figures 4.6(1). This conduction charge contribution by the C3N4 semiconducting fillers at RT
inside the matrix of PVDF improves the resultant polarization effect of the nanocomposite films
and it could help us to get better response in the field of magneto-dielectric applications. Also,
according to the Debye theory, the real part of complex permittivity can be related to

temperature as [24],

r_ Es— €0
£ = o+ Toreiryt (4.5)
7(T) = tgeFa/kD) (4.6)

where €' is the real part of complex permittivity, &, is the high frequency limit of permittivity,
&, is the static permittivity, o is the angular frequency, E, is the activation energy and z, and
7(T) represents pre-factor and temperature dependent relaxation time and k is the Boltzmann’s
constant.

The variation of the imaginary part of complex dielectric permittivity (¢') as a function
of frequency at three different temperatures (30, 50, and 100 °C) has been depicted in Figure
4.6(I1). The high value of &", specifically for a NFCP552 and NFCP553 nanocomposite films
at low frequencies and its reduction with the increase in the frequency, also substantiates the
presence of various forms of the electric dipolar polarization effect inside the structure of the
nanocomposite films. The response of the electric dipoles under the influence of the frequency

can generate thermal energy at the cost of the electrical energy corresponding to the external

T. Chakraborty 108 Jadavpur University



Synthesis of Magnetic-semiconducting ......... shielding behaviour

electric field, and this loss of electrical energy in the form of thermal energy inside the structure
of the nanocomposite films is responsible for the improvement of the shielding

effectiveness of absorption of the nanocomposite films.
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Figure 4.6: (I) Variation of real part of dielectric constant (¢') and (Il) imaginary part of
dielectric constant (¢'") with frequency of bare PVDF, XCP732, XCP733, NFCP552, NFCP553,
NFCP732 and NFCP733 nanocomposite films at (a) 30 °C, (b) 50 °C and (c) 100 °C and
NFCP552 and NFCP553 nanocomposite films at (d) 30 °C, (e) 50 °C and (f) 100 °C.

The dielectric dissipation factor or the loss tangent (tan 6) and the ac conductivity (oac)
responses of bare PVDF and the nanocomposite films (XCP732, XCP733, NFCP552,
NFCP553, NFCP732 and NFCP733) as a function of frequency of the external electric field at
three different temperatures (30, 50, and 100 °C) and the corresponding graphs are depicted in
Figure 4.7(1). The loss tangent (tan 8) and the ac conductivity (oac) Of the nanocomposite films

have been estimated by using the formula [25]
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n

tand = 88—, 4.7)
Oac = 2Tf€p€'tand (4.8)
Where, f is the applied frequency of external ac field. The observed variation of frequency
dependent dielectric loss tangent (tan 6) depends on the induced space charge polarization.
From the tand study it is quite clear to us that all the nanocomposite films are highly responsive
in the frequency range of 40 Hz to 10° Hz at three different temperatures (30, 50 and 100 °C),
the value of tand decrease with increase of frequency but with the increase of loading percentage
of semiconducting fillers (CsN4) inside the matrix of PVDF the value of tand increase
significantly. Now the comparatively high value of tané for Co2X-hexaferrite-C3N4-PVDF and
NZCF-C3Ns-PVDF nanocomposite films is due to the presence of CsNs acts as a 2-D
semiconducting material and this semiconducting material improves the polarization loss
corresponding to the space charge polarization at the interfaces as well as the conduction loss
inside the composite structures. Thus, the presence of CsN4 semiconducting fillers inside the
matrix of PVDF is actually responsible for the enhancement of the tan 6 of the nanocomposite
films at all three different temperatures and the improvement of the tand can make these Co2X-
hexaferrite-CsN4-PVDF and NZCF-CsNs-PVDF nanocomposite films suitable for the shielding
effectiveness in the microwave region of frequency.

The ac conductivity (cac) of Co2X-hexaferrite-C3sNs-PVDF and NZCF-C3Ns-PVDF
nanocomposite films and bare PVDF has been observed from Figure 4.7(11). At the frequency
region of 40 to 10° Hz corresponding to all three different temperatures the value of ac has
been enhanced largely at high frequency region. Firstly, the observed variation of o4 IS short
range conductivity in nature and this type of conductivity can be found when the charge carriers

move inside the material structure under the influence of external alternating electric field. It is
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now clear to us that CsNs semiconducting fillers inside PVDF matrix can act as the charge
source at RT and thereby it can provide charge carriers at the interfaces of the nanocomposite
films. This entire process can improve the dipolar polarization effects. Now, the dipolar
polarizations inside nanocomposite films can generate short-range osc in the frequency range of
40 Hz to 10° Hz at all different temperatures, though, with the increase in temperature from 30
°C to 100 °C this short-range ocac get decreased. The variation of short-range oac in the lower
frequency range has been appeared due to the interfacial polarization effect of CoxX-
hexaferrite-C3sN4-PVDF and NZCF-C3Ns-PVDF nanocomposite films and it has been enhanced
at high frequency range due to presence of other types of dipolar polarization effects such as
ionic polarization, electronic polarization, which are temporary in nature. Also, this short-range
oac N the frequency range of 40 Hz to 10° Hz depends on both Maxwell-Wagner-Sillers
interfacial polarization as well as other types of dipolar responses due to the presence of and
influenced by the semiconducting C3N4 fillers inside the matrix of PVDF. Thus, from the
dielectric response study, it is quite clear that the incorporation of semiconducting CsNa fillers
with different loading percentage inside PVDF matrix generates various dipolar effects due to
which the EMI shielding ability of nanocomposite films is expected to be more in the GHz

frequency range.
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Figure 4.7: (I) Variation of tangent loss (tand) and ac conductivity (cac) With frequency of bare
PVDF, XCP732, XCP733, NFCP552, NFCP553, NFCP732 and NFCP733 nanocomposite
films at (a) 30 °C, (b) 50 °C and (c) 100 °C and NFCP552 and NFCP553 nanocomposite films
at (d) 30 °C, (e) 50 °C and (f) 100 °C.

4.3.6 Study of EMI shielding property:

In order to get a proper understanding about the usefulness of the nanocomposite films
(XCP732, XCP733, NFCP552, NFCP553, NFCP732 and NFCP733) for shielding effectiveness
against electromagnetic radiation as well as to understand the importance of different
component materials and their contributions for the same. The shielding effectiveness study has
been conducted in this chapter for X-band (8-12 GHz) and Ky-band (12-18 GHz) of microwave
radiation. This frequency range i.e., 8-18 GHz is technically known as super high frequency
(SHF) region. In this chapter the shielding effectiveness of the nanocomposite films has been

considered for shielding effectiveness due to absorption (SEa), shielding effectiveness due to
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reflection (SEr) and shielding effectiveness for multiple reflections (SEwmr) [26]. The overall
shielding effectiveness of the nanocomposite films can be displayed in three different ways and
they are shielding effectiveness due to absorption (SEa), shielding effectiveness due to
reflection (SEr) and the total shielding effectiveness (SEt). The SEt of the nanocomposite films

has been estimated by using the equation

SE; (dB) = —10logy, (:;;) = SE, + SEg + SEug (4.9)
However, the shielding effectiveness by multiple reflections (SEmr) can be neglected for these
nanocomposite films as their thicknesses are more than the skin depth of the incident microwave

radiation in the frequency range of 8-18 GHz. Thus, the total shielding effectiveness (SEt) of

nanocomposite films given in equation (9) can be further expressed as [27, 28]
Py
SEr (dB) = —10logyo () = SE, + SEg (4.10)
0
Where, Pt represents the transmitted power and Po represents the incident power of microwave

radiations. The estimation of shielding effectiveness as SEa and SEr in the frequency range of

4-18 GHz can be done by the following equations [29]

SE, (dB) = —101log;o (=110) (4.11)

[S1212

SEx (dB) = —101logy, ( (4.12)

Here, S represent the scattering parameters i.e., S11 (reflection coefficient) and Sp1 transmission
coefficient). Figure 4.8(a, d, g, and j) represent the SEa of XCP732, XCP733, NFCP552,
NFCP553, NFCP732 and NFCP733 nanocomposite films for X-band and Ky-band in the
frequency range of 8-18 GHz. The maximum SEa values of -41.8 dB at a matching frequency
of 9.9 GHz and -62.41 dB at a matching frequency of 14 GHz have been observed for XCP733

and XCP732 nanocomposite films, respectively and the maximum value of SEa is -44.23 dB
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has been observed for NFCP552 at a matching frequency of 11.9 GHz -61.00 dB has been
observed for NFCP552 at a matching frequency of 14.1 GHz. These values are sufficiently
larger than those of the shielding effectiveness of approximately -37.50 dB at a matching
frequency of 11.5 GHz and -47.02 dB at a matching frequency of 14.5 GHz for the only CoxX-
hexaferrite nanofiller-incorporated PVDF matrix (XP). It is very interesting to mention here
that the improvement in SEa for XCP732 and XCP733 nanocomposite films as well as
NFCP552 as compared to the XP nanocomposite film has been found due the presence of CaN4
nanofillers along with the Co2X-hexaferrite and NZCF nanofillers inside the PVDF matrix.
Now, the interaction between the magnetic field vector of microwave radiation and the
magnetic dipoles of CoxX-hexaferrite and NZCF nanoparticles is responsible for the generation
of this high value of shielding effectiveness due to absorption (SEa) of nanocomposite films.
The significant amount of complex relative permeability («*) and relative complex permittivity
(e*) of Cox2X-hexaferrite and NZCF nanoparticles in this GHz frequency very much effective
in interacting with EM radiation in the GHz frequency range and therefore converting the EM
energy into heat energy by producing the absorption phenomenon. Also, the formation of
electric dipolar polarization due to the presence of semiconducting CsN4 nanofillers in the
matrix of PVDF can interact with the electric field vector of microwave radiation and, therefore,
this interaction can also convert a significant amount of electromagnetic energy into heat
energy. Therefore, the presence of C3aN4 semiconducting fillers inside the matrix of PVDF in
association with magnetic Co>X-hexaferrite and NZCF nanoparticles can produce eddies of
carrier charges and the corresponding eddy current loss inside the structure of PVDF [30]. Thus,
for the overall improvement in SEa of XCP732, XCP733, NFCP552, NFCP553, NFCP732 and

NFCP733 nanocomposite films, the composition of CoxX-hexaferrite-C3sN4 and NZCF-C3N4
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binary fillers plays a significant role. Now, from Figure 4.8(b, e, h, and k), the maximum SEr
of -33.64 dB at matching frequencies of 11.7 GHz for XCP733 and -33.81 dB at matching
frequencies of 13.05 GHz for XCP732 nanocomposite films, on the other hand, -32.20 dB at a
matching frequency of 11.99 GHz for NFCP732 and -33.91 dB has been found for NFCP552
at a matching frequency of 15.80 GHz has been found. The interaction between the surface
charges and the electric field vector of the incident EM radiation generates resonance at a certain
frequency of external EM radiation of the bound charges present on the surface and improves
the shielding effectiveness due to reflection (SEr) of XCP732, XCP733, NFCP552, NFCP553,
NFCP732 and NFCP733 nanocomposite films. Usually, high reflection phenomenon depends
on the matching of the frequency of the incident EM radiation with the plasmonic oscillation
related to the surface conduction electron. This effect will be found maximum for the materials
that consist large conduction electron at the surface and these surface conduction electrons
related plasma oscillation [31]. In the present case, moderate amount of conduction charges is
found right below the surface of the Co>X-hexaferrite-CsNs-PVDF and NZCF-C3Ns-PVDF
nanocomposite films due to the presence of the CsN4 semiconducting fillers and this effect is
even significant in the present case due to the presence of large surface to volume ratio of the
binary fillers [30]. Now, the interaction between the electric field vector of the incident EM
radiation and the conduction electron can produce reflection (SEr) phenomena but the value of
reflection (SER) is quite low as compared to the shielding effectiveness due to absorption (SEa),
and that confirm that the nanocomposite films (XCP732, XCP733, NFCP552, NFCP553,
NFCP732 and NFCP733) are very good material for absorbing the EM radiation. Finally, the
maximum values of SEr observed from Figure 4.8(c, f, i, and I), -72.5 dB at a matching

frequency of 9.9 GHz and -88 dB at a matching frequency of 14 GHz for XCP733 and XCP732
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nanocomposite films, respectively, and -73.01 dB at a matching frequency of 9.5 GHz and -
89.42 dB at a matching frequency of 14.1 GHz has been observed for NFCP732 and NFCP552
nanocomposite films. All the values of respective samples for SEa, SEr and SEt have been
given in Table 4.3. Thus, the presence of larger loading percentage of CsN4 semiconducting
fillers inside the structure of nanocomposite films helps to provide better response of SEt at
comparatively high frequency region. Therefore, undoubtedly it can be conferred that these
high shielding effectiveness corresponding to the absorption (SEa), reflection (SEr) and the
total shielding effectiveness (SEt) of these nanocomposite films not only resulted due to the
presence of magnetic nanofiller with the PVDF matrix but the unique idea of introduction of
C3N4 semiconducting fillers materials inside the matrix of PVDF along with Co,X-hexaferrite
and NZCF magnetic nanofiller has made all these nanocomposite films highly efficient for the
fabrication of advanced microwave absorbers to fight against the pollution of excessive
exposure of EM radiation in the GHz frequency range.

Table 4.3: Various parameters related to shielding effectiveness study of XP, XCP732,
XCP733, NFCP552, NFCP553, NFCP732 and NFCP733 nanocomposite films.

o T dima e

1. XP SEAmax) -37.50 -47.10
SER(ma) -32.00 -32.50
SET(max) -65.50 -75.00
2. XCP732 SEAmax) -41.80 -62.41
SErmax -31.35 -33.81
SET(max) 69.72 -88.00
3. XCP733 SEAmax) -39.43 -60.00
SERmax -33.64 -33.89
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4. NFCP552

S. NFCP553
6. NFCP732
7. NFCP733

S ET(max)

SEA(max)
SER(max)
SE1(max)
SEA(max)
SER(max)
SET1(max)
SEA(max)
SER(max)
SET1(max)
SEA(max)
SER(max)
SET1(max)

-72.50

-44.23
-31.66
-70.95
-38.72
-30.91
-68.31
-42.66
-32.20
-73.01
-40.85
-31.06
-68.92

-87.30

-61.00
-33.91
-89.42
-56.17
-33.10
-83.94
-58.82
-32.73
-85.74
-53.47
-33.47
-80.23
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Figure 4.8: (a, d, g, and j) Shielding effectiveness by absorption (SEa), (b, €, h, and k) shielding
effectiveness by reflection (SEr), and (c, f, i, and I) total shielding effectiveness (SEt) of XP,
XCP732, XCP733, NFCP552, NFCP553, NFCP732 and NFCP733 nanocomposite films in

frequency ranges of 8-12 and 12-18 GHz.
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4.4 Conclusion:
In this chapter, Co2X-hexaferrite-C3Ns and NZCF-C3N4 binary fillers incorporated PVDF
nanocomposite system has been prepared by a very simple solution casting method and
structural, microstructural, and chemical investigations have been done. All these
measurements show that the nanocomposite films have been formed with proper
crystallographic phase, morphology, and chemical nature. The high permeability of CoxX-
hexaferrite-C3sN4-PVDF and NZCF-C3Ns-PVDF nanocomposite films simultaneously act to
improve the shielding effectiveness due to absorption (SEa). A maximum SEa of -62.41 dB at
a matching frequency of 14 GHz and SEr of -89.42 dB at a matching frequency of 14.1 GHz
for the nanocomposite films has been observed with attenuation of >99.999999%. SO, the
presence of Thus, the presence of larger loading percentage of C3Ns semiconducting fillers
inside the structure of nanocomposite films helps to provide better response of SEt at
comparatively high frequency region. Thus, indisputably it can be concluded that the high value
of total shielding effectiveness (SEt) of the present nanocomposite films not only appeared due
to the presence of magnetic nanofiller (Co2X-hexaferrite and NZCF nanoparticles) with the
PVDF matrix but the exceptional idea of consideration of C3N4 semiconducting fillers inside
the matrix of PVDF along with magnetic nanofiller has made Co.X-hexaferrite-CsN4-PVDF
and NZCF-C3Ns-PVDF nanocomposite films highly efficient for the fabrication of microwave
absorber to fight against electromagnetic pollution.
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Chapter 5:

5.1 Introduction:

Electromagnetic (EM) pollution associated with the microwave radiation coming out from
wireless telecommunication systems and electronic devices is responsible for many health
issues of humans, animals and plants that we have already discusses in the previous chapter.
However, these adversative effects of EM pollution on biological systems can be restricted
effectively by the use of microwave absorber or EMI shielding materials. Moreover, the
requirement of camouflage/stealth mechanism for military equipment (i.e., reduction of radar
signature associated with ships, aircrafts, submarines, and tanks) and the protection of
commercial equipment (i.e.; low EMI among various components of printed circuit board
(PCB)) has enhanced the research and development (R&D) on the materials having EM wave
absorption property. Polymer based nanocomposite films containing inorganic components
have more suitable due to some of its excellent features needed for the generation of high
microwave absorption (MA) or shielding effectiveness (SE) [1, 2]. In the field of shielding
effectiveness research work, magnetic nanofillers such as ferrite and/or hexaferrite based
polymer nanocomposite films have been extensively studied with significantly large EMI
shielding effectiveness and attenuation [3, 4]. In the previous chapter (Chapter 4) the
importance of conducting nanofillers along with magnetic ferrite/hexaferrites for the EMI
shielding study has been discussed. Now, the specific hexaferrite material i.e. Co2Z
(BasCo2Fe24041) is highly significant in the realm of microwave absorption because of its
exceptional magnetic characteristics at elevated frequencies. The Co.Z-hexaferrite is highly
intriguing for microwave research due to its spontaneous polarization and planar magnetic

anisotropy. Along with Co.Z-hexaferrite, the reduced graphene oxide (rGO) of conducting in

T. Chakraborty 122 Jadavpur University



Synthesis of multi-layer structure ......... EMI shielding behaviour

nature has been considered due to its notable functional features that include strong chemical
reactivity, mechanical strength, optical and electrical adjustability, thermally conducting, and
large specific area [5]. Internal network has been developed by the overlapping rGO layers
decorated with Co.Z-hexaferrite amidst the local contact regions made with PVDF chain for all
the corresponding nanocomposite films [6]. In order to achieve dielectric losses in the GHz
frequency range and maximize the interfacial area inside PVDF matrix, reduced graphene oxide
(rGO) is the most suitable material to accompany the magnetic Co»Z-hexaferrites for
microwave shielding applications. The high frequency permeability and permittivity is an
important study to determine the EMI shielding performance of the materials. So, the
synergistic effects of Co.Z-hexaferrite, rGO and PVDF contributes highly to enhance the
permeability and permittivity of the nanocomposite films at GHz frequency range. Therefore,
we have enriched the EMI shielding effectiveness in term of absorption (SEa) by using the
appropriate proportion of CozZ-hexaferrite and rGO binary nanofillers in the PVDF matrix.
Interestingly, along with permeability and permittivity the proper thickness of the
nanocomposite film can also improve the shielding effectiveness due to absorption (SEa). Due
to this reason, in this chapter we have used multi-layer nanocomposite film to improve the SEa
of the nanocomposite films for this unique composition.

These multi-layer rGO-Co02Z-PVDF laminated nanocomposite film for superior SEa can
be made possible by the selection of proper thickness of the resultant nanocomposite materials.
The multi-layer rGO-Co.Z-PVDF nanocomposite film facilitates the presence of extra
interfaces between each layer, resulting in an increase of polarization-assisted losses. Such
additional dissipative mechanisms are absent for a mono-layer of these shielding materials.

Furthermore, the main advantage of employing multiple layers within a particular frequency
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range, as opposed to a single layer with a specific quantity of filler material, is the capacity to
modify the absorption loss (SEa) in decibels (dB) which is written as SE, = 20log(e~"%)
where, y represents the complex wave propagation constant and d represents thickness of the
shielding materials [7]. Therefore, the multi-layer exhibits superior absorption performance
compared to the mono-layer. When an electromagnetic wave enters between the layers of
consecutive mono-layer structure, it will experience internal reflections as it passes through
each subsequent interior layer. The internal reflection of EM waves from each layer present
inside the multi-layer structure will cease after the wave is absorbed by the subsequent internal
layers of multi-layer structure of rGO-Co02Z-PVDF nanocomposite systems. In this study multi-
layer laminated nanocomposite film can be considered over the same of mono-layer to find
their effect on shielding effectiveness behaviour. Therefore, in this study mono-layer and novel
multi-layer laminated nanocomposite films containing binary nanofillers of rGO and Co2Z-
hexaferrite have been fabricated and their EMI shielding effectiveness properties have also been
investigated. This study also shows the superior EMI shielding effectiveness in the frequency
range of 12-18 GHz corresponding to the multi-layer structures of rGO-Co2Z-PVDF laminated
nanocomposite films.

5.2 Experimental:

5.2.1 Materials:

The reduced Graphene oxide (rGO) were synthesised by reducing graphene oxide with the help
of the following chemicals for preparation: graphite fine powder (Loba Chemie), Sodium nitrate
NaNOs (Merck Germany, purified), sulphuric acid (H2SO4) (98% concentrated, Merck),
potassium permanganate (KMnQOs) (Loba Chemie India, 99%), hydrogen peroxide (H20-)

(30% concentrated, Merck), hydrochloric acid (HCI) (35% concentrated, Merck), Hydrazine
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hydrate (made in Germany, Sigma-Aldrich). Co»Z-hexaferrite having the composition
BasCozFe24041 were fabricated using sol-gel route of synthesis method. The chemicals used for
this route synthesis include iron (I111) nitrate nonahydrate (Fe(NOz)3.9H.0) (Merck Germany,
99%), cobalt (I1) nitrate hexahydrate (Co(NO3)2.6H20) (Merck Germany, 99%), barium (I1)
nitrate (Ba(NQO3).) (Merck Germany, 99%), citric acid (CeHsO7) and ethanol (C2HsOH). Thus,
the binary fillers rGO-Co2Z incorporated inside the matrix of PVDF to obtain the laminated
nanocomposite film, using solution casting method, involving the chemicals Poly(vinylidene)
difluoride (PVDF) pellets (molecular weight Mn: 107,000, Mw: 275,000 (hpc), Aldrich,
Germany) and N, N-dimethyl formamide (DMF) (Merck, India). All the chemicals used for
synthesis are of analytical grade.

5.2.2 Synthesis of chemically reduced graphene oxide:

Graphene oxide (GO) was fabricated via modified Hummer’s method [8], The details of this
process have been discussed in in chapter 2 (section: 22.2.2.2 Synthesis of reduce graphene
oxide (rGO) by modified Hummer’s method). The dried GO powder was dispersed in milli-Q
(2 mg/ml) and hydrazine hydrate (Iml for 50 mg of GO) was added to the solution under
continuous stirring and maintaining the temperature around 80 °C. After 12 h stirring, the
resultant suspension was washed with distilled water to adjust the pH of the sample. The
resultant sample was then finally dried in a hot air oven, and thus reduced graphene oxide (rGO)
was obtained.

5.2.3 Synthesis of Co2Z-hexaferrite:

The Co2Z-hexaferrite were synthesised via sol-gel mode of synthesis. The stoichiometry ratio
of the CoxZ-hexaferrite is BasCo2Fe24041. The detailed synthesis procedure has already been

discussed in chapter 2 (Section: 2.2.1 Synthesis of magnetic hexaferrite and ferrite
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nanoparticles by sol-gel method). The sample after being mortared into a fine powder, was
calcinated at a temperature of about 1200 °C in a high-vacuum furnace, to ensure structural
integrity, along with phase formation, and enhanced magnetic domain size.

5.2.4 Synthesis of rGO-Co2Z-PVDF nanocomposite films:

Before the synthesis of rGO-CoZ-PVDF nanocomposite films, 50:50 and 30:70 wt% of
rGO:Co2Z binary fillers have been prepared using grinding-mixing method which were named
as rZ55 and rZ37, the details of the grinding-mixing method has been discussed in chapter 2
(Section: 2.2.2.4 Synthesis of binary nanocomposite by grinding-mixing method). The
obtained powders were then used in preparing rGO-Co2Z-PVDF nanocomposite films, with
varying loading percentages of the binary fillers using the solution casting method [5]. The
detailed procedure of solution casting method mentioned in chapter 2 (Section: 2.2.2.5
Synthesis of nanofillers-polymer nanocomposite film by solution casting method). Finally, all
the nanocomposite films (rZP552, rZP553, rZP372 and rZP373) have been collected. After that,
to prepare the multi-layer structure, we have taken six mono-layer films one above other of
each nanocomposite film and stacked tightly by using hot press technique. The multi-layer
structure formed successfully without having any gap within the layers and the effect of hot
press is equally distributed throughout the layers of nanocomposite films during the making of
multi-layer structure. Finally, the prepared mono-layer and multi-layer nanocomposite films are
taken for different studies. The details of the nanocomposite films are mentioned in chapter 2,
Table 2.2. Figures 5.1(I and Il) show the free standing and flexibility of the mono-layer and
multi-layer nanocomposite films respectively. Therefore, the flexibility of the nanocomposite
films is not compromised in the process of going from mono-layer structure to a multi-layer

one.
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(I) rZP552

-

Figure 5.1: Free standing and flexible images of mono-layer and multi-layer rZP552

(I) rZP552

nanocomposite film.

5.2.5 Formation mechanism of rGO-Co02Z-PVDF nanocomposite films:

The structural representation of rGO-Co2Z-PVDF nanocomposite film is given in Figure 5.2.
Co2Z-hexaferrite has been studied as one of the most promising microwave-absorbing ferrites,
mainly due to the existence of the strong magnetic property, as a consequence of the c-plane
anisotropy especially at higher frequencies [3, 9]. Co2Z-hexaferrite is a complex structure,
because of the combination of two different types of hexaferrites (Co.Y and Co2M). The basic
structure of CozZ-hexaferrite unit cell comprises of mainly three blocks, namely S-(spinel)
block, R-(hexagonal) block, and T-(hexagonal) block. (Also included are their 180° rotational
variants about the c-axis S*, R* and T*) [10]. The S- block does not contain any barium ions,
the R-block contains barium ions with two oxygen layers, while the T-block comprises of
barium ions along with four oxygen layers. These Co.Z-hexaferrites are incorporated in the
matrix of reduced Graphene oxide (rGO) via electrostatic forces of attraction between them due
to the partially negative charges present on the surface of the hexaferrite, and the overall partial
positive charge developed over the matrix of rGO. Poly(vinylidene fluoride) (PVDF), a
piezoelectric polymer exists in the nanocomposite in the B-phase having the zigzag (TTTT)

conformation. Alternatively layering doped rGO and PVDF matrices gives rise to a sandwich
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configuration, which opens the prospect of the formation of multi-layered structures, while
giving rise to a significant increase in piezoelectric parameters [38]. This connection results
through the electrostatic forces of attraction, ultimately leads to the binding of PVDF with the
rGO sheets on either side, consequently resulting in the sandwich structure of rGO-Co2Z-PVDF

nanocomposite films [11].

onto the rGO planar structure and are evenly

Co,Z hexaferrite nanoparticles are embedded
dispersed throughout the matrix.

Bond formation between 6* partial charge of CH, group
in PVDF with the 8- surface charge present on Co,Z-rGO
matrix.

Figure 5.2: Schematic diagram for the structural build-up of rGO-Co2Z-PVDF nanocomposite
film.

5.3. Results and Discussions:

5.3.1 Crystallographic phase analysis:

The XRD profile of the rZP373, rZP372, rZP553, rZP552 nanocomposite films can determine
the crystallographic phases related to the phase of rGO, Co,Z-hexaferrite and the phase of
PVDF in the nanocomposite systems. Figure 5.3(l) depicts the outcome of XRD analysis for

bare PVDF film, rGO and Co.Z-hexaferrite. The XRD patterns of rZP373, rZP372, rZP553,
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rZP552 nanocomposite films are depicted in Figure 5.3(11). All the crystallographic phases in
XRD patterns of rGO-Co2Z-hexaferrite-PVDF nanocomposites are assigned by using JCPDS
file number 42-1650, 78-0131 and 82-0472 respectively. The observed Co»Z-hexaferrite
crystallographic phase conforms to P63/mmc space group [12]. Now, in the XRD patterns of
rZP373, rZP372, rZP553, rZP552 nanocomposite films, the appearance of matching phases of
CooZ-hexaferrite, rGO and bare PVDF in the 20 range of 10° to 80° has been found. The average
crystallite diameter of Co2Z-hexaferrite has been calculated from the broadening of the 100%

intense peak (110) by Debye-Scherrer equation (1).

0.9A
2

Here, D is the average crystallite size, A is the incident X-ray wavelength, 0 is the Braggs angle
corresponding to the central position of the XRD peak (110) and P12 is assigned as full width
at half maximum (FWHM) of the XRD peak (110). The average crystallite diameter of ~ 22
nm for Co.Z-hexaferrite has been observed by the XRD analysis. Figure 5.3(111) shows the plot
generated by Reitveld refinement of the Co>Z-hexaferrite prepared via sol-gl synthesis route
with the help of the refinement software MAUD. Initially the specifications such as the lattice
parameters, space group, atomic coordinates were evaluated from the similar reference patterns
available at Crystallography Open Database (COD). To get a good fitting, the background
factor was corrected using cosine Fourier series with eight refinable coefficients and the Bragg
reflection profile was characterized by Thompson-Cox-Hastings pseudo-Voigt function.
Parameters such as width dimensions, unit cell dimensions, orientation, assymetry, structure
factor, occupancy were refined. Impurity in the hexaferrites can be ruled out since no additional
peaks are found in the refinement. Goodness of fitting (x?), discrepancy factor (Rup), expected

values (Rexp) of Co2Z-hexaferrite has been evaluated and shown in the inset of Figure 5.3(111).
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Figure 5.3: (I) XRD pattern of (a) PVDF, (b) rGO, (c) Co2Z-hexaferrite (1) (a) rZP552, (b)
rZP553, (c) rZP372 and (d) rZP373 nanocomposite films, (l111) Rietveld refinement study of
Co2Z-hexaferrites.

5.3.2 Surface morphology study:

The morphological aspect of the rZP553 and rZP373 nanocomposite films has been

characterized with the help of FESEM. The micrographs of bare PVDF film, Co,Z-hexaferrite,
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rGO, rZP553 and rZP373 nanocomposite films have been illustrated as Figures 5.4(a-g). The
expected hexagonal crystal structure of the CoZ-hexaferrite has been achieved and depicted in
Figure 5.4(c). Figure 5.4(d) shows the wrinkled structure of rGO. The wrinkles on the rGO
surface develop with the restoration of sp? bonds between carbon and hence confirm the
effective reduction of graphene oxide [13]. The FESEM micrographs given in Figures 5.4(e
and f) reveal the successful inclusion of the binary rGO-Co2Z hexaferrite binary fillers in the
PVDF matrix. The binary fillers contained in the PVDF matrix will help in promoting the useful
interfacial area between the binary fillers and the PVDF matrix which in turn enhances the polar
B and y-phases of the resultant rGO-Co2Z-PVDF nanocomposite films [14, 15]. Also, Figure
5.4(g) represents the cross-sectional view of rZP373 multi-layer nanocomposite film. From the
cross-sectional view of the representative nanocomposite film, it has been confirmed that the
multi-layer structure formed successfully without having any gap within the layers and the
FESEM image also shows that the thickness of each mono-layer film in multi-layer structure is
nearly same. FESEM image shows that the thicknesses are very within the range of 100 um to
144 um. The Energy Dispersive X-ray Spectroscopy (EDS) study given in Figures 5.4(h and i),
confirm the existence of all the elements, such as barium (Ba), cobalt (Co), iron (Fe), oxygen
(O), carbon (C) and fluorine (F) in the rZP553 and rZP373 nanocomposite films. Elemental
mapping images given in Figures 5.4(j and k), show the uniform distribution of the cations of
CooZ-hexaferrite as well as the carbon and oxygen atoms of the rGO sheet inside the rZP553

and rZP373 nanocomposite samples.
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Figure 5.4: FESEM micrographs of (a) PVDF film, (b, c) Co.Z-hexaferrite, (d) rGO, (e and f)

rZP553 and rZP373 nanocomposite films, (g) cross sectional image of rZP373 nanocomposite
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film (h and i) EDS spectra and (j and k) Elemental mapping and of rZP553 and rZP373
nanocomposite films respectively.

5.3.3 Study of RAMAN spectroscopy:

Figures 5.5(a-e) represent the Raman spectroscopy of rGO and rZP552, rZP553, rZP372,
rZP373 nanocomposite films, respectively. To find the spectroscopy band of rGO, Raman
spectroscopy is one of the fundamental studies. From respective graph both the D and G bands
are visible at 1329 cm™and 1591 cm, respectively. The existence of D band is found mainly
due to the breathing mode of Aig symmetry and it can also provide the defect number in rGO
[40]. The activation reason of D band is disorder in carbon compound. For the first order
scattering mode of Epq phonons of sp? domains present in carbon atom observed from the
presence of G band of rGO [16, 17]. So, the G band represents the tangential sheer mode of
carbon atom corresponding to the stretching mode in the graphite plane [18]. The presence of
both D and G bands are quite prominent in rZP552, rZP553, rZP372, rZP373 nanocomposite
films and there is no shifting of peaks observed therein. The existence of 798 cm™ and 879 cm
! peaks represent the o and p—phases of PVDF, respectively. Also, the peak at around 683 cm"
! represents the Co,Z-hexaferrite inside the matrix of PVDF [19]. Moreover, this study also
provides information about the improvement of polar f—phase of the nanocomposite films. In
Table 5.1 we have mentioned the band position, phase and group/vibrational mode of the rGO,

PVDF and nanocomposite films rZP552, rZP553, rZP372 and rZP373, respectively.
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Table 5.1: Details of Raman spectroscopy analysis

1. Co2z 683 - -
2. rGO 1329 (D) - -
1591 (G)
3. PVDF 798 o CHar
879 o B CC vs
1430 CH28, CH2 »
2971 CH2 Vs
4. rZP552 same as above same as above same as above
5. rZP553 same as above same as above same as above
6. rZP372 same as above same as above same as above
7. rZP373 same as above same as above same as above
+ PVDF phase
s # COZZ phase
# 5 1
(e) rZP373
=
=
o)
= (d) rZP372
g
= (¢) rZP553
(b) rZP552
; L . (a) rGO
~—1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm™)

Figure 5.5: Raman spectra of (a) rGO (b) rZP552 (c) rZP553 (d) rZP372 and (e) rZP373

nanocomposite films.
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5.3.4 XPS analysis:

The present study employs XPS measurements to examine the chemical states of each element
in Co2Z, rGO, rZ55, and rZ37. The 284.60 eV peak in the C 1s spectrum is utilized for binding
energy calibration. The XPS survey spectra of Co>Z-hexaferrite is presented in Figures 5.6(1)(a-
e). The identified peaks include elements C, Ba, Fe, Co, and O only. The element binding
energy analysis indicates that the Co.Z-hexaferrites exhibit a single-phase composition without
any additional impurity phases. The survey scan spectra in Figure 5.6(1)(a) exhibited peaks
corresponding to Fe2p, Ba3d, Co2p, and O 1s in the material. The Ba 3ds and Ba 3dz peaks
have binding energies of 779.32 and 796.34 eV respectively, as indicated in Figure 5.6(1)(b).
Two separate prominent iron peaks are found and shown in Figure 5.6(1)(c). The initial
prominent peak (2pzr2) is divided into two distinct peaks, one at 710.32 eV which corresponds
to the Fe?" state and the other at 713.36 eV which is associated with the Fe3* state [20].
Additionally, there are two satellite peaks located at 716.33 eV and 719.97 eV [20]. The second
primary peak (2p1) is also divided into two distinct peaks, with each peak occurring at 724.76
eV belonging to the Fe?* oxidation state and 727.52 eV which corresponds to the Fe3* oxidation
state [20]. Further satellite peaks are observed at positions of 733 eV [21]. Figure 5.6(1)(d)
displays two prominent peaks at 779.9 eV and 795.25 eV, corresponding to Co?* 2ps;z and Co?*
2p1s2, respectively [20]. Figure 5.6(1)(e) displays the distinctive peak of O 1s, which has been
divided into three distinct peaks. The peak at 529.92 eV (0% is caused by naturally occurring
O ions, whereas the peak at 532.7 eV (O°) indicates the presence of oxygen vacancies and
533.5 eV (O°) is due to O* ions that have been adsorbed during the processing of the sample
[21]. Figures 5.6(11)(a-c) display the XPS analysis of rGO powder. The observation revealed

two distinct and precise peaks at binding energies of approximately 288 eV and 529 eV,

T. Chakraborty 135 Jadavpur University



Synthesis of multi-layer structure ......... EMI shielding behaviour

corresponding to the C1s and O1s peaks respectively [22].

Figures 5.6(111) and (IV)(a) display the rz55, rZ37, and whole-range XPS survey
spectra, covering energies from 0 to 1200 eV. The identified peaks include elements C, Ba, Fe,
Co, and O. The carbon peak observed in the rZ55 and rZ37 binary fillers is the most distinct
and precise among all the other peaks of different elements. This indicates a successful
reduction of graphene oxide (GO) to reduced graphene oxide (rGO). Figures 5.6(I1l) and
(IV)(b-e) display the high-resolution scan of Fe2p, Ba3d, Co2p, and O1s in the rZ55 and rZ37
binary fillers. The presence of all the constituent elements (Ba, Fe, Co, and O) in the XPS scan
of the binary fillers confirms that the Co.Z-hexaferrites have been effectively incorporated in

the matrix of rGO.

Survey spectra urvey spectra
M (a) Co,Z (n i
2
. (a) rGO

— Ba3d 3 2

: CoZp\J = o

~ o

.% Ols g

z Fe2 o «~

= =

= T F VK‘\LO\-\_\M

=

" " " " N 0 200 400 600 800 1000 1200
0 200 400 600 800 1000 1200 Binding Energy (eV)

Binding Energy (eV)

Cls
(b) Ba3d © Fe2p (b)

Ba3dy, Fe2p;,

Bal Ba3ds,,

Intensity (a.u.)

Intensity (a.u.)
Intensity (a.u.)

282 284 286 288 290 292 294

780 785 790 795 710 715 720 725 730 735

Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
o1
@ Co2p (e) Ols (©) *
Co2py;, o

Intensity (a.u.)
Intensity (a.u.)
Intensity (a.u.)

775 780 785 790 795 800 805 528 530 532 534 536 528 531 534 537 540
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

T. Chakraborty 136 Jadavpur University



Synthesis of multi-layer structure

EMI shielding behaviour

780 785

790

795

Binding Energy (eV)

Binding Energy (V)

708 714 720 726 732 738

(d)

Colpy,

Intensity (a.u.)

Co2p

Intensity (a.u.)

(e

Ols

Intensity (a.u.)

(III) Survey spectra (IV) Survey spectra
(a) rZ55 11
-18
s Cls —
= 3 (a) rZ37
s g O1s 3d
z o1s z * cozpoy
2 Ba3d =2
s Co2p_§ 8 Fe2p
= Fe2 =
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Binding Energy (eV) Binding Energy (eV)
(b) Bad | f(C) Fezp (b) s | [(c) Fetp
- . = e2py;
; : ; Baddy, :
z ; 2| pa? Ba3d ;
7] = % =
§ ?, 2 Ba?? g
= E E a8 E

785 790 795

Binding Energy (eV)

780

710 715 720 725 730 735
Binding Energy (eV)

Co2p

cap, (D)

)

Intensity (a.u.)

Ols

780 785 790 795

Binding Energy (eV)

530 532 534 536 800
Binding Energy (eV)

776 780 784 788 792 796
Binding Energy (eV)

528 530 532 534 536

Binding Energy (eV)

528

Figure 5.6: Full range XPS survey spectrum of (1)(a) CozZ, (II)(a) rGO, (lll)(a) rZ55, and
(1V)(a) rz37, high-resolution spectrum for (1)(b) Ba3d, (c) Fe2p, (d) Co2p, and (e) O1s of CozZ,
(1) (b) C1s, (c) O1s of rGO, (1) and (1V)(b) Ba3d, (c) Fe2p, (d) Co2p, and (e) O1s of rZ55 and
rZ37 nanocomposites.

5.3.5 J-E characteristic study:

Figures 5.7(a-g) display current density (J) vs electric field (E) graph of bare PVDF, rGOP,
C02ZP, rZP552, rZP553, rZP372 and rZP373 nanocomposite films under a circle of applied
potential of + 20 V. The room temperature J-E study was carried out to acquire the leakage
current of the resultant nanocomposite films. Herein, Figure 5.7(h) represents the variation of
maximum leakage current density (J) of different materials at 70 k\V/m of applied electric field.
The J-E curve of all the nanocomposite samples is seen to be non-linear in nature and it also

shows butterfly nature of the loop. This butterfly nature and the non-traceability of the current
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density indicates about the polarization property of the nanocomposite films [23]. The leakage
current density of the bare PVDF is 1.0 x 107 A/m? which indicates that bare PVDF is insulating
in nature. This elevation in the magnitude of current density with the increase of fillers in the
PVDF matrix can be attributed to the increased number of conduction charges. However, they
face restrictions in their path due to the presence of non-conducting PVDF matrix, since, the
fillers are embedded inside of PVVDF matrix. The leakage current density of the rGOP film is
much higher 2.3 x 10 A/m? than that of all the nanocomposite films, because rGO is more
conducting as compare to the Co.Z-hexaferrites. Therefore, the tunnelling effect can be visible
in case of rGOP film. Also due to the flaky and light weight property of the rGO, by increasing
the nanofillers weight percentage in the PVDF matrix, agglomeration of fillers comes in effect
which overcomes the restriction imposed by the PVDF matrix in the path of electrical
conduction and that in return increases current density of the nanocomposite films with the
applied potential difference [24, 25]. Now, the incorporation of Co2Z and rGO in binary fillers
with the wt % of 70:30 inside the PVVDF matrix is found that the leakage current density is lower
than rZP552 and rZP553 nanocomposite films. Also, the current density of all the
nanocomposite films is very less in the order to 10> A/m?. This minimum leakage current
density even at ~90 kV/m external electric field shows significantly high electrical stability of
the nanocomposite films and the conductivity of the nanocomposite films lies in the insulating
region [26]. The high electrical stability can modulate the polarization property of the
nanocomposite films at the presence of high external electric field without having any electrical
breakdown. This may help to improve the shielding effectiveness due to the absorption (SEa)

of the nanocomposite films.
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Figure 5.7: Variation of (a-g) current density (J) vs Electric field (E) and (h) maximum current
density (J) of PVDF, rGO, C02ZP, rZP552, rZP553, rZP372, rZP373 nanocomposite films.
5.3.6. Magnetic property study:

Figures 5.8(a and d) show the field dependency of the magnetic moment (M-H loops) observed
at 50 K and 300 K for the nanocomposite films of rZP553 and rZP373, where the maximum
applied field was 30 kOe. These nanocomposites contain rGO-CozZ-hexaferrite binary fillers
inside PVDF and this study has been made to understand the magnetic response of the
nanocomposite materials which will have influence on shielding effectiveness due to
absorption. The moderate coercive field and significant magnetization of nanocomposite films
indicates the presence of the ordered magnetic phase, in this case strong ferrimagnetic nature
in the prepared samples at RT. With the decrease of temperature from 300 K to 50 K, both the
maximum magnetization and the coercive field increases in both the samples. This also signifies
the presence of the ordered ferrimagnetic phase in the samples. Comparing Figures 5.8(a) and
(d), the increase of loading percentage of the Co.Z-hexaferrite inside the matrix of PVDF the

magnetisation value has significantly increased. The values of maximum magnetisation (M),
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coercive field (Hc) and remanence magnetisation (My) have been depicted in Figures 5.8(g and
h) at 50 K and 300 K. However, the loops are not saturated even at 30 kOe of external magnetic
field and there is a linear increase in magnetization value observed with increase of magnetic
field even at 50 K. Firstly, it can happen due to the fractional presence of the superparamagnetic
(SPM) particles in the prepared samples, secondly, due to the paramagnetic shell present over
the magnetic core of each hexaferrite particles. The linear nature of magnetization data indicates
that the linear increase of magnetization is not due to the SPM relaxation observed in case of
magnetic nanoparticles. To further confirm this the temperature dependent magnetic study (M-
T) of rZP553 and rZP373 nanocomposite films has been carried out during the field-cooled
(FC) and zero-field-cooled (ZFC) process from 50 to 300 K depicted in Figure 5.8(b and e),
respectively. From these data we observe that both rZP553 and rZP373 show a clear gap
between the FC and ZFC magnetization data even at 300 K. This ensures that the blocking
temperature of both the sample are much above RT. Thus, the chance of presence of SPM
particles in these samples can be discarded. This confirms the linear increase in magnetization
data is due to the paramagnetic shell present over ferrimagnetic core in the hexaferrite
nanoparticles. In magnetic nanoparticles, it is found that a surface layer with disordered spin
structure is found to form owing to the weak interaction between the particles at magnetic core
and that at the surface. Since in nanoparticles the surface to volume ratio is quite high, so the
presence of this disordered surface layer can affect the observed magnetization to some extent.
Thus, the total magnetization observed in the samples arise due to ferrimagnetically ordered
phase along with a paramagnetic phase present in the samples. To have a quantitative idea of
both these contributions we tried to analyse the observed M-H loops using the following relation

[27, 28];
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M(H) = [2 M:‘;i tan™t {(%Z”) tan (%)}] + xH (5.2)

2Miy

In this equation the first term represents the magnetization due to the ordered magnetic phase
(in this case ferrimagnetic phase) and the second linear component is due to the paramagnetic
contribution. Where, M;3,,, MZE,, H. are respectively the ferrimagnetic saturation
magnetization, remnant magnetization, intrinsic coercive field and y is the paramagnetic
susceptibility. The experimental magnetization, theoretical fit along with the simulated
ferrimagnetic and paramagnetic contributions for 300 K data are shown in Figures 5.8(c and f).
The extracted fitting parameters are tabulated in Table 5.2. The extracted parameters indicate
that ~93% of the total magnetization observed in both the sample arises from the ferrimagnetic
core of the prepared hexaferrites. This implies that rZP553 and rZP373 nanocomposite films
exhibit ordered ferrimagnetism at RT with quite large coercive field which is mostly favourable
to obtain the high shielding effectiveness due to absorption [29].

Table 5.2: Parameters obtained from M-H loop analysis

rZP553 300 6.425 2.399x10° 5.982 2606 1.144

rZP373 300 8.907 3.324x107 8.303 3.636  1.155
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Figure 5.8: M-H loops of (a) rZP553 and (d) rZP373 at 50 K and 300 K, FC-ZFC curve of (b)
rZP553 and (e) rZP373, Experimental and theoretically simulated curve of M-H loops of (c)
rZP553 and (f) rZP373 at 300 K along with FM and PM contributions, comparison of

various magnetic parameters of (g) rZP553 and (h) rZP373 at 50 and 300 K.

5.3.7. Study of shielding effectiveness property:

To understand the proper utilization of the rZP552, rZP553, rZP372 and rZP373 nanocomposite
films for the EMI shielding applications, we have conducted shielding effectiveness study at
the frequency range of 12-18 GHz (Ky-band). An electromagnetic wave is a combination of
oscillatory and crossed electric and magnetic field. Materials which interact with one or both
of this field can be utilized for fabrication of EMI shielding material. For effective microwave
shielding the most direct characterization parameters are the complex permeability (i, = u' —
ju'") and permittivity (e, = &' — je'"). Here, u’ and u' corresponds to the storing capacity and
loss of magnetic energy whereas, ¢’ and &'" corresponds to the storing capacity and loss of

electric energy. The electromagnetic parameters complex permittivity (e, = & + j&”) and
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complex permeability (i, = u' + ju”) of the sample are determined from the scattering
parameters (S-parameters). The Nicolson-Ross-Weir (NRW) approach is often utilized for
conducting this calculation [30-32]. The real and imaginary components of permeability, u"and
u'" strongly depends on the magnetization value of the magnetic material according to the

following relation [33],

w =1+ (%) cos o (5.3

u' = (%) sino (5.4)
Here, M is the magnetization, H is the external magnetic field and o corresponds to the phase
lag of magnetization with respect to the external magnetic field. Figures 5.9(1) (a-d) depict the
real part of permittivity (') and permeability (1), Figures 5.9(11) (a-d) depict the imaginary
part of permittivity (¢'") and permeability (u''), and Figures 5.9(111) (a-d) depict the tangent of
dielectric loss (tand,)and magnetic loss (tané,) of mono-layer and multi-layer nanocomposite
films over the range of 12-18 GHz frequency. From the Figure 5.11(a, d) we see that the SEa
shows a high value at frequencies in which imaginary part of the permeability shows a peak. In
addition to the permeability and permittivity value another factor affecting the shielding
effectiveness is the impedance matching ratio (Z) between input impedance of the material (Zin)
and characteristic impedance of the free space (Zo). Effective impedance matching confirms the
entry of the incident electromagnetic wave in to the shielding material with nominal reflection
from the air-material interface. To study that, we have calculated the impedance matching ratio

(2) from permeability and permittivity data using following relation [34],

Zin = Zy \/’&f: tanh [j (2£%) Vit | (5.5)
Z = % (5.6)
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Here, d is the thickness of the material and c is speed of light and f is the frequency of the
incident wave. The nature of variation of ratio of Zi, to Zo i.e. Z is shown in the Figures 5.9
(IV)(a, b). The absorption peaks are located near to the frequencies where the ratio of Zi, and
Zo shows highest value. This is the same reason because of which the materials are showing
high shielding absorption in the high frequency region even though p" and &' have smaller
values there. To symbolizes the ability of integral attenuation of the incident electromagnetic
wave inside the material the attenuation constant (a) is calculated from the real and imaginary

component of relative permeability and permittivity using the following relation [34,35];

ﬁ g I’ I arr Il Il "N
a = e — ety + @ WOV T G T 1)

where, f is the frequency of the incident wave and c is the speed of light. The frequency

variation of the obtained data is shown in the Figures 5.9(IV)(c, d). From the figure we observe

that frequency of the observed peaks of SEa coincides with that of the peaks of «.

(a) Mono layer R —o—rZP552

§ % ——rZPSS3 4

—o—1ZP552
—o-rZP553
——1ZP372 | ¢
——rZP373

>

—o—rZP552

Real permittiv

20f

—o—rZP553
—o—rZP372
(a)Mono layer __17p373

Imaginary permittivity (')

12 1‘4 l.(w
Frequency (GHz)

14 16
Frequency (GHz)

12 14 16 18

Frequency (GHz)

100 (¢) Mono layer —o—rZP552 & (d)Multi layer 8- —o-rZPS52 & —o—rZP352
¢ = —o-rZP553 | sOE £ 9 2 o=t o rZP5S3
:' —o—rZP372 = % 240+ —o—rZP373 ;.;120- & TIP3
2 E - £ —TIRT | S B —rzmm
2 P z - £ oot g2
= = b 3
= 2 £ ]
=
s Za g Em
E £ - 1200 g
b 2 [ &
= = 2l 4 2 48
g ™ 2 o ]
2 & | E EK =y
L 4 () Mono layer E M @ Multilayer
12 18 7

12 14 16 18
Frequency (GHz)

0 . L
12 14 16
Frequency (GHz)

14 16
Frequency (GHz)

2 14 16
Frequency (GHz)

=

12 14 16 18
Frequency (GHz)

T. Chakraborty

144

Jadavpur University



EMI shielding behaviour

—o—-rZP552
—o—rZP553
—4—rZP372

——1ZP372
——T1ZP373

0.990}

—o-rZP552

~0—-rZP553
s-zmn 9
(a) Mono-layer —o— yZP373 L

— —o—rZP552
102 (b) Multi-layer —o PSS}

—6-rZP372
rZP373

12 14 i6
Frequency (GHz)

18

Py "
14 16
Frequency (GHz)

12 14 16

Frequency (GHz)

13 14 16 18
Frequency (GHz)

Fa —o—rZP552
§ % —o-rZPsS3

F (d) Multi layer

12 Il-l I‘b
Frequency (GHz)

14 16
Frequency (GHz)

—o-rZP552  (c) Mono-layer

20k o rZP553

—o—rZP552
[ & —o—rZP553
——rZP372
—— rZP;WJ

1‘4 1‘6
Frequency (GHz)

0 N L
18 12 14 16 18
Frequency (GHz)
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(a, b) Z (¢, d) a of mono-layer and multi-layer rZP552, rZP553, rZP372 and rZP373

nanocomposite films over 12-18 GHz.

The shielding effectiveness corresponding to absorption (SEa), reflection (SEr) and the total

shielding effectiveness (SEt) for both mono-layer and multi-layer structures of different

nanocomposite films has been observed. Due to the large thickness and skin depth effect, we

have tuned out the effect of shielding effectiveness due to multiple reflections (SEwmr) for both

mono-layer and multi-layer nanocomposite films. So, the SEa, SEr is estimated to figure out

the SET of the nanocomposite films and the respective equations are listed below

and, SEx(dB) = —101log,, (

SE;(dB) = —101logy, (:;;) = SE, + SEg

SE4(dB) = —10logy, (= '5“'2)

[S1212

o)
1-1511/2

(5.8)

(5.9)

(5.10)
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Where, Pt represents the transmitted power and Po represents the incident power of microwave

radiations. S11 and S»: are the reflection and transmission scattering parameters, respectively

and known as scattering (S) parameters [36 ,37]. The thickness of nanocomposite film is

increased with the formation of multi-layer structure of rGO-Co2Z-PVDF nanocomposite film

and the corresponding shielding mechanism has been depicted in Figure 5.10. As the EM wave

passes through the rGO-Co2Z-PVDF nanocomposite films, the wave gets interacted with the

conducting rGO to counterpoise the electromagnetic wave, as a result the energy of EM

radiation goes down. As EM wave incident on the layer structure, some of them will seep

through the first layer onto the next layer. This escape of EM wave between the layers will

undergo reflections between the consecutive internal layers. These reflections of waves will

eventually terminate after the wave gets absorbed by the multi-layer structure of rGO-Co2Z-

PVDF nanocomposite films [38].
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Figure 5.11(a-f) depicts the SEa, SEr and SEt of mono-layer and multi-layer structures
of the nanocomposite films. For this work the focus has been given on the improvement of SEa
of EM wave and it has been observed the rising of SEa over SEr for both mono-layer and multi-
layer structures. In case of mono-layer nanocomposite films the maximum value of SEa is -
27.03 dB at 12.38 GHz for rZP372 nanocomposite film, whereas, the maximum value of SEr
is -21.31 dB at 15.63 GHz for rZP553 nanocomposite film. This signifies that in mono-layer
structure the nanocomposite film that consist a greater number of CozZ-hexaferrites the
absorption (SEa) value is high, on the other hand the nanocomposite film that consist a greater
number of conducting nanofillers (rGO) shows high reflection (SEr) value.

Now, the thickness of the nanocomposite films plays a significant role to improve the

SEa proposed mechanism [39].

SE,(dB) = 201log e% =8.7(frop)Y? « doy o« ad (5.11)
Where, d represent thickness of the material, o is conductivity, f is frequency, u is permeability
and « signifies the attenuation constant of the material. The maximum value of SEt is -47.03
dB at a matching frequency of 14.76 GHz for rZP373 nanocomposite film. Now, the maximum
SEa of multi-layer structure is -38.12 dB at 17.86 GHz for rZP373 nanocomposite film that
consist maximum number of Co.Z-hexaferrites and the maximum value of SEr is -25.77 dB at
15.32 GHz for the rZP553 nanocomposite film which consist maximum number of conducting
fillers (rGO). The maximum value of SEt is -54.09 dB at 15.70 GHz for rZP372 nanocomposite
film has been recorded. From this study we have clearly observed that SEa is higher for both
mono-layer and multi-layer nanocomposite films which containing more Co>Z-hexaferrites as

compare to rGO.
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The improvement of SEa for the nanocomposite films appears due to the interaction
between induced electric dipoles with electric field vectors of the incoming EM radiation and
the interaction between magnetic field vectors of the incoming EM radiation with the magnetic
dipoles existing inside the nanocomposite films. The presence of rGO as conducting fillers
inside the matrix of PVDF with Co2Z hexaferrite can generate significant amount of conducting
charges at the interface of the nanocomposite films. Due to the presence of rGO the conduction
charges of rGO can generate short-range conductivity instead of long-range conductivity as
these rGO fillers are surrounded by the non-conducting PVDF matrix and it creates charge
pockets inside the matrix of PVDF. Due to the presence of magnetic Co>Z- hexaferrite and
magnetic field vector of incident EM radiation the magnetic flux will develop at charge pockets,
as a result of which the conduction electrons will move circularly in the charge pockets. Thus,
the rGO in binary fillers will generate small eddies inside the P\VDF matrix and we will observe
the attenuation of the EM radiation through absorption by this eddy current loss. Therefore, the
electric dipoles and the formation of small eddies due to the bounded electrons of rGO in binary
fillers improves SEa of nanocomposite films. The improvement of SEr values in the
nanocomposite film are responsible due to the presence of conducting rGO nanofillers inside
PVDF matrix. The reflection (SEr) phenomena help to enhance the total shielding effectiveness
(SET) of the nanocomposite films. Therefore, both the SEA and SEr are responsible to enhance
the SEt of rZP552, rZP553, rZP372 and rZP373 nanocomposite films which is shown in
Figures 5.11(c and f), respectively. In case of rZP553 nanocomposite film the SEa is less as
compare to SEr because the percentage of the rGO and Co.Z-hexaferrite in binary fillers is
50:50 wt % and 30 wt % of these binary fillers are incorporated in the PVDF matrix. This rGO

is highly conducting as well as flaky in nature. Due to the low density and high-volume ratio
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may be more rGO sheet like structure are present at the surface of the nanocomposite film. This
may improve the surface conductivity of the nanocomposite film. As a result, rZP553
nanocomposite film shows higher leakage current density as compare to the other
nanocomposite films. For the shielding effectiveness study, the unique combination of
conducting rGO and magnetic Co>Z-hexaferrite and the formation of these nanocomposite films
in multi-layer structure make them more efficient which comes out as a unique concept applied
herein to improve the total shielding effectiveness (SEt) of these laminated nanocomposite
films. So, the variation of thickness of the nanocomposite films plays a significant role to
improve the shielding effectiveness due to SEaand it is also improved the overall total shielding
effectiveness (SEr).

The attenuation percentage of mono-layer and multi-layer structures of rGO-Co.Z-
PVDF nanocomposite films (rZP552, rZP553, rZP372 and rZP373) in the K,-band region has
been calculated and a high value of >99.999% attenuation was obtained. The attenuation graph
of mono-layer and multi-layer structures of rGO-Co02Z-PVDF nanocomposite films has been
depicted in Figure 5.12. Here in Table 5.3 we have mentioned the maximum value of shielding
effectiveness due to SEa, SEgr, and SEr and the corresponding attenuation % of rZP552,
rZP553, rZP372 and rZP373 nanocomposite films respectively.
Table 5.3: Various parameters related to shielding effectiveness of rZP552, rZP553, rZP372

and rZP373 nanocomposite films

1 CoZP  Mono-layer (SEp)max  -24.09 13.41 99.9833
(SER)max ~ -13.56 13.39
(SED)max ~ -37.79 13.39
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2 rGOP Mono-layer (SEa)max -15.82 12.00 99.9451
(SER)max ~ -22.03 17.96
(SET)max -32.61 14.44
3 rZP552  Mono-layer (SEa)max -24.60 15.28
(SER)max ~ -20.17 15.30
(SET)max -44.64 15.26 99.9966
Multi-layer (SEa)max -26.60 15.95
(SER)max ~ -23.30 13.54
(SET)max -39.50 13.56 99.9888
4 rZP553  Mono-layer (SEa)max -25.15 15.65
(SER)max ~ -21.31 15.63
(SET)max -46.50 15.66 99.9978
Multi-layer (SEa)max ~ -22.28 17.99
(SER)max ~ -25.77 15.32
(SET)max -43.89 15.34 99.9917
5 rZP372  Mono-layer (SEa)max -26.08 12.74
(SER)max ~ -18.70 16.41
(SET)max -43.97 12.77 99.996
Multi-layer (SEa)max -31.92 15.71
(SER)max ~ -24.08 15.69
(SET)max -54.09 15.70 99.9996
6 rZP373  Mono-layer (SEA)max -27.03 12.38
(SER)max ~ -19.37 14.79
(SET)max -47.03 14.76 99.998
Multi-layer (SEa)max ~ -38.12 17.86
(SER)max ~ -20.64 15.58
(SET)max -43.98 17.86 99.996
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Figure 5.12: Attenuation percentage graph for mono and multi-layer rZP552, rZP553, rZP372
and rZP373 nanocomposite films.

5.4 Conclusion:

The strategic multiphase multi-layer structure of rGO-Co2Z-PVDF nanocomposite films have
been synthesized successfully by the cost-effective solution casting method. The XRD and
Rietveld refinement study provide the necessary evidence of conducting rGO-magnetic Co.Z-
hexaferrite binary fillers inside the matrix of PVDF. The sheet like structure of rGO and
hexagonal shape of Co.Z-hexaferrite has been confirmed from FESEM observation. The cross-
sectional micrographs indicate that, the thickness of mono-layer nanocomposite films lies
within the range of 100 pm to 144 um as well as the uniform thickness of each multi-layer
nanocomposite film of 0.9 mm in average after the hot press method is applied. The presence
of all the constituent elements (Ba, Fe, Co, C and O) in the XPS study of the rGO-Co.Z binary
fillers confirm the conjugation rGO and CoxZ-hexaferrite in the binary fillers. The low leakage
current density of 10° A/m?and the butterfly nature in each case represent the polarization
behaviour of the nanocomposite film as observed in J-E characteristic study. The localized
charge generating at the interface of the nanocomposite films plays a significant role for the
EMI shielding application. The maximum magnetisation of the nanocomposite films is
significantly high and the values of 6.4 and 8.9 emu/g for rZP553 and rZP373 have been found
at 300 K. Here, the EMI shielding study of mono-layer structure, the multilayer structure
exhibits greater absorption. The maximum SEa of EM radiation by the mono-layer
nanocomposite film is -27.03 dB at 12.38 GHz but in case of the multi-layer structure SEa is
increased to -38.12 dB at 17.86 GHz. Also, the maximum SEt of the nanocomposite film is -

54.09 dB at 15.70 GHz for multi-layer structure over the maximum SEt -47.03 dB at 14.76
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GHz in case of mono-layer structure. As a result, a high value of >99.999% attenuation has
been obtained from the multi-layer nanocomposite film in EMI shielding study. Now, it has
been confirmed the multi-layer structure of the nanocomposite films gives higher SEa property
as compare to mono-layer and the total SEr study is significantly improved for the multi-layer
structure of the nanocomposite films. So, these rGO-Co.Z-PVDF nanocomposite films are the
potential candidates for the microwave shielding applications such as EMI shielding jacket for
radar radiation and health-care electronic body implants.
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Chapter: 6
Tailoring of EMI shielding behaviour by considering the

coating of non-conducting polymer jacket over multi-

layer hexaferrite-TMDC nanocomposite film
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Chapter 6:
6.1 Introduction:
In Chapter 5, the stack up structure of multi-layered systems was used to improve MW
absorption. The additional dissipation of microwave radiation at the interfaces between each
layer has an impact on the forward and backward propagation of electromagnetic (EM) waves
in these systems [1]. The mono-layer of these shielding materials does not possess any such
additional dissipative mechanisms. The tunability of a mono-layer mainly depends on the filler
quantity and the thickness of the sample. A multi-layer structure includes an additional
adjustable mechanism: the ability to control the transmission of EM waves through several
dielectric media interfaces, thereby directing or dispersing incoming EM radiation [1].
Nevertheless, it has been noted that the shielding efficiency due to reflection (SEr) of the multi-
layer rGO-Co2Z-PVDF nanocomposite system, created via the hot-press process, is improved
in certain instances when compared to its mono-layer equivalent. The rise of rGO on the surface,
which has been influenced by temperature and pressure, is responsible for the increased surface
reflection. In this study, an extra non-conducting surface has been added to the multi-layer
structure to examine its ability to reduce reflection without affecting the desired absorption
properties of the multi-layer nanocomposite films. To reduce surface reflection and improve
impedance matching, extra layers of nonconducting PVDF have been added to both sides of the
multi-layer nanocomposite films.

The originality of this study is the investigation of the synergistic influence of Ba-
substituted Co.Y -hexaferrite and MoS; binary nanofillers in a PVDF laminated nanocomposite
structure on its ability to absorb EM radiation in the GHz frequency range. MoS: is a

semiconducting material with a layered structure. It consists of one molybdenum (Mo) atom
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sandwiched between two sulfur (S) atoms, which are joined by covalent links [2]. Moreover,
the weak van der Waal forces aid in the vertical arrangement of MoS> nanosheets [3]. MoSy,
when in its bulk form, is categorized as an indirect bandgap semiconductor with a bandgap
energy of ~ 1.2 eV [4]. This property enables the alteration of surface structure by utilizing the
quantum confinement effect, resulting in improvements in its ability to absorb EM waves [5].
The ability of EM waves to decrease in intensity is due to the interfacial polarization at the
interface and the loss of electrical energy displayed by thin layers of exfoliated MoS>
nanosheets. Unlike graphene oxide, reduced graphene oxide and other two-dimensional (2D)
materials, transition-metal chalcogenides have lower conductivity and a notable dielectric
constant. This leads to less surface reflection, resulting in better impedance matching with free
space and increased performance in absorbing microwaves [6]. These materials have unique
attributes that make them appropriate for a diverse array of uses. This study fully exploits the
magnetic properties of Ba substituted Co.Y-hexaferrite and the polarization properties of MoS;
nanofillers to achieve effective electromagnetic interference (EMI) shielding. These properties
are utilized in the fabrication of polymer-based nanocomposite films. The main focus of this
study is to investigate the comprehensive details of the EMI shielding capability and impedance
matching condition of nanofiller-polymer nanocomposite films, both with and without a non-
conducting PVDF jacket.

6.2 Experimental:

6.2.1 Materials:

The required chemicals to synthesize of Co.Y hexaferrite-MoS,-PVDF nanocomposite films
are Molybdenum Oxide (MoOs3) (Sigma Aldrich, 99%) and Potassium Thiocyanate (KSCN)

(Sigma Aldrich, 99%), iron (111) nitrate nonahydrate (Fe(NO3)3.9H.0) (Merck Germany, 99%),
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cobalt (I1) nitrate hexahydrate (Co(NO3)..6H20) (Merck Germany, 99%), barium (1) nitrate
(Ba(NOs3 )2) (Merck Germany, 99%), and ethanol (C2HsOH), Poly (vinylidene fluoride-co-
hexafluoropropylene) (PVDF-HFP) (average Mw: 455,000 Sigma Aldrich), N, N-dimethyl
formamide (DMF) (Merck, India).

6.2.2 Synthesis of Co2Y-hexaferrite:

Synthesis of CoxY-hexaferrite with the stoichiometry ration of Ba>xCo2Fe12022 has been done
using simple sol-gel method. The details of the synthesis procedure have already been discussed
in chapter 2 (Section: 2.2.1 Synthesis of magnetic hexaferrite and ferrite nanoparticles by sol-
gel method). After collecting the as prepared Co.Y-hexaferrite, the powder was annealed at
1200 °C in a hot air oven to get the proper crystallographic phase.

6.2.3 Synthesis of MoS2 semiconducting fillers:

The semiconducting MoS: nanofillers was prepared by hydrothermal method and the details of
synthesis procedure has been mentioned in chapter 2 (Section: 2.2.2.3 Synthesis of
molybdenum sulphide (MoS.) by hydrothermal method). The desired product was obtained via
combining MoOz and KSCN are in a 1:2 molar ratio in distilled water medium. The
hydrothermal system is subjected to a heat treatment of 200 °C for 24 hours. After washing and
drying, the resultant powder was collected.

6.2.4 Synthesis of Co2Y-hexaferrite-MoS2-PVDF nanocomposite films:

Before synthesizing the polymer nanocomposite films the binary nanofillers of Co.Y
hexaferrite-MoS; has been prepared by solid-state reaction method, and the details of the solid-
state reaction method has been discussed in chapter 2 (Section: 2.2.2.4 Synthesis of binary
nanocomposite by grinding-mixing method). To get the flexible, free-standing Co2Y

hexaferrite-Mo0S, nanocomposite films, cost effective solution casting method have been used.
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The detailed procedure of solution casting method mentioned in chapter 2: (Section: 2.2.2.5
Synthesis of nanofillers-polymer nanocomposite film by solution casting method). The
prepared YMP552, YMP553, YMP912 and YMP913 nanocomposite films are cut into the
proper dimensions to conduct all the measurement.

6.2.5. Formation mechanism of Co2Y-hexaferrite-MoS2-PVDF nanocomposite films
Figure 6.1(1) shows the schematic diagram of the Co.Y hexaferrite-MoS,-PVDF
nanocomposite film. At RT, the CoxY-hexaferrite (Ba2Co2Fe12022) shows a magnetization
plane that is positioned at a right angle to the c-axis [7]. The Co2Y-hexaferrite consists of one
S unitand one L unit, resulting in a total of six layers. This hexaferrite crystal is classified under
the Ram space group [7]. CozY-hexaferrite exhibits a decreased magnetic permeability in
comparison to ferrites with uniaxial anisotropy. However, it demonstrates a substantial
magnetization at high frequencies due to its possession of a magnetization plane that may rotate
readily. MoS,, a semiconducting 2D material, belongs to the category of transition-metal
dichalcogenides. In the MoS; layer, a single Mo atom is situated between dual S atoms,
connected by robust covalent bonds. 2D MoS: demonstrates exceptional EM wave attenuation
capabilities as a result of its robust interfacial polarization and notable dielectric loss. This leads
to a decrease in the amount of reflection on the surface and enhances the ability to match the
impedance with open space [2-4]. The binary nanofillers Co.Y hexaferrite-MoS; is first
fabricated by the solid-state reaction approach. The nanocomposite system is then incorporated
into the PVDF matrix separately by the solution-casting method. The positively charged
hydrogen ligands in the PVDF matrix form an electrostatic connection with the binary
nanofillers, which possess a negatively charged surface. The attachment is formed through the

electrostatic forces of attraction, which helps in connecting PVDF with Co.Y hexaferrite-MoS>
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on both sides, resulting in the successful integration of Co2Y hexaferrite-MoS> nanofillers into
the PVDF matrix. Furthermore, Figure 6.1(I1) illustrates the free-standing and flexible nature
of the nanocomposite films. The flexibility of the nanocomposite films remains intact even after
the synthesis of multi-layer and polymer jacket coated nanocomposite films using the hot press

process, without experiencing any physical damage.
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Figure 6.1: (I) Formation mechanism of Co.Y -hexaferrite-MoS,-PVDF nanocomposite film,
(11) Free standing and flexible images of (a) mono-layer, (b) multi-layer and (c) polymer jacket
coated multi-layer nanocomposite film.

6.3 Result and Discussions

6.3.1 Crystallographic phase analysis:

The X-ray diffraction (XRD) analysis was conducted on Co.Y-hexaferrite, MoS,, bare PVDF,
and YMP552, YMP553, YMP912, and YMP913 nanocomposite films. The analysis covered a
range of 10° to 80° and confirmed the presence of crystallographic phases corresponding to the
Co2Y-hexaferrite-MoS; binary fillers within the PVDF matrix in the heterojunction multiphase
nanocomposite films. The crystallographic phases of Co.Y-hexaferrite, MoS, and bare PVDF
have been accurately correlated with the crystallographic phases of their respective samples as
indicated in their JCPDS files 44-0206, 37-1492, and 42-1650. Figure 6.2(1 and Il) illustrates
the results of Rietveld refinement for Co.Y -hexaferrite and MoS> nanoparticles produced using
the sol-gel and hydrothermal synthesis methods, respectively. Figure 6.2(111 and 1V) displays
the X-ray diffraction (XRD) pattern of the Ill(a)bare PVDF film and (IV)(a-d) the
nanocomposite films, specifically YMP552, YMP553, YMP912, and YMP913. Therefore,
conducting this XRD analysis will enable us to comprehend the development of the composite
structure of the resultant materials, exhibiting a well-defined multi-phase composition. The
average size of Co.Y-hexaferrite was determined by analyzing the most intense peak using the

Debye-Scherrer equation [8]. This method allows for an estimation of the crystallite diameter.

(6.1)

In this context, D represents the mean size of the crystallites, A stands for the wavelength of the
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X-rays used, 0 refers to the Bragg angle, and (1 represents the full width at half maximum
2

(FWHM). The Co.Y-hexaferrite have a crystalline diameter of around 20 nm. The presence of
non-polar a, polar B, and y-phase crystallizations in the nanocomposite films suggests that
successful interfaces have been created between the Co.Y hexaferrite-MoS; binary fillers and
the PVDF matrix. Furthermore, it has been observed that the non-polar a-phase is diminished
and the polar B-phase is more evident in nanocomposite films compared to naked PVDF. This
interaction is accountable for the creation of every trans-planar zig-zag (TTTT) conformation

within the nanocomposite films.
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Figure 6.2: (1, I1) Rietveld refinement of Co2Y and MoS: nanoparticles, XRD patterns of (111)
(a) bare PVDF-HFP, (b) MoS., (c) Co2Y nanoparticles and (1V) (a) YMP552, (b) YMP553, (c)

YMP912 and (d) YMP913 nanocomposite films.
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6.3.2 Study of surface morphology:

Figure 6.3(a-h) illustrates the surface morphology analysis of Co.>Y hexaferrite-MoS; binary
fillers and specific nanocomposite films (YMP553 and YMP913). The nanocomposite films
have a spherulite nature, characterized by the presence of conspicuous bubble-like features. The
previous chapter has already stated that the spherulite structure of bubble type found on the
surface of YMP553 and YMP913 nanocomposite films shows the presence of
polar/electroactive B-phase crystallization of the PVDF matrix. The micrographs in Figure
6.3(e, f, g and h) clearly indicate the presence of binary fillers within the PVDF matrix. The
incorporation of Co.Y hexaferrite-MoS; binary fillers into the PVDF matrix leads to the
creation of nanofiller-PVDF interfaces within the nanocomposite films. These interfaces
enhance the electroactivity of the films, resulting in the development of a more pronounced
polar/electroactive B-phase. Figure 6.3(i-k) depicts the cross-sectional view of a nanocomposite
film with several types of thicknesses: mono layer, multi-layer, and a non-conducting polymer
jacket coated multi-layer structure. No leakage or gaps have been noticed with the transition
from a mono-layer to a multi-layer construction, due to the improved thickness. The YMP553
and YMP913 composite films were analysed using energy dissipative spectroscopy (EDX) and
elemental mapping. This study was conducted on YMP553 and YMP913 composite films as a
representative example of the various nanocomposite films. Figure 6.3(I, m and n) displays the
EDX and elemental mapping of YMP553 and YMP913, respectively. The EDX and elemental
mapping studies have established the presence of barium (Ba), cobalt (Co), iron (Fe), fluorine
(F), sulfur (S), molybdenum (Mo), oxygen (O), and carbon (C) ions in the YMP553 and
YMP913 nanocomposite film. Remarkably, the enhanced combination of carbon (C) and

fluorine (F) components is easily detectable. This can be due to the greater weight % of the
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PVDF component in the nanocomposite film. The abundance of C and F elements corresponds
to the composition of the polymer matrix, hence contributing to the overall elemental profile of
the nanocomposite films. The morphological analysis reveals the coexistence of magnetic
Co.Y-hexaferrite and semiconducting MoS: layer structures in the YMP553 and YMP913

nanocomposite films.

E ) o, ' (c)MoS,

sfructure COﬂOIlb
(t)YMP553f"‘\"* N MPY
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cps/ev. cps/ev
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Figure 6.3: FESEM micrographs of (a, b) Co.Y-hexaferrite, (c, d) MoS> nanoparticles, (e, f)
YMP553, (g, h) YMP913 nanocomposite films, cross sectional images of (i) mono-layer, (j)
multi-layer, (K) non-conducting polymer jacket coated multi-layer structure, (I, m) EDS study
and (n) elemental mapping of YMP913 nanocomposite film.

6.3.3 J-E characteristic study:

Figures 6.4(a-g) depict the correlation between current density (J) and electric field (E) for
several materials, namely bare PVDF, Co.Y-hexaferrite, MoS2, YMP552, YMP553, YMP912,
and YMP913. These measurements were taken at RT and within a voltage range of £20 V.
Figure 6.4(h) illustrates the highest amount of current leakage seen in the nanoparticles and
nanocomposite films when subjected to an electric field strength of 90 k\VV/m. The Figures 6.4(a-
g) clearly demonstrate that the J-E curves do not follow the same path when tracing the voltage
range. Instead, they exhibit a non-linear feature, generating a distinctive butterfly loop pattern.

The presence of polarization effect in the samples is confirmed by the butterfly loop of the
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curves [9]. The insulating properties of PVDF can be accurately described by its low current
density, which is around 107 A/m2. Co.Y-hexaferrite and MoS, demonstrate significantly
elevated leakage current when compared to other materials, as depicted in Figure 6.4(b) and
(c), suggesting their semiconducting properties. Figures 6.4(a’-g’) display the I-V
characteristics of the samples as an inset. The non-linear nature of the 1-V curves, together with
their deviation from intersecting at the origin, signifies their semiconducting characteristics
[10]. The nanocomposite films consist of a 50:50 weight percentage of Co.Y hexaferrite:MoS;
binary fillers (YM55) demonstrate much greater leakage current densities in comparison to
other nanocomposite films containing 90:10 wt.% of binary fillers (YM91). This provides
compelling proof of the impact of MoS> within the PVDF matrix. Moreover, in Figure 6.4(h)
the impact of the loading percentage of the binary nanofiller within the PVDF matrix (30 wt.%)

demonstrates elevated magnitude of leakage current density.

T. Chakraborty 166 Jadavpur University



Tailoring of ......... multi-layer hexaferrite-TMDC nanocomposite film

a < I |
( )10 [ PVDF Applied potential@ 20 V -3 5 Applied potential@ 20 V
E
=,
—_ 10
1 - " Pl " " L “40n] " " "
-100 -50 0 50 100 -100 -50 0 50 100
E (kV/m) E (kV/m)
(c) n " d) 107*F = <
Applied potential@ 20 V YMP552 Applied potential@ 20 V
]0" ......... -
2 @ o
= 4]
10-3 -20 -10 10 20
~1pf
I -2m 1 1
-80 = 0
E (kV/m)
(e)

4| YMPS53 Applied potential@ 20 V

100 30 0 50 100 100 50 0 50 100
E (kKV/m)

YMP913 Applied potential@ 20 V

J (A/m?)

-1

E (kV/m)

Figure 6.4: (a-g) J-E characteristic, (a’-g") I-V characteristic and (h) variation of leakage
current density of bare PVDF, Co.Y-hexaferrite, M0Sz, YMP552, YMP553, YMP912, and

YMP913 nanocomposite films.
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6.3.4 Magnetic property study:

In this chapter the magnetic response of Co.Y-hexaferrite at RT and a maximum applied field
of 60000 Oe has been investigated. The hexaferrite show a clear hysteresis loop at RT which is
clear evidence of having magnetic ordering in the representative nanocomposite films depicted
in Figure 6.5. Figure 6.5 at 300 K provide the following information on the Co.Y-hexaferrite:
a saturation magnetisation (Mm) of 33.32 emu/g, a coercive field (Hc) of 647 Oe, and a
remanence magnetisation (My) of 16.60 emu/g. The Co.Y-hexaferrite crystal has Co?* and Fe3*
ions with magnetic moments of 3 uB and 5 uB, respectively, located at the octahedral (B) sites.
In contrast, Ba®* ions are located at the tetrahedral (A) sites and have no magnetic moment [11].
The disparity in magnetic moment between the two sites results in a powerful interaction
between the A-B sites, thereby enhancing the magnetization of the Co,Y-hexaferrite [12]. The
high saturation magnetisation of the Co.Y -hexaferrite results in significant permeability values,
making the nanocomposite films (YMP552, YMP553, YMP912, and YMP913) effective for
studying EMI shielding in the microwave frequency range. To accurately quantify both of these
factors, we endeavoured to examine the observed M-H loops utilizing the provided equation

[13, 14].

S ] R
M(H) = [2 M tgn =1 {(%) tan (’Z;’%)}] + xH (6.2)

FM

The provided equation determines the magnetization, M(H), at a specified applied magnetic
field, H. The equation comprises two terms. The first part refers to the magnetization that arises
from the organized magnetic state, specifically the ferrimagnetic state. The second part is a
linear component that originates from the paramagnetic contribution. In this equation M3,,,

indicates the ferrimagnetic saturation magnetization, ME,,, represents remnant magnetization
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and H; intrinsic coercive field, y signifies the paramagnetic susceptibility. Figure 5 presents
the experimental magnetization, theoretical fitting, and simulated ferrimagnetic and

paramagnetic contributions for the data collected at 300 K.
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Figure 6.5: Experimental and theoretically simulated graph of M-H loop for Co.Y-hexaferrite
at 300 K.

6.3.5 High frequency complex permittivity and permeability study:

The permittivity and permeability characteristics of a material have a considerable impact on
its EMI shielding efficiency. The permittivity and permeability of a material is its response to
an external EM field in terms of its dielectric and magnetic properties. The nanocomposite
films' complex permittivity (¢* = &' + ie"’) and permeability (u* = u’' + iu'") were found by
computing them from the acquired S-parameters, specifically Si1 (reflection coefficient) and
S21 (transmission coefficient). The values were computed using the noniterative technique

proposed by Boughriet et al. [15] which is based upon the NRW (Nicolson—-Ross—\Weir)
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method. The real components of the complex permittivity and complex permeability (e, u")
represent the ability of the material to store electric and magnetic energy, respectively inside
the medium. The imaginary components of complex permittivity and complex permeability (&",
u'") represent the dielectric and magnetic losses resulting from various relaxation mechanisms,
such as dipolar and ionic relaxations, domain wall resonance, and natural resonance. Tangent
loss (tan ) quantifies the level of energy dissipation that occurs when the dipoles of a material
interact with EM waves. The shielding effectiveness of a substance is determined by its ability
to match the impedance of the surrounding environment. Greater impedance matching enhances
the absorption capacity of EM waves by materials, while lower matching results in reflection
[16]. Therefore, it is crucial to align the permittivity and permeability of a material in the GHz
frequency range in order to achieve a wide effective bandwidth for absorption.

Figure 6.6(a-f) displays the real component of the complex permittivity and
permeability of the nanocomposite films. The notable increase in &' in nanocomposite films as
compared to PVDF can be attributed to the charge imbalance caused by the doping of a
transition metal (Co) into hexaferrite [17], and the inclusion of semiconducting MoS;
nanoparticles [18]. The Co.Y-MoS; heterogeneous structure and the interfaces between the
binary fillers and the polymer cause interfacial or space charge polarization. Figure 6.6(d-f)
shows the real part of the complex permeability, which indicates that the nanocomposite films
have a significantly greater capacity to store magnetic energy compared to their ability to store
electric charge. The presence of Co.Y-hexaferrite inside the nanocomposite systems is
exclusively responsible for the considerable boost in p' for the nanocomposite films [19, 20].

Figure 6.6(g-l) depicts the imaginary components of the complex permittivity and

permeability ((¢”, u'"). Upon observation, it is evident that the dielectric loss is lower in
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comparison to the magnetic loss. This indicates that the magnetic loss is the primary factor
influencing the shielding efficiency of the nanocomposite films. Incorporating MoS: into the
Co.Y-hexaferrite-PVDF nanocomposite results in an enhanced localized electrical
conductivity, leading to improvements in the imaginary permittivity and dielectric loss tangent
[21]. In the microwave frequency range, the primary causes of magnetic losses are exchange
resonance, natural resonance, and eddy current loss. The resistive characteristic of Co,Y-
hexaferrites ensures that Eddy current loss can be ignored [22]. Therefore, the identified
resonance peaks are a consequence of both natural and exchange resonances. Furthermore, the
major cause of the observed fluctuations is mostly attributed to the widespread occurrence of
exchange resonance in the higher frequency range of 12-18 GHz [22].

Figure 6.6(m-r) shows the tangent loss of the dielectric (tan §, = ¢ /<") and magnetic
(tan 8, = " /u’) components of the nanocomposite films. The dielectric tangent loss reduces
as the frequency increases, but the magnetic tangent loss swings within a certain range due to
exchange and natural resonances. Consequently, the magnetic hexaferrites and thickness of the
nanocomposite films are the primary factors influencing the overall shielding efficiency of the
films. In order for EM radiation to efficiently permeate into the absorber material, the surface
impedance of the absorber material must be in accordance with the impedance of the
surrounding medium, such as air. The impedance ratio (Z) of a material is determined by its

EM properties, which can be expressed as follows [23].
_ Zin _ Ur . (2nfd
Z = 7= \/g:rtanh [] (T) \/urer] (6.3)

In equation (3), Zin represents the impedance of the sample surface, Zo represents the

impedance of air, & represents the complex permittivity, and pr represents the complex
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permeability. Figure 6.7(a) shows Z of the mono-layer nanocomposite films. Despite the
fluctuations being close to unity, the presence of fluctuations suggests an inconsistency in
impedance matching across the whole frequency range. Figures 6.7(b and c) depict the changes
in impedance ratios in both the multi-layer and non-conducting polymer jacket coated multi-
layer films over time. Within the lower to middle frequency range, Z is largely stable and is
close to one. However, in the upper frequency spectrum, some dispersion becomes noticeable.
The nanocomposite films demonstrate exceptional impedance matching across a broad
frequency spectrum, indicating their strong ability to shield EM radiation.
The attenuation constant of the nanocomposite films was determined by applying equation (10)

[23].

@ =2 (e — ey + Qe —WEV F W E 64)
In this context, the variable c represents the speed of light, whereas f indicates the frequency of
the incident wave. The attenuation constant (o) is used as a measure to evaluate how well the
nanocomposite films can block EM waves across the applicable frequency range. The Figures
6.7(d-f) show the a curve of the nanocomposite films in the frequency range of 12 to 18 GHz.
This region corresponds to the highest values of SEt for each sample. The undulating
characteristics of the curves can be elucidated by the Z values found in Figures 6.7(a-c). The
graphs clearly indicate that the attenuation constant of the nanocomposite films is greater in the

frequency range of 12-18 GHz, where the Z values are nearly equal to one.
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Figure 6.7: (a-c) impedance (Z), (d-f) attenuation constant (o) of mono-layer, multi-layer and
non-conducting polymer jacket coated multi-layer YMP552, YMP553, YMP912, and YMP913
nanocomposite films at 12-18 GHz.

6.3.6 Study of EMI shielding property:

In this chapter, the EMI shielding effectiveness due to absorption by the fabrication of the multi-
layer and a novel non-conducting polymer jacket coated multi-layer structure along with unique
combination of different weight percentage of Co.Y hexaferrite-MoS> binary fillers inside the
PVDF-HFP matrix (YMP552, YMP553, YMP912, YMP913 nanocomposite films) have been
focused. The shielding effectiveness study has been conducted in this chapter for Ky-band (12-
18 GHz) of microwave radiation. Here, the shielding effectiveness of the nanocomposite films
has been considered for shielding effectiveness due to absorption (SEa), shielding effectiveness
due to reflection (SEr) and shielding effectiveness for multiple reflections (SEmr) [24]. The
overall shielding effectiveness of the nanocomposite films can be displayed in three different
ways and they are shielding effectiveness due to absorption (SEa), shielding effectiveness due
to reflection (SER) and the total shielding effectiveness (SEt). The SEt of the nanocomposite

films has been estimated by using the equation
SE; (dB) = —10logy, (;;;) = SE, + SEp + SEug (6.5)

However, the shielding effectiveness by multiple reflections (SEmr) can be neglected for these
nanocomposite films as their thicknesses are more than the skin depth of the incident microwave
radiation in the frequency range of 12-18 GHz. Thus, the total shielding effectiveness (SEr) of

nanocomposite films given in equation (9) can be further expressed as [25, 26]

SE; (dB) = —101logy, (%) = SE, + SEg (6.6)
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Where, Pt represents the transmitted power and Po represents the incident power of microwave
radiations. The estimation of shielding effectiveness as SEa and SEr in the frequency range of

12-18 GHz can be done by the following equations [16]

SE, (dB) = —101log;o (=-115) 6.7)

[S1212

SE (dB) = —101ogy, ( (6.8)

Here, S represent the scattering parameters i.e., S11 (reflection coefficient) and Sp1 transmission
coefficient). Figure 6.9(a and c) demonstrates that Co2YP nanocomposite film exhibits high
absorption (SEa) compared to the MoS2P nanocomposite film. Conversely, the MoS:P
nanocomposite film shows high reflection (SEr) in comparison to the Co>YP nanocomposite
film. The data clearly demonstrates that the magnetic fillers (Co.Y) have the greatest impact on
enhancing the SEa of the nanocomposite films, while the semiconducting nanofillers (MoSz)
contribute to SEr. Figure 6.9(d-f) illustrates the shielding efficiency of mono-layer
nanocomposite films, namely due to absorption (SEa), reflection (SEr), and the total shielding
effectiveness (SErt). It has been observed that the nanocomposite films with higher
concentration of magnetic fillers exhibit enhanced absorption (SEa). Specifically, the SEa for
YMP913 (consisting of 90 wt.% Co.Y-hexaferrite and 10 wt.% MoS;) is -32.91 dB at 15.51
GHz, which is superior to other films. However, YMP553, which consists of 50 wt.% of Co,Y-
hexaferrite and 50 wt.% of MoSy, has a significantly increased reflection (SEr) of -29.74 dB at
13.16 GHz compared to other films. This enhancement can be attributed to the inclusion of
semiconducting MoS> nanofillers within the PVDF matrix. The YMP913 nanocomposite film
exhibits SEt of -59.44 dB at a frequency of 15.51 GHz. The absorption property of shielding

materials is determined by the interaction between the electric dipoles of the system and the
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electric field vectors of the incident EM radiation, as well as the interaction between the
magnetic dipoles of the system and the magnetic field vectors of the incident EM radiation. The
PVDF matrix contains magnetic dipoles caused by the inclusion of magnetic CoY-hexaferrite,
as well as electrical dipoles caused by the inclusion of semiconducting MoS; nanofillers. The
inclusion of semiconducting MoS: within the PVDF matrix enables accumulation of charges
that can generate electric dipoles when exposed to an electric field vector from incident
radiation. The coexistence of these two fillers within the PVDF matrix can interact and result
in resonance occurring at a corresponding frequency range of 12-18 GHz, which can effectively
enhance the absorption (SEa) of the nanocomposite films. Furthermore, the introduction of
MoS: into the PVDF-HFP matrix can generate eddies caused by the movement of conducting
electrons when exposed to the magnetic field of the incoming EM radiation [27]. The inclusion
of Co.Y hexaferrite-MoS> binary fillers within the PVDF matrix induces the formation of
eddies, resulting in the absorption of incident EM radiation by eddy current losses. Thus, both
effects contribute concurrently to improving the absorption property of the nanocomposite
films.

In the previous chapter, it is already established that thickness helps in improving SEa. In Figure
6.9(0), it was observed that the absorption of the nanocomposite films increased as the thickness
of the films increased, in comparison to the mono-layer system. The nanocomposite film
YPMO913 has a maximum absorption (SEa) of -36.14 dB at a frequency of 13.42 GHz. SEr also
increases for multi-layer structures in addition to their absorption properties. The wt.% of
conducting MoS, nanofillers increases on the surface of the nanocomposite films as the
thickness of the multi-layer structure grows. This leads to a greater intensity of EM radiation

compared to the mono-layer structure. Figure 6.9(h and i) shows that the YMP913

T. Chakraborty 177 Jadavpur University



Tailoring of ......... multi-layer hexaferrite-TMDC nanocomposite film

nanocomposite film has a maximum reflection (SEr) of -31.41 dB at a frequency of 13.43 GHz,
and a maximum total shielding effectiveness (SEt) of -66.61 dB at a frequency of 13.41 GHz.
In order to enhance the thickness of the nanocomposite films, a multi-layer stacking process
employing the hot-press method have been used. In this approach, the created nanocomposite
films retain their elasticity and all the layers are tightly bonded without any presence of air gaps.
In this study, a distinctive approach to enhance the EMI shielding efficacy by prioritizing
absorption rather than reflection in the nanocomposite films have been employed. In this
approach, a layer of non-conducting PVDF on both sides of the multi-layer structure have been
applied. Consequently, when EM waves encounter the surface of the nanocomposite film, only
a minimal portion of the waves are reflected, while the majority of the waves pass through the
first layer (PVDF) of the film. This occurrence may be attributed to the absence of any
nanofillers on the surface of the non-conductive PVDF jacket coated nanocomposite films.
Upon entering the first layer of the nanocomposite films, the EM wave interacts with each
subsequent layer of Co.Y hexaferrite-M0S2-PVDF nanocomposite films. This interaction
persists across all the layers of the nanocomposite films. Therefore, only a minimal portion of
the EM wave is reflected off the surface of the non-conductive polymer jacket covered multi-
layer nanocomposite films. The PVDF jacket permits the transmission of the incoming
microwave radiation and guides the waves towards the succeeding layers of nanocomposite
films. Moreover, the PVDF jacket effectively contains the waves within the nanocomposite
system, resulting in a reduction of both surface reflection and wave transmission. Figure 6.8
illustrates the potential EMI shielding mechanism between the molo-layer, multi-layer, and
polymer jacket coated multi-layer structure.

The absorption of the non-conducting polymer jacket coated multi-layer nanocomposite films
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in Figure 6.9(j) exhibits a substantial increase compared to both the multi-layer and mono-layer
architectures. The non-conducting polymer jacket coated multi-layer nanocomposite film
achieves a maximum absorption (SEa) of -51.23 dB at a frequency of 14.03 GHz for YMP913.
However, Figures 6.9(k and 1) show that YMP553 has a maximum reflection (SEr) of -28.93
dB at 13.38 GHz, whereas YMP913 has a maximum SEr of -74.51 dB at 13.23 GHz. It has
been observed that the non-conducting polymer jacket coated multi-layer nanocomposite films
have a lower reflection (SEr) compared to the multi-layer and mono-layer structure. This
phenomenon occurs as a result of the internal reflections of EM waves at the successive layers
of the nanocomposite films. These reflections cease after the EM wave is absorbed by the multi-
layer structure that is coated with a jacket made of nano-conducting polymer. Figure 6.10(1-111)
illustrates the changes in the maximum absorption (SEa), reflection (SEr), and total shielding
effectiveness (SEt) of the nanocomposite films. Figure 6.10(1V) illustrated the percentage of
attenuation for the mono-layer, multi-layer, and non-conducting polymer jacket covered multi-
layer construction. The non-conducting polymer jacket coated Co.Y hexaferrrite-MoS,-PVDF
nanocomposite film has obtained an attenuation percentage more than 99.9999% in the high
frequency range of 12-18 GHz (Ku-band). Hence, the utilization of Co.Y hexaferrrite-MoSz-
PVDF nanocomposite films, along with the innovative technique of coating non-conducting
polymer jackets on multi-layer nanocomposite films, presents a distinctive concept for

enhancing the absorption (SEa) in EMI shielding applications.
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6.4 Conclusion:

The multi-layer structures of Co2Y hexaferrite-MoS>-PVDF nanocomposite films have been
fabricated by employing a hot-press process. These films were synthesized by a simple solution
casting procedure and were coated with non-conducting polymer jacket. The XRD
measurement revealed an average crystalline diameter of 20 nm for the Co.Y-hexaferrite, as
well as the presence of multi phases in the nanocomposite films. The Rietveld refinement
verifies the existence of all the required crystallographic phases of Co,Y-hexaferrite and MoSg,

without any contaminants. FESEM shows that CozY-hexaferrite exhibits a hexagonal shape,
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whereas MoS; has a cotton-ball structure. Additionally, the presence of Co2Y hexaferrite-MoS>
binary nanofillers within the PVDF matrix is clearly evident in the study. The cross-sectional
view reveals the creation of tightly bounded layers of the nanocomposite films, which are
coated with a non-conducting polymer jacket. The CoxY-hexaferrite exhibits a maximum
magnetization of 33.32 emu/g at a magnetic field strength of 50000 Oe and a coercive field
(Hc) of 647 Oe. This observation was made during the M-H loop study conducted at RT. The
enhanced magnetic permeability of the Co.Y hexaferrite -MoS2-PVDF nanocomposite films
contribute to the improvement in the shielding effectiveness due to absorption (SEa). The
ability of a material to shield against EMI is determined by its impedance matching property.
Non-conducting polymer jacket coated multi-layer nanocomposite films provide a high degree
of impedance matching when the value of Z is close to unity. In contrast, mono-layer
nanocomposite films show a significant departure of Z from unity. Based on the study on the
effectiveness of EMI shielding, it has been observed that all the nanocomposite films show a
significant increase in SEa compared to their SEr in the frequency range of 12-18 GHz. The
non-conducting polymer jacket coated multi-layer nanocomposite films have been reported to
have a maximum SEa of -51.23 dB at 14.03 GHz. This is higher than the maximum SEa values
of -32.91 dB at 15.51 GHz for mono-layer nanocomposite films and -36.14 dB at 13.42 GHz
for multi-layer nanocomposite films. Thus, non-conducting polymer jacket coated multi-layer
structures of Co2Y-MoS,-PVDF nanocomposite films nanocomposite films are highly efficient
for the fabrication of microwave absorber to fight against electromagnetic pollution.
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Chapter 7:
7.1 Conclusion with outcomes:

In the present study different smart materials have been developed as laminated polymer-
based nanocomposite systems with large shielding effectiveness, wide frequency bandwidth
in the RF/MW region, as well as flexible and large surface area. So far, in this study based on
shielding effectiveness property, magnetic-conducting/semiconducting-PVDF based
nanocomposite systems have been considered for large magnetic and dielectric loss factors.
Four different synthesis mechanism have been employed to obtain the smart nanocomposite
systems which have been discussed in chapter 2; firstly, ferrite and hexaferrite materials have
been prepared by sol-gel synthesis route. Then they are taken in PVDF matrix by simple
solution casting method. After that to enhance the dielectric loss factors of the resultant
nanocomposite systems, different conducting and semiconducting nanomaterials have been
prepared and taken along with magnetic materials by solid state reaction technique and further
incorporated in the PVDF matrix. To improve the shielding effectiveness due to absorption
(SEa) the thickness of the laminated films has been modulated. Several mono-layer
nanocomposite films have been stacked together tightly by hot-press method to increase the
thickness of the resultant nanocomposite systems without compromising the flexibility of the
system. After that to increase the impedance matching condition of the resultant
nanocomposite films, non-conducting polymer have been coated over the multi-layer
nanocomposite systems to make the films more permeable to the incident EMR in the MW
region. Thus, the tailor-made nanocomposite systems with the inclusion of spinel ferrite or
hexagonal ferrite materials along with conducting/semiconducting nanofillers inside the

matrix of PVDF improves the shielding effectiveness in the form of SEa and SEr of the
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resultant nanocomposite materials, which is very important for the aim and objective of the
present study.

In chapter 3 Co.U- and Co2X-hexaferrite nanomaterials incorporated PVDF
nanocomposite films have been studied for shielding effectiveness applications in the GHz
frequency range with comprehensive details. The incorporation of Co,U- and Co2X-
hexaferrite inside PVDF has been proved by substantiating the multiphase nature of the
resultant Co,U-PVDF and Co2X-PVDF nanocomposite films in XRD analysis. The
coexistence of the dielectric and magnetic properties inside the nanocomposite films of Co,U-
PVDF and Co2X-PVDF have been substantiated from the dielectric and magnetic response
study. The significant dielectric improvement of the nanocomposite films due to the
generation of large area of interfaces between the Co,U- and Co.X-hexaferrite and the PVDF
matrix has been observed here. The simultaneous existence of both dielectric and magnetic
responses of the nanocomposite films plays the most important role for the improvement of
shielding effectiveness of Co,U-PVDF and Co.X-PVDF nanocomposite films. The high EMI
shielding effectiveness with high attenuation >99.999999% of the nanocomposite films of
Co2U-PVDF and Co2X-PVDF system have been observed in this chapter. The high shielding
effectiveness of magnetic nanofiller incorporated PVDF based nanocomposite films made of
Co2U and Co2X materials is very useful to design the efficient EM pollution reducers.

In chapter 4 the addition of semiconducting nanofillers along with the magnetic
materials as binary fillers incorporated PVDF nanocomposite films can also improve the
shielding effectiveness due to absorption (SEa) as well as total shielding effectiveness (SEa).
C02X-C3N4 and NZCF-C3N4 binary nanofillers incorporated PVDF nanocomposite systems
have been prepared by a very simple solution casting method and structural, microstructural,

and chemical investigations have been done. All these measurements show that the
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nanocomposite films have been formed with proper crystallographic phase, morphology, and
chemical structure. The high permeability of Co2X-C3N4-PVDF and NZCF-C3sN4-PVDF
nanocomposite films simultaneously act to improve the shielding effectiveness due to
absorption (SEa). A maximum SEa of -62.41 dB at a matching frequency of 14 GHz and SEt
of -89.42 dB at a matching frequency of 14.1 GHz for the nanocomposite films has been
observed with attenuation of >99.999999%. So, the loading percentage of semiconducting
C3Na4 nanofillers inside the structure of nanocomposite films helps to provide better response
of SEr at comparatively high frequency region. Thus, indisputably it can be concluded that
the high value of total shielding effectiveness (SEt) of the present nanocomposite films not
only appeared due to the presence of magnetic nanofiller (CoxX-hexaferrite and NZCF
nanoparticles) with the PVDF matrix but the exceptional idea of addition of semiconducting
CsNz nanofillers inside the matrix of PVDF along with magnetic nanofiller has made Co2X-
C3N4-PVDF and NZCF-C3N4-PVDF nanocomposite films highly efficient for the fabrication
of microwave absorber to fight against electromagnetic pollution.

In chapter 5 the strategic multiphase thick multi-layer structure of rGO-Co2Z
hexaferrite-PVDF nanocomposite films have been synthesized successfully for the application
of EMI shielding property to reduce EM radiation. The cross-sectional micrographs indicate
that, the thickness of mono-layer nanocomposite films lies within the range of 100 um to 144
um as well as the uniform thickness of each multi-layer nanocomposite film of 0.9 mm in
average has been achieved after the hot press method is applied. The maximum magnetisation
of the nanocomposite films is significantly high and the values of 6.4 and 8.9 emu/g for
rZP553 and rZP373 have been found at 300 K. Here, in the EMI shielding study, the multilayer
structure exhibits greater absorption than the mono-layer structure. The maximum SEa of EM

radiation by the mono-layer nanocomposite film is -27.03 dB at 12.38 GHz but in case of the
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multi-layer structure SEa is increased to -38.12 dB at 17.86 GHz. Also, the maximum SEr of
the nanocomposite film is -54.09 dB at 15.70 GHz for multi-layer structure over the maximum
SEt -47.03 dB at 14.76 GHz in case of mono-layer structure. As a result, a high value of
>09.999% attenuation has been obtained from the multi-layer nanocomposite film in EMI
shielding study. Now, it has been confirmed that the multi-layer structure of the
nanocomposite films gives higher SEa property as compared to mono-layer and the total SEt
study is significantly improved for the multi-layer structure of the nanocomposite films due
to the increase of thickness of the nanocomposite films. So, these rGO-Co2Z-PVDF
nanocomposite films are the potential candidates for the microwave shielding applications.
In chapter 6, the hexagonal shape of Co:Y-hexaferrite and cotton-ball structure of
MoS: has been confirmed from the surface morphology study. The cross-sectional view
reveals the creation of tightly bounded layers of the nanocomposite films, which are coated
with a non-conducting polymer jacket. The Co.Y-hexaferrite exhibits a maximum
magnetization of 33.32 emu/g at a magnetic field strength of 50000 Oe and a coercive field
(Hc) of 647 Oe was measured from the M-H loop study conducted at RT. The enhanced
magnetic permeability of the Co,Y hexaferrite-MoS,-PVDF nanocomposite films contribute
to the improvement in the shielding effectiveness due to absorption (SEa). The ability of a
material to shield against EMI is determined by its impedance matching property. Non-
conducting polymer jacket coated multi-layer nanocomposite films provide a high degree of
impedance matching where the value of Z is close to unity. In contrast, mono-layer
nanocomposite films show a significant departure of Z from unity. Based on the study on the
effectiveness of EMI shielding, it has been observed that all the nanocomposite films show a
significant increase in SEa compared to their SEr in the frequency range of 12-18 GHz (K-

band). The non-conducting polymer jacket coated multi-layer nanocomposite films have been
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reported to have a maximum SE+ of -51.23 dB at 14.03 GHz. This is higher than the maximum
SEa values of -32.91 dB at 15.51 GHz for mono-layer nanocomposite films and -36.14 dB at
13.42 GHz for multi-layer nanocomposite films. And here it is noticeable that, due to the
nonconducting polymer jacket coating, no surface conductivity effect has been observed. So,
the issues that has been observed from the chapter 5 due to the surface conductivity effect
50:50 wt. % rGO: Co2Z binary nanocomposite system which has shown comparatively high
SEr from SEa has been resolved by using this nonconducting polymer jacket coated
nanocomposite films. Thus, non-conducting polymer jacket coated multi-layer structures of
Co2Y-Mo0S2-PVDF nanocomposite films nanocomposite films are highly efficient for the
fabrication of microwave absorber to fight against electromagnetic pollution.

Thus, this thesis has validated that the magnetic, conducting/semiconducting binary
nanofillers incorporated PVDF nanocomposite system are very efficient to combat against the
EM pollution by absorbing the EMR in the MW frequency range. Also, the controllable
thickness, area and the flexibility of the nanocomposite films are helpful for different EMI
shielding application as well as it can be useful as potential stealth material in defence

technology.
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