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ABSTRACT

This study about tailoring high dielectric permittivity of multiwalled carbon
nanotubes-silver nanoparticles reinforced polyvinyl alcohol nanocomposites
(PVA/MWNT-AgNP). The combination of MWNT and silver nanoparticles (AgNP) is
an alternative way to yield high permittivity (&) polymer composites that is favorable
for electrical/electronic industry with attractive features. The hybrid fillers of MWNT-
AgNP are produced via a single step route of chemical reduction method prior to the
solution mixing process with PVA matrix. The characterization of the as-synthesized
MWNT-AgNP was done using Raman spectroscopy, Fourier transform infrared (FTIR),
field emission scanning microscopy (FESEM) and transmission electron microscopy
(TEM). The properties of PVA/MWNT-AgNP nanocomposites with different AgNP
contents are characterized in terms of morphology, structure properties, thermal
stability, electrical and dielectric properties. Main finding shows that the inclusion of
MWNT-AgNP in PVA matrix not only improves the electrical conductivity, but at the
same time ftriggers a significant increase in dielectric permittivity of the
nanocomposites. Impedance spectroscopy analysis shows high dependence of ac-
conductivity,ouc and dielectric permittivity,e”over frequency within 100 Hz to IMHz.
The maximum value of oy is 4.0x10°> S/m and & is about 600 for the nanocomposites
containing 1.0 wt% of AgNP. FESEM analysis reveals random distribution of MWNT
embedded in the matrix with high irregular interfaces can act as the conductive bridges
when in contact together with AgNP. The average particles size of AgNP was found in
the range of 17nm to 55nm. In addition, UV-vis analysis correlates other results with
the absorption of visible light to the occurrence of charge transfer process between the
fillers and the matrix. Vector network analyzer (VNA) further evaluates electromagnetic

properties of the nanocomposites at a higher frequency of 8 to 12 GHz (X-band). In this
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part, the £” value of the nanocomposite containing 1.0 wt% of AgNP remains stable at
25 over the X-band frequency, while the permeability «’ is approaching close to 0.5
due to low susceptibility of the nanocomposites with magnetic field. Both properties
influence the ability of these nanocomposites to reduce the amount of transmitted
electromagnetic waves. This is attributed to a higher wave absorption than the reflection
behavior of the nanocomposite with the increased of AgNP-dielectric interfaces.
Overall, PVA/MWNT-AgNP nanocomposite is promising material to impart high
permittivity with good electromagnetic absorption. Thus, it can offer great potentials in
electrical applications such as high-energy storage and dielectric-wave absorbance

materials at high frequency.
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ABSTRAK

Kajian ini melibatkan penghasilan bahan berketelusan tinggi oleh polivinil alkohol
komposit nano yang diperkuatkan dengan nanotiub karbon pelbagai dinding-
nanopartikel perak (PVA/MWNT-AgNP). Kombinasi di antara nanotiub pelbagai
dinding (MWNT) dan nanopartikel perak (AgNP) merupakan satu kaedah alternatif
untuk menghasilkan komposit polimer yang berketelusan tinggi bersesuaian untuk
keperluan industri elektrik / elektronik dengan ciri-ciri yang menarik. Hibrid MWNT-
AgNP dihasilkan melalui satu langkah tunggal berdasarkan kaedah penurunan kimia
sebelum proses pencampuran larutan dengan matrik PVA. Pencirian MWNT-AgNP
dilakukan menggunakan spektroskopi Raman, transformasi fourier inframerah (FTIR),
mikroskopi elektron imbasan pancaran medan (FESEM) dan mikroskop elektron
(TEM). Sifat-sifat komposit nano PVA / MWNT-AgNP dengan kandungan AgNP yang
berbeza dicirikan dari sifat morfologi, struktur, kestabilan haba, serta sifat elektrikal dan
dielektrik. Hasil penemuan utama menunjukkan kemasukan MWNT-AgNP bukan
sahaja meningkatkan konduksi elektrik, tetapi pada masa yang sama telah mencetuskan
peningkatan yang ketara dalam ketelusan dielektrik,e dalam komposit nano. Analisis
Spektroskopi Impedans (IS) menunjukkan kebergantungan kekerapan yang tinggi
terhadap konduktiviti arus ulang alik, o dan ketelusan dielektrik, &’ komposit nano
pada julat kekerapan rendah dari 100 Hz to 1MHz. Nilai maksimum oyc adalah 4.0x10"
5> S/m dan &” pada sekitar 600 untuk komposit nano yang mengandungi 1.0% berat
AgNP. Analisis FESEM mendedahkan bahawa taburan secara rawak MWNT yang
tertanam di dalam matrik PVA dengan permukaan sempadan yang tidak teratur boleh
bertindak sebagai penghubung konduktif apabila bersentuhan dengan AgNP. Purata
saiz zarah AgNP ditemui dalam julat antara 17nm hingga 55nm. Di samping itu, hasil

analysis UV mengaitkan hasil penemuan yang lain dengan penyerapan cahaya yang



boleh dilihat dengan proses perpindahan cas antara bahan pengisi dan matrik. Penilaian
selanjutnya oleh Analisis Rangkaian Vektor (VNA) menilai sifat-sifat elektromagnetik
komposit nano pada kekerapan yang lebih tinggi iaitu 8 hingga 12 GHz (X-band).
Dalam peringkat ini, nilai £” komposit nano mengandungi 1.0% berat AgNP kekal stabil
pada 25 pada julat kekerapan X-band, sementara ketelapan,u menghampiri nilai 0.5
disebabkan kerentanan yang rendah oleh komposit nano dengan medan magnet. Kedua-
dua sifat ini mempengaruhi keupayaan komposit nano untuk mengurangkan jumlah
gelombang elektromagnetik yang dihantar. Ini disebabkan oleh penyerapan gelombang
yang lebih tinggi berbanding tingkah laku pantulan komposit nano dengan peningkatan
permukaan sempadan dielektrik-AgNP. Secara keseluruhannya, PVA / MWNT-AgNP
memberi jaminan bagi menghasilkan bahan-bahan ketelusan yang tinggi dengan
penyerapan elektromagnetik yang baik. Oleh yang demikian, PVA / MWNT-AgNP
komposit nano boleh memberikan potensi besar dalam aplikasi elektronik seperti
penyimpanan tenaga tinggi, dan bahan penyerapan gelombang dielektrik pada

kekerapan yang tinggi.
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CHAPTER 1 : INTRODUCTION

This chapter describes the background, objectives, scope and limitation, as well

as the significant of research in this work.

1.1 Research background

The development of polymer nanocomposites is based on the combination of
one or more nano-sized fillers with various shape (e.g. fiber, spheroid, nanotubes and
nanoparticles) dispersed in continuous polymer matrix. The evolution from micro to
nanostructured materials as the building blocks in composite materials lead to
fascinating changes in physical and chemical properties due to high aspect ratio of
surface area to volume. The interaction amongst fillers and the matrix increases as the
particles size get smaller, thus improving the strength, heat resistance and conductivity

of the materials.

Carbon nanotubes (CNT) has received wide attention from many researchers
since [ijima discovered it in 1991 (Iijima, 1991). Distinct from other carbon materials
like graphite or diamond, the CNT is a 1-dimensional structure with high aspect ratio.
CNT is known as an excellent conductive filler since it allows motion of the electrical
carriers along one controllable direction (Lu et al., 2011). The interest in CNT has
triggered its derivative materials for multi-functional applications. In recent years,
advanced polymer nanocomposites are prompting hybrid fillers of CNT and metal
nanoparticles in order to impart unique mixing characteristics from both nanostructured
materials. The hybrid fillers can promote multi-functionalities of polymer composites
for various purpose including catalytic, optical, electronic and magnetic applications

(Sahoo et al., 2010; Lu et al., 2011).



Meanwhile, high permittivity of polymer matrix composites (PMC) have
triggered important needs for passive component in electrical/electronic fields. These
materials are used in polarizable media such as embedded capacitors, piezoelectric
transducers, amplifiers, and memory elements (Ahmad, 2012). Generally, the high
permittivity materials is able to store more electric energy than the lower permittivity.
However, traditional dielectric materials developed from ceramic materials such as mica
and SiO> has exhibited high-¢ properties with excellent thermal stability. On the other
hand, PMC has some advantages over the conventional ceramic dielectric materials
because it can combine the dielectric properties of the fillers with the polymer matrix to

offer a low temperature processing, good formability and adhesion strength.

This thesis discuss the significance of integrating multi-walled carbon
nanotubes/silver nanoparticles (MWNT-AgNP) reinforced polyvinyl alcohol (PVA)
nanocomposites as high permittivity materials. The properties of PVA/MWNT-AgNP
nanocomposites are investigated thoroughly in terms of morphology, structure
properties, thermal stability, electrical and dielectric properties as well as their

electromagnetic properties.

1.2 Problem statements

The massive growth in electronic industry has raised the interest in high
permittivity (high-€) materials that able to store high electric energy. The key problem
of conventional dielectric materials arise from the challenging fabrication process of
silica /ceramic based materials that involves large energy consumption due to high

sintering temperature ( >500°C) and their brittleness. Meanwhile, the use of polymer



composites filled with inorganic/ceramic fillers at high concentration of (>50 vol%)

have degraded the processing and flexibility of the polymers (Dang et al., 2012).

The innovation of carbon nanotubes (CNT) filled polymer composites would be
promising as an alternative approach for the high-¢ applications with better performance
and lightweight material. Apart from the excellent electrical conductivity of CNT, it
contributes a significant increase in dielectric permittivity due to large surface area and
high aspect ratio of the fillers. However, the use of CNT at certain amount causes poor
processability of the polymer due to high accumulation of the CNT initiated by van der
Waals forces. Therefore, there is an interest of integrating CNT-AgNP in polymer
composites to attain good electrical conductivity at much lower percolation threshold

(Liang et al., 2007; Zhang et al., 2010; Xin & Li, 2011; Saini et al., 2013).

To date, not much work has reported about the significance of CNT-AgNP as
the conductive fillers to induce high-¢ polymer composites. It has been reported that
CNT/polymer nanocomposites have shown a parallel trend of the dielectric permittivity
and dielectric loss due to their high surface area to volume ratio (Zhang et al., 2009;
Dang et al., 2012). Zhen et al., (2013) has reported the low frequency dependence of
dielectric permittivity of polymer nanocomposites with CNT less than 5 wt%. Whereas
few studies are focusing on lowering dielectric loss of polymer nanocomposites
triggered by of AgNP in Coulomb Blockade effect of single nanoparticles (Lu et al.,
2005; Lu et al., 2006). Recently, the effective used of metallic nanoparticles for
absorption of electromagnetic wave at the metal—-dielectric interface was reported at

very high frequency (Zhao et al., 2010; Melvin et al., 2014, 2015).

However, the broad applications of polymer composites are still limited because

many polymers are almost transparent to electromagnetic waves. These composites are



not able to block electromagnetic radiation that common exists in the environment,
including the radio waves, microwaves and X-rays. Thus, it requires further
modification in order to take advantage of their lightness, low cost and easy shaping of

the polymer.

This study aim to attain high permittivity materials in a three-phase composite
system that comprised of MWNT-AgNP reinforced polyvinyl alcohol (PVA) matrix.
MWNT is chosen in this work because it has better performance to price ratio (PPR)
compared to single wall carbon nanotubes (SWNT) for large-scale productions and low
cost. PVA is a good dielectric host matrix due to high density of hydroxyl groups for
encapsulating MWNT and nanoparticles as well. The different in electrical conductivity
between MWNT and AgNP can create high interfacial polarizations within the dielectric
medium to induce a parallel increase in dielectric permittivity and electrical

conductivity. This may also contribute to electromagnetic properties of the materials.

1.3 Research objectives

This thesis principally focuses on the preparation and characterization of PVA
filled with MWNT-AgNP as the hybrid conductive fillers. In light of this purpose, this
work intends to explore the influence of AgNP hybridizing MWNT on the properties of
PVA nanocomposites. The research work aims to address the following objectives as

below:

i.  To synthesize MWNT-AgNP and PVA/MWNT-AgNP nanocomposites at

various AgNP contents.



ii.  To characterize morphology, structural and thermal properties of the
synthesized nanocomposites.

iii. To study electrical, dielectric and electromagnetic properties of the
synthesized nanocomposites.

iv.  To determine the optimum composition of the nanocomposites as high

permittivity materials.

1.4 Scope of works

The scope of this works is synthesizing and characterizing of (a) MWNT-AgNP
hybrid and (b) MWNT-AgNP filled PVA nanocomposites. Firstly, MWNT is
functionalized through mild oxidation treatment by ultrasonication of the MWNT in
nitric acid (HNOs3) followed by hidrogen peroxide (H20»). Afterward, MWNT-AgNP
are produced with different volume of AgNO3 via a single chemical route by reducing
silver ions (Ag") from an aqueous silver nitrate (AgNO3) in MWNT solution, which
assisted with sodium dodecyl sulphate (SDS) as surfactant. Structural properties of the
synthesized MWNT-AgNP powder are characterized by Raman spectroscopy and
Fourier transform infrared (FTIR). Morphological properties are carried out by Field
emission scanning microscopy (FESEM) and transmission electron microscopy (TEM).
Secondly, the synthesized MWNT-AgNP are mixed with PVA matrix by solution
mixing, and casted into glass Petri dishes to obtain PVA/MWNT-AgNP nanocomposite
films. Secondly, the properties of MWNT-AgNP reinforced PVA nanocomposites are
evaluated with regard to the different AgNP contents (0.1, 0.3, 1.0 and 1.8 wt%). The
concentration of AgNP are determined by using inductive coupled plasma-optical

emission spectrometer (ICP-OES). The structural and morphology properties of the



nanocomposites are characterized by X-ray diffraction (XRD), FTIR and FESEM,
respectively. Electrical conductivity and dielectric properties of the nanocomposites are
evaluated by using Impedance Spectroscopy at low frequency range from 100Hz to 1
MHz. While electromagnetic properties of the nanocomposites are characterized by

using Vector Network Analyzer at X-band frequency from 8 GHz to12 GHz.

15 Significant of research

This research highlight the importance of integrating high permittivity materials
from the combination of MWNT-AgNP reinforced PV A nanocomposites. In this work,
the MWNT-AgNP was synthesized via a single route chemical reduction of silver
nitrate, prior to the fabrication of PVA nanocomposites by solution mixing and casting
technique. This approach is simple, low-cost and effective for small-scale fabrication.
Another improvement in this work is by introducing mild oxidation treatment for the
attachment of AgNP on MWNT surface, which assisted by the used of surfactant, SDS.
This approach could minimize severe damage on the nanotube structures and care
electrical properties of the MWNT. It is significant to have a good understanding of the
synthesized nanocomposites in terms of morphological, structural, thermal, electrical
and dielectric properties. The findings demonstrate that the inclusion of MWNT-AgNP
not only improves the electrical conductivity, but also triggers a significant increase in
dielectric permittivity of PVA nanocomposites. This study also have shown good
correlation between high permittivity and electromagnetic properties of the
nanocomposites. The great implication of this work is to develop high permittivity of
PVA/MWNT-AgNP nanocomposites with weak frequency dependence special at

microwave frequency. This is desirable for the design of high dielectric-absorbing



materials. Apart from this, it can increase reliability of lightweight and flexible

materials for electronic devices in high-frequency applications.

1.6 Thesis outline

The thesis outline describes an overall structure of the writing, which is comprised
of five main chapters. Chapter 1 covers the introduction in general context of CNT-
AgNP based polymer composites with some related issues, in order to define the
purposes and significance of this work. Next, chapter 2 address the information already
exist in this research field, the key ideas relate to the theory of dielectric permittivity
and analytically review most relevant literatures based on others work. Chapter 3
defines all the materials and synthesis methods, including sample preparation for
different characterization techniques. Chapter 4 subsequently elaborates results and
discussion based on the experimental data or figures presented in this section. Finally,
chapter 5 provides a brief conclusion of the research findings and some

recommendations for future works.



CHAPTER 2 : LITERATURE REVIEW

This chapter covers a general review of the relevant literatures in this field. It discuss
the subject matter by providing main ideas, theories and seminal works from previous

studies with the current-state of knowledge.

2.1 Conductive filler/polymer composites

As advanced technologies are growing, conductive filler/polymer composites have
been explored progressively in many research works. The composites are typically
consist of an insulating polymer matrix and dispersed network of conductive fillers,
which allow electrical current flow through the polymeric material. The efforts has
focused to combine the advantages of both polymer and fillers that can produce
composites with high conductivity, good processability, lightweight, low density,
corrosion resistance and enhanced mechanical properties (Thongruang et al., 2002;

Grossiord et al., 2008).

The development of conductive fillers/polymer has to be sought for a low percolation
threshold concentration (PTC) and high electrical conductivity. The polymer
composites have been formulated using conductive fillers such as graphite, carbon
black, carbon fibres, metallic particles, intrinsically conductive polymer and currently
carbon nanotubes (Rybak et al., 2010). The percolation and conductivity of polymer
nanocomposites depend greatly on the shape, content and dispersion of the fillers , their
degree of orientation and bundling, thermodynamic interactions between the polymer
matrix and the fillers, the interaction between the filler particles themselves, as well as

the processing conditions (Thongruang et al., 2002; Grossiord et al., 2008).



Electrically conducting polymer composites with volume conductivity higher than
10'% S/ecm are categorized as relatively inexpensive materials for multifunctional
applications (Ma et al., 2010). Examples of conductive polymer composites in
applications such as battery and fuel cell electrodes, electrically conducting adhesives,
antistatic coatings and films, corrosion-resistant materials, electromagnetic interference
shielding and so forth. These conductive composites are possibly preferred to replace

metals or semiconductors in suitable applications as shown in Figure. 2.1.
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Figure 2.1: Typical applications of conductive composites (Ma et al., 2010).

2.1.1 Polyvinyl alcohol (PVA)
PVA is a water-soluble synthetic polymer that made from transesterification of
polyvinyl acetate to polyvinyl alcohol. The residual contents of acetyl groups after a

final hydrolysis step determines degree of hydrolysis in most PVA products. PVA



chemical formula is [CH>CH (OH)], and its structure is given in Figure 2.2. It is an
atactic polymer that exhibits irregular stereochemical configuration which mainly
consist of 1,3 diol units and a few of 1,2 diols units, depending on the polymerization
conditions (Hallensleben, 2000). PVA is a semi-crystalline polymer and the crystalline
domains depends on its hydrolysis degree. A high hydrolysis degree corresponds to low
acetyl contents and leads to a higher crystallinity of the polymer. PVA is a polar polymer
and is good as dielectric host due to its high content of hydroxyl groups. Hydroxyl
groups are strong permanent dipoles that can align with the electric field to increase

polarization (Kulshrestha et al., 2014; Van et al., 2014).

- H OH In

Figure 2.2: Chemical structure of PVA.

The structure properties of PVA depends on the hydrolysis degree and its final
molecular weight. The melting point of fully hydrolyzed PVA is at 230 °C and for the
partially hydrolyzed degree is in the range of 180-190 °C. It has good mechanical
strength and flexibility, as well as high oxygen and moisture resistance properties
(Mercader, Poulin, & Zakri, 2010). PV A is water-soluble at elevated temperature due
to its hydrophilic nature and the presence of hydroxyl groups. The solubility rate

increases with decreasing hydrolysis degree of the polymer. PVA a non-toxic and it is
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recognized among few vinyl polymers that biodegrades slowly. It is susceptible for
biodegradation in the presence of suitably acclimated microorganisms (Chiellini et al,
2003). PVA is found in wide applications such as textiles, papermaking, adhesives,
coating and special applications due to its biocompatibility, good processability, film

forming and adhesive properties.

Table 2.1: Physical properties of PVA.

Chemical formula [-CH2CHOH-]n

Melting point (partial hydrolyzed) 200 °C (392 °F; 473 K)

Density 1.19-1.31 g/cm’
Strength 1.6 £ 0.1 GPa
Elastic modulus 48 + 3 GPa
Refractive index(nq) 1.477

2.1.2  Multi-walled carbon nanotubes

Since the discovery of carbon nanotubes (CNT) by lijima (1991), great works
have been made in the area of nanoscale carbon materials due to their unique
mechanical, electrical and thermal properties (Sahoo et al., 2010). CNT possess high
aspect ratio more than 1000 because of large length (up to several microns) to small
diameter (a few nanometers). CNT can be classified into single-walled nanotubes
(SWNT) and multi-walled nanotubes (MWNT). SWNT consist of single sheet of
graphene rolled seamlessly to form a cylindrical with diameter of order 1 nm and length

of up to cm. MWNT consist of an array of such cylinder formed concentrically and
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separated by 0.35 nm, similar to the basal plane separation in graphite (Iijima, 1991).
MWNT can have diameters from 2 to 100 nm and lengths of tens of microns. The

geometric structures of SWNT and MWNT are shown in Figure 2.3.

ki
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Figure 2.3: Schematic illustration of (A) single-walled carbon nanotube (SWNT) and

(B) multiwalled carbon nanotube (MWNT) (Reilly, 2007).

In this study, MWNT has drawn special attention because it consist of several
coaxially SWNT nested each other with interlayer distances similar to the graphite. The
larger diameter of MWNT allows a better study for quantum interference phenomena in
a magnetic field such as Aharonov-Bohm effect (Forro, 2001). One main benefit of
MWNT is that the multi-walled configuration offer good stability upon chemical
functionalization on the tube walls without deteriorating the internal tubes. MWNT also
has better performance to price ratio (PPR) as compared to SWNT for large-scale

productions. Nowadays, MWNT can be grown with or without magnetic catalytic
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particles via chemical vapor deposition (CVD) technique at a much lower temperature

(700-950°C) than the arc arc-discharge process (Lehman et al., 2011).

2.1.2.1 Structure and electronic properties

In general, the structure properties of CNT are influenced by their one-
dimensional (1-D) characters. According to Meyyapan (2009), chemical reactivity of
CNT are related to the pi-orbital mismatch caused by an increased curvature. For the
same reason, a smaller nanotube diameter results in an increased reactivity. Covalent
chemical modification of either sidewalls or end caps has shown to be possible. For
example, the solubility of CNT in different solvents can be controlled in this way.
Therefore, it is expected that other physical properties are influenced by these
parameters. The CNT as a whole is very flexible because of the great length and have a
very large Young modulus in their axial direction. The nanotubes mechanical properties
are extremely strong, stiff, and relatively ductile, which can be bent and stretched into
shapes without catastrophic failure. Each single-walled nanotube has tensile strengths
range between 50 and 200 GPa (approximately magnitude greater than carbon fibers);
this is the strongest materials known materials. The Young’s Modulus is about one
tetrapascal [TPa (1 TPa = 10 GPa)], while fracture strains in between 5% and 20%, and

has relatively low densities (Smalley, 2003).

CNT also have a unique electronic properties that change significantly with the chiral
vector, C = (n, m) that defines on how a graphene sheet is rolled to form the carbon
nanotube structure. CNT can show metallic or semiconducting behavior depending on
the chirality. According to the rolling angle of the graphene sheet, CNT have three

chiralities: armchair, zigzag, and chiral one. The tube chirality is defined by the chiral
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vector, Cn = na; + ma, (Figure 2.4), where the integers (n, m) are the number of steps
along the unit vectors (a; and a») of the hexagonal lattice (Ma et al., 2010). Metallic
CNT behave as long ballistic quantum conductor with the charge carriers, exhibiting a
large phase coherence. It exhibits the strongest electrochemical properties possibly
because the lower resistance allows a greater double layer charge buildup. It means that
the characteristics length of electron motion is suppressed, leading to quantization
effects on electrical conductivity. Individual tubes can conduct electron with coherence
lengths of several microns and carry the highest current density of known material (Inpil

et al., 20006).

In this respect, the electrical and electronic properties of MWNT is an exciting field
of research. Even one may think that MWNT do not qualify as 1-D conductor, but their
large diameter could favor low-ohmic contact because the electric current induced into
the outermost of nanotube is somewhat similar to large diameter of SWNT (Forro,

2001).

Figure 2.4: Schematic structure of CNT with different chirality: a) armchair structure

b) zigzag structure c¢) chiral structure (Ma et al., 2010).
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2.1.3  Silver nanoparticles

The interest in nanotechnology has been devoted to metallic nanoparticles with a
diameter size of less than 100nm. Silver nanoparticles (AgNP) are amongst noble metals
that exhibit unique optical, electrical and thermal properties significantly distinct from
their bulk counterparts due to large surface area and quantum confinement effects.
These unique properties are influenced by the shape and size distribution of AgNP,
depending on the synthesis methods, reducing agent and stabilizers (Pastoriza & Liz,

1999). Figure 2.5 shows TEM image of spherical AgNP.

Figure 2.5: TEM image of silver nanoparticles ( Bhui et al., 2009).
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There are two common routes of synthesizing AgNP. The first one is a physical
approach that utilizes evaporation/condensation technique. The source material placed
in a boat centered at a tube furnace is vaporized under atmospheric pressure into a carrier
gas. AgNP also synthesized with laser ablation of metallic bulk materials in solution.
The second one is a chemical approach in which the metal ions (Ag") reduced in aqueous
solution of water or organic solvents. Chemical reduction method frequently used to
yield stable colloidal silver with particle size of several nanometer. The reductants
commonly used are borohydride, citrate, ascorbate and elemental hydrogen (Kholoud
et al., 2010). An environmental friendly approach also has been applied to synthesis
AgNP by the use of native plant or fruit extract and bio-organisms. These green methods
are safe, low cost, fast and efficient ways to produce crystalline nanoparticles with

variety of shapes (Kouvaris et al., 2012).

2.1.3.1 Optical and electrical properties

The intense study in unique optical behavior of AgNP arises due to quantum size
and effective plasmon resonance when the nanoparticles are irradiated by oscillating
electric field (Figure 2.6). The interaction of light and spherical nanoparticles causes the
displacement of free conduction electrons coherently oscillate with the electric field
(Kelly et al., 2003). In these regards, AgNP have attracted great interest in various
applications such as surface plasmon effects, photonics, surface enhanced Raman
scattering, catalysis, and data storage (Gupta et al., 2010; Kholoud et al., 2010), as well
as in medical sector for diagnosis, anti-microbial and drug delivery (Kouvaris et al.,

2012).

The electrical conductivity of AgNP distinct from their counterparts when the

energy levels become discrete, rather than continuous as the size of the metal is reduced

16



to nanometer scale. The discrete spacing between energy levels known as Kubo gap (6
= 4E#/3N) is dependence on Fermi energy of the metal Ef, and number of atoms in the
clusters, N (Siwach & Sen, 2008). As the size of the nanoparticle increases, the spacing
between energy levels is diminished. At low temperature, the nanoparticle behaves like
an insulator because the Kubo gap is significant. The conductivity will be the same as

in bulk metal when the thermal energy is greater than this gap.

Figure 2.6: The plasmon oscillation in spherical nanoparticles (Kelly et al., 2003)

2.2 Formation of hybrid carbon nanotube-silver nanoparticles

Numerous researches have reported different techniques of synthesizing carbon
nanotubes-silver nanoparticles (CNT-AgNP) hybrid. Generally, the structure and
reactivity of CNT surface can serve as metal template for nanoparticles growth. The
formation of AgNP deposited on CNT surface may involve the reduction of silver salt
via dry or wet chemistry techniques. There are various techniques used in the literatures
such as impregnation (Planeix et al, 1994), electroless metal plating (Wang et al., 2004),
self-assembly (Ellis et al., 2003), electrodeposition (Quinn et al. 2005), physical vapor
deposition (Zhang et al. 2000), and ‘in situ’ photochemical reduction method (Zhao et

al. 2010).
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Another common method of depositing AgNP on the CNT surface is via the wet
chemical reduction that requires reduction agents such as ammonia, formaldehyde, N,N-
dimethylformamide (DMF) and alcohols (Liu et al., 2006, Georgakilas et al., 2007,
Alimohammadi, Parvinzadeh, & Shamei, 2012). Although, it is still challenging to
synthesize CNT-AgNP via “in-situ” reduction techniques because only some AgNP
could deposit onto the CNT surface (Ahmadpoor, Zebarjad, & Janghorban, 2013).
Therefore, surface modification of CNT through functionalization is required to
promote active groups on sidewalls of the nanotubes while improving hydrophobic
nature and aggregation of high CNT content in polymer matrices. However, strong
oxidation treatments at elevated temperature can cause severe structural damage and
fragment CNT into shorter length with reduced aspect ratios. It is unfavorable for the
formation of conductive polymer composites because it hinders electrical flow of the
nanotubes itself (Du, Bai, & Cheng, 2007; Ahmed, Haider, & Mohammad, 2013). In
this regards, few researches have conducted mild oxidation treatment to functionalize
the surfaces of CNT at relatively low temperature while minimizing nanotube damage.
For example, the oxidation treatment using HNO3; and H>O; still could promote the
functional groups (-OH, C=0, -COOH) on the nanotube surfaces (Aville et al.,2009;

Ahmed et al., 2013).

Apart from the chemical oxidation treatment, another methods was proposed via
a substrate enhanced electroless deposition (SEED) process. It is favorable for
depositing metal particles with lower redox potentials than that of CNT such as Cu and
AgNP (Qu & Dai, 2005). Sahoo et al. (2011) conducted a method for depositing
different densities of AgNPs on the CNT network by catalyst-free technique. This
approach is an alternative to the electrodeposition process that commonly needs the use

of chemicals and/or catalysts.
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2.3 Fabrication methods of CNT/polymer nanocomposites

The performance of CNT in polymer matrix depends on the dispersion of CNT
and interfacial interactions between the CNT and the polymer. Several factors including
polymer matrix viscosity, moulding temperature and processing time influences the
performance of a conductive network (Deng et al., 2009). The mixing of CNT based
fillers with various polymer matrices, including thermoplastic, thermosets and
elastomers are commonly processed by different fabrication methods as below

(Vaisman et al., 2006; Ma et al., 2010):

1. ‘In-situ’ polymerization technique
In-situ polymerization is an efficient method to prepare uniform dispersion of CNT
in a thermosetting polymer. The CNT dispersion are mixed with monomers, either in
the presence or in absence of a solvent. Then theses monomers polymerized via addition
with a hardener or curing agents at an elevated temperature. The advantages of this
method is that covalent bonding formed between the functionalized CNT and polymer

matrix.

i1. Coagulation

This technique begin with a carbon nanotube-polymer suspension in which carbon
nanotubes have been well dispersed by sonication and the poured into excess of a non-
solvent, causing the polymer to precipitate and entrap the nanotubes bundles. This
precipitation process is rapid, so the carbon nanotube apparently do not aggregate or
combine during the coagulation process and provides better nanotube dispersion. The

advantage by using this technique is produced uniform nanotube-based composite.
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iii.  Solution/solvent Casting
In this technique involves preparing a suspension of nanotubes in a polymer
solution. Then, allowing the solvent to evaporate in order to produce nanotube-polymer
nanocomposites. The problem in this technique is the nanotubes tend to agglomerate
during solvent evaporation, which leads to inhomogeneous nanotube distribution in
polymer matrix. In some cases, solution mixing could achieve better state of CNT

dispersion than melt mixing.

iv. Melt Mixing

This technique commonly applicable to thermoplastic polymers as the matrix
materials. It does not require solvent to disperse the CNT but it uses a high temperature
and high shear forces to disrupt the nanotube bundles. The problem is it is not provide
uniform nanotube dispersion. It is need subsequent processing step called passing using

special equipment such as extruder, and injection molding.

v. Latex technology

This is a relatively new method to incorporate CNT in most polymers produced by
emulsion polymerization. The CNT are initially dispersed in an aqueous surfactant
before mixing with a polymer latex. Latex is a colloidal dispersion of discrete polymer
particles in aqueous medium. The process is relatively easy, cost-effective, reliable and

safe for large-scale fabrication technique.

2.4 Overview of the related previous works

In many literatures, CNT-AgNP have been used as the conductive fillers to prepare

polypropylene (PP) (Liang et al, 2007) , polystyrene (PS) (Xin and Li, 2011) and epoxy
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(Ma, Tang and Kim, 2008) nanocomposites by melt compounding and solution mixing.
Their results found that CNT-AgNP could significantly enhance the electrical
conductivity and mechanical properties of nanocomposites compared to pristine CNT.
Xin and Li (2011) confirmed that PP and PS containing CNT-AgNP could decrease the
percolation threshold for electrical conductivity. It was found that CNT-AgNP filled
nanocomposites, which are prepared by solution mixing could avoid oxidation of the
AgNP and has better electrical properties. This is because of AgNP and help to improve
dispersion of CNT in the polymer matrix because of the reduced surface energy and van

Waals forces between CNT.

Alimohammadi et al. (2012) also highlighted that silver deposited MWNTs
surfaces could reflect a high portion of radiation at UV region due to the light scattering
of larger nanoparticles or aggregation of modified MWNTs. Therefore, CNT-AgNP
mostly appropriate to increase the UV reflection properties of materials in various
polymeric nanocomposites and coatings applications. Fortunati et al. (2011) fabricated
CNT-AgNP with a biodegradable polymer, poly (e-caprolactone) (PCL) by solvent cast
technique. The results found antimicrobial effects of AgNP on various bacteria that can
encourage its application as conductive antimicrobial nanostructures. This because
AgNP could act as conductive bridges among nanotube bundles and facilitate electron

transfer that help to facilitate the formation of conductive pathways.

Most recent, Zhang et al. (2016) investigated surface-enhanced Raman
scattering (SERS) activities of CNT decorated with AgNP produced via a simple citrate
reduction method. They conducted a time-course SERS mapping to study the
evaporation process of probe molecules and simulated the electromagnetic field
distribution by the finite difference time domain (FDTD) method. Another researcher

has found a significant electronic enhancement of specific capacity for CNT/bone
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charcoal composite was increased by twice with incorporation of only 0.8 wt.% of Ag

NP decoration (Matsubara et al., 2016).

The latest trends of CNT-AgNP and PVA composites are emphasizing on
electrical and dielectric properties of the materials. Alghunaim et al. (2016) did the
optimization and spectroscopic studies of CNT/PV A nanocomposites at high frequency.
The behavior of both dielectric constant and dielectric loss were reported decrease as
the frequency increases when the dipole direction in PVA oriented toward the applied
field. Meanwhile, Amrin & Deshpande (2016) reported the dielectric relaxation and ac
conductivity behavior of carboxyl functionalized CNT/PVA nanocomposite in
frequency range of 0.1 Hz—1 MHz. The increment in electrical conductivity was
analyzed a Jonscher power law to show the dominant charge transport mechanism in

the nanocomposite.

Currently, the advanced study of MWNT-AgNP and its composites have been
given attention to electromagnetic applications. In previous work, the effective used of
integrating CNT-AgNP was reported for the absorption of electromagnetic wave at the
metal—dielectric interface at very high frequency (Zhao et al., 2010; Melvin et al., 2014;
Melvin et al., 2015). However, the microwave-absorption properties can be altered by
controlling heat-treatment temperature and time. These factors may change the defect
and surface organic groups on CNT surfaces (Zhang et al., 2017). Besides that Wang et
al. (2018) have study on Terahertz (THz) dispersion characteristics of super-aligned
CNT. They measured the enhanced transmission spectra with THz incident wave
through subwavelength apertures to retrieve the refractive index, effective permittivity,

and conductivity of the materials (Wang et al., 2018).
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2.5 High permittivity materials

The history of permittivity dates back to the 18" century and arises from electronic
polarization of molecules and atoms when exerted under an external electric field.
Permittivity is expressing charge storage capability and is defined by Maxwell’s
equations over many molecules (Baker, 2010). The term high permittivity (¢) refers to
materials with high dielectric constant as compared to the conventionally used silicon
based devices. The ¢ value of any materials greater than silicon nitride (¢ > 7) are
categorized as high permittivity, while those with € value smaller than silicon dioxide
(e<4) are categorized as low permittivity materials. Table 2.3 listed the high-¢ materials
that widely found in electronic industries such as memory cell dielectrics, gate
dielectrics, and capacitors (Singh & Ulrich, 1999). A statistic shows rapid growth in
electronic industry has fascinated great interest for passive electronic components as

reported in Figure 2.7.
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Figure 2.7: Shows the market trend of passive components in Europe and Asia

(Inverter Technology, Trends and Market Expectations report, 2016).
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Table 2.1: Some important permittivity materials and the applications ( Singh &

Ulrich, 1999).

Dielectric Constant Application
PbMgNbO3+PbTiOs ............. 22,600 o B
PbLaZrTiOz ..oviiniiiiien 1000 Lo, B
BaSrTiOz...ocovviiiiiiiee, 300 B
TiO2 ceieree 50 e AC
Tas0s5 oo, P A.B
CeO2 v 20 ... RO VR 9 h AR AW A
BaZrTiOs ..ooovoviiiiiiiii 17,3 E
ALO3 o . ST s W ATTORORTRRRrre B
(Bz,Ca,St)F2 oo 2 T D

A: Gate dielectrics B: Capacitor dielectrics C: Photoelectrochemical cells
D: Epitaxial dielectrics E: Gate dielectrics for organic transistors on plastic

2.6 Theory of dielectric properties

2.6.1 Permittivity

The permittivity is a fundamental parameter of dielectric properties and is denoted by
the greek symbol, ¢ (epsilon). It defines the ability of a material to polarise in response
to an external electric field. A higher permittivity value indicates a greater polarization
created by the material under an external field. Relative permittivity, ¢; is also referred
as the dielectric constant, & that is defined as the permittivity of a material in relation to
that of free-space, €y (Where g = 8.854x10-12 F/m). It is a complex measure of the real
part, €' (energy stored) and imaginary part, € (dielectric loss) of the permittivity. The

loss tangent (tan delta,d) denotes the dissipation factor or the losses in a material by the
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ratio of the imaginary part to the real part of the permittivity as shown in the below

equations.

k =¢leg=er =¢ -je 2.1)

n

tan 6= " (2.2)

The permittivity always relates with the capacitance of energy stored in a dielectric
material by neutralizing charges at the electrodes when subjected to the external field

(Figure 2.8). This can be expressed by the following equation.

C=go*e * A (2.3)
d

Where C is the capacitance, A is the area of plate and d is the sample thickness.
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Figure 2.8: The charges orientation of a parallel plate capacitor.
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2.6.1.1 Mechanism of the polarization

The measure of permittivity is attributed to the polarization effects when the material
interacts with an external electric field. Physically, a dielectric material has random
arrangement of the electric charge carriers or electrons around the nuclei. The charges
are polarized when subjected to the external electric filed by separating the the positive
and negative charges in different direction to the applied field. This lead to the formation
of electric dipole moment in the dielectric materials. There are few mechanisms of

polarization contributing to the variation in permittivity of materials (Ahmad, 2012):

1. Electronic polarization: It involves the displacement of electrons locally
bound in neutral atoms with respect to the nucleus.

il. Atomic polarization: It occurs due to the distortion or stretching of the
adjacent atomic position in a molecule or lattice structure.

iil. Orientational (dipolar) polarization: It most happens in polar polymers or any
molecules when there is an imbalance of charge distribution, creating a
tendency for permanent dipole moment as the electrons rearrange themselves
to align with the electric field.

1v. Interfacial/space charge polarization: It occurs when the mobile charges are
impeded at interfacial regions within a material. The accumulation of these

charges increases the capacitance with an in increase in relative permittivity.

The characteristics of relative permittivity is dependent on the frequency as the
polarization changes with the oscillating electric field. An illustration in Figure 2.9
shows that dipolar (orientational) and ionic polarization have strong interaction at the

microwave frequency but quite lossy. This is the principal reason of heating food in a
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microwave oven. There is a relaxation effect for the dipolar polarization as the
frequency increases in microwave region. Whereas the atomic and -electronic
polarizations are comparatively weak but instantaneously, able to follow in phase with
the changes of electric field. These mechanisms could lead to a resonance effect at the

frequency beyond 10! Hz.
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Figure 2.9: The distribution of dielectric mechanisms in response of frequency

2.6.2  Permeability

Permeability (pr) defines the response of a material with a magnetic field. It is
also a complex quantity that comprised of the real part, i’ (energy stored) and imaginary

part, u'’ (energy loss) of the permeability as shown below:
et =/ o=~y 24

where L1 is the permeability of free space (po = 1.257 x 10°° H/m ).
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The permeability of nonmagnetic materials is taken close to the permeability of free
space (1 =1). Conversely, there is a substantial magnetic property for ferromagnetic

materials such as iron, cobalt, nickel and their alloys (u.>1).

2.6.3 Electromagnetic principles

In electromagnetism, the oscillation of current flows create both magnetic field
and electric field at the same time. Electromagnetic waves are known varies with
wavelength,A and inversely proportional to frequency of the oscillation (A = c/f).
Electromagnetic radiation commonly comes from radio waves, visible light or x-rays
can propagate in free space and pass through a material at a slower velocity v, than the
speed of light ¢ (c = 3x10® m/s). This is because the wave propagation depends on
permittivity and permeability of the material under test (MUT) (Figure 2.10). There is
a mismatch since the wave impedance in a material Z, is lower than the impedance of
free space Zy orn. This factor causes some of the wave is reflected at material surface
while part of the wave is transmitting through the MUT. Therefore, the wavelength, A4,
within the material is shorter than the initial wavelength Ao in free space. Thus, there
will be attenuation or insertion loss of the transmitted wave because certain materials

also have some losses. These basic electromagnetic principles are simplified as below:

Impedance of free space, n=2,= \[i: =1207 (2.5)
; S
Impedance of material, Z = T (2.6)
Th length, Aq= - 2.7
e wavelength, == (2.7)
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The velocity of wave, v = = (2.8)

Ve

Figure 2.10: Propagation of electromagnetic wave passing through a material.

2.7 Percolation model of conductive fillers

The conducting behaviour of a composite occurs when it undergoes an insulator-to-
conductor transition at critical filler loading known as the percolation threshold
concentration (PTC). The PTC commonly decreases as aspect ratio of the fillers
increases (Deng et al., 2009). However, the electrical conductivity of polymer
composites strongly depends on the fillers loading. Figure 2.11 shows typical electrical
conductivity behavior of polymer nanocomposites as a function of filler concentration.
Below PTC, the composite remains an insulating material since the filler particles are
not interconnected or formed small clusters in the polymer matrix. Once PTC value is
reached, the particles are able to form a conducting network of fillers and the
conductivity increases by many orders of magnitude over a small range of filler loading.
In this state, the percolation threshold coincides with the formation of a system
spanning, and conduction network of fillers particles in the continuous polymer phase.

It implies that conductivity occurs by some tunneling or hoping process through the
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insulating layer that separates between the filler particles (Grossiord et al., 2008). Far
above PTC, the conductivity levels off and do not increase significantly with further
addition of the fillers due to the presence of insulating layer between filler particles,

which are not in actual contact with each other.

Figure 2.11: Schematic of electrical conductivity as a function of filler concentration

(Kim, 2007).

The use of conducting fillers not only increase conductivity but also induce high
dielectric permittivity based on Maxwell-Wagner polarization (Dang et al., 2012). The
dielectric behavior in a percolating system is very sensitive to the fillers concentration.
A slight change in concentration near the percolation threshold can make a drastic
change in the dielectric properties and exhibits a non-linear increase in dielectric value

beyond the percolation threshold. The conductive fillers with high aspect ratio such as

30



CNT, always exhibits parallel increases of dielectric permittivity and loss attributed to

the increase in conductivity at low percolation threshold.

2.8 The outlooks of high permittivity materials

High permittivity materials have high demands for product miniaturization with high
speed performance for the next generation of passive materials in electrical engineering.
Apart from electronic industry, they are widely used in many civilian and military
applications such as active vibration control, aerospace, underwater navigation and
surveillance. For example, rubber composites with high permittivity are used as the
cable accessories in electrical engineering to balance the distribution of electric field at
cable terminal from failure. Figure 2.12 lists some other potential applications of high

permittivity polymer composites.
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Figure 2.12: The outlooks of high permittivity materials
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2.9 Summary

Overall, this chapter provides a brief literature review that covers the study of CNT
based materials, silver nanoparticles and their hybrid nanocomposites. The study has
cited numerous previous works done by other researchers that are still relevant to the
current work. It also outlines the key ideas, few related theories and the outlooks for

high permittivity materials.
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CHAPTER 3 : METHODOLOGY

This chapter outlines the materials and experimental procedures cover throughout
this study. Section 3.1 describes all materials used in the experimental work, while
Section 3.2 elaborates samples preparation in three major steps. First part is the
functionalization of MWNT by mild oxidation approach. Second part is the synthesis
of MWNT-AgNP as the fillers and the third is the fabrication of MWNT-AgNP filled
PV A nanocomposites via solution mixing and casting process. Section 3.3 describes
various characterization and spectroscopy techniques used to identify the materials and

properties of the synthesized samples.

3.1 Materials

Polyvinyl alcohol (PVA) powder (My = 31000-50000 g/mol, 98-99%
hydrolyzed) was obtained from Sigma-Aldrich. Multi-walled carbon nanotubes
(MWNT) with purity of >90% having a diameter of 4-20 nm and length of 10-30 um
were purchased from Nanoshel LLC, Hydrogen peroxide (H>O2, 30%) and nitric acid
(HNO3, 65%) supplied by R&M Chemicals were used for mild functionalization of the
MWNT. Silver Nitrate (AgNO3, 0.1 mol/L) and N,N-dimethylformamide (DMF, 73.1
g/mol) supplied by R&M Chemicals were chosen as Ag precursor and reducing agent,
respectively. Sodium dodecyl sulfate (SDS) obtained from R & M Marketing Essex was

selected as surfactants to ensure good dispersion of the MWNT and AgNP.
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3.2 Samples preparation

3.2.1 Functionalization of MWNT

MWNT were functionalized through mild oxidation treatment by using nitric
acid (HNO;3, 65%), followed by hydrogen peroxide (H202,30%). Following this, 1 g of
MWNT was treated with 100 ml of HNO3 in an ultrasonic bath for 30 min. Then the
solution was diluted with deionized water and filtered through under vacuum. The
filtered material was washed with deionized water for several times until the pH value
becomes neutral. These steps were repeated by substituting the solvent with H>O.. The
filtered carboxylic acid-functionalized MWNT (MWNT-COOH) was dried in an oven

set at 60°C for 24 h.

3.2.2  Synthesis of MWNT-AgNP

MWNT-AgNP were synthesized in a single step route via chemical reduction
technique by reducing silver ions (Ag") from the silver salt (AgNQ3) in the presence of
MWNT. Initially, 420 mg of acid treated MWNT and 160 mg of SDS were added into
140 ml of DMF, and then sonicated in an ultrasonic bath for 30 minutes. The mixed
solution was prepared in four beakers and heated to 80°C, followed by aqueous AgNO3
(0.1 mol/L) into the solutions at a flow rate of 60 ml/min for different volumes
percentage (10, 30, 50 and 70 vol%). The hot solution was stirred continuously for 1 h
and left to cool at room temperature for 24 h. Then the precipitated material was filtered
and washed with ethanol, water and acetone for several times. The final product of

MWNT-AgNP were dried in a vacuum oven at 60°C for 24 h.
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Table 3.1: Experimental composition of the prepared samples.

PVA MWNT SDS AgNO; DMF

Sample names (mg) (mg) (mg) (ml) (ml)
PVA 5000 - - - -

PVA/MWNT 5000 420 160 - -

PVA/MWNT-AgNP 0.1wt% 5000 420 160 16 140
PVA/MWNT-AgNP 0.3wt% 5000 420 160 60 140
PVA/MWNT-AgNP 1.0wt% 5000 420 160 140 140
PVA/MWNT-AgNP 1.8wt% 5000 420 160 327 140

3.2.3  Synthesis of PVA/MWNT-AgNP nanocomposites

PVA/MWNT-AgNP nanocomposites were prepared via solution mixing
technique. Initially 1000 mg of the synthesized MWNT-AgNP powder and 160 mg of
SDS were dispersed in 100 ml of distilled water. The mixed solution was ultrasonicated
in a water bath for 30 minutes. Next, 5000 mg of PV A was added into the mixed solution
and slowly heated to 85°C with continuous stirring at 750 rpm using overhead stirrer.
The hot solution was hold for 1 hour to ensure a homogenous solution throughout the
heating process. Then, the viscous solution was immediately cast to glass Petri dishes
of 10 cm in diameter and left to dry at ambient room temperature. Subsequently, the
prepared composite films were peeled off from the Petri dishes and stored in a vacuum
desiccator before characterizations. The average film thickness was obtained about 0.32
mm. These steps were repeated to fabricate various samples of PVA/MWNT-AgNP
nanocomposites with different AgNP loading as shown in Table 3.1. The concentration
of AgNP present in the samples were determined by using inductive coupled plasma-

optical emission spectrometer (ICP-OES) analysis and were obtained as 0.1, 0.3, 1.0
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and 1.8 wt%. Additionally, pure PVA and PVA/MWNT were fabricated with similar
procedures of the PVA/MWNT-AgNP nanocomposites. The schematic diagram of

experimental procedure is illustrated below in Figure 3.1.

Figure 3.1: Schematic synthesis of PVA/MWNT-AgNP nanocomposites.
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3.3 Characterization techniques

3.3.1 X-Ray diffraction (XRD)

X-Ray diffractometer (XRD) is a non-destructive technique used for
determination of crystallographic structure, phase purity and interplanar spacing of a
crystalline material. XRD is based on constructive interference of monochromatic X-
rays generated by heating the filament of a cathode ray tube and directed towards the
crystalline sample. Figure 3.2 shows the interaction of incident x-rays with the samples

produces diffraction (constructive interference) equation according to Bragg’s Law:

Figure 3.2: Constructive interference of x-ray beams at /k/ planes.

nA =2d sin 0 (3.1)

where #n is an integer for crystalline planes, 4 is the radiated wavelength, d is the
crystalline lattice spacing, and @ is the diffraction angle of incidence rays. Phase

identification of a mineral can be found from conversion of the diffracted peaks to lattice
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spacing (d) by comparing the d-spacing with standard reference pattern. Interplanar
spacing is a function of Miller indices (44/) and lattice parameter, a can be determined

for each crystal structure:
Al = —— (3.2)

The crystallite size, D can be calculated from the half width-maximum peak by

Scherer equation:

Do KA
pcosd

(3.3)

where K is the shape factor, and f is the peak broadening at half-maximum intensity in
radians. The shape factor for spherical crystalline grains is 0.9 and D denotes to the
grain size of the nanoparticles. The XRD pattern of the samples were recorded using a
PANalytical EMPYREAN X-ray diffractometer with CuKa radiation of A = 1.54060
nm. The data was collected by scanning the samples through diffraction angle in the

range of 26 = 10° to 80°.

3.3.2  Ultraviolet-visible spectroscopy (UV-Vis)

UV-Vis spectroscopy measures the absorption of light through a liquid sample
within ultraviolet and visible wavelength. When an electromagnetic radiation set upon
a sample, the absorption of photon causes the atoms and molecules
to undergo transitions from ground state to higher electronic state. According to Bohr’s
model, every electron in an atom exhibits a discrete energy level. Ultraviolet and visible

light are energetic enough to promote outer electrons to the higher energy levels. The
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more easily the electrons excited, it can absorb the longer wavelength of light. The
concentration of an analyte in solution can be determined from the absorbance at certain

wavelength in accordance to Beer-Lambert Law:

A= —logT (3.4)

T=1/1, (3.5)

where A4 is the absorbance, 7 is the transmittance, / is the transmitted light

intensity and /, is the incident light intensity.

The UV-Vis measurements was carried out using a Carry Win UV 50,
spectrophotometer. The absorption spectra were scanned at low rate within wavelength
from 200 nm to 800 nm. The samples were dispersed in deionized water and treated in
an ultrasonic bath for 20 minutes to ensure good dispersion of the solution. Then the
solution was put in a rectangular and transparent cell, known as quartz cuvette with an

internal width of 1 cm prior to the UV-Vis measurements.

3.33 Fourier-transform infrared (FTIR)

Fourier transform infrared (FTIR) spectroscopy is a rapid characterization tool
used to identify vibrational frequency of different chemical bonds presence in most
materials. Principally, FTIR uses an interferometer and polychromatic light to generate
an interferogram, and then mathematically decoded by a fourier transformation. IR
process measures vibrational frequency of bonds in molecules triggers through
irradiation with infrared light. Upon irradiation with infrared light, certain bonds

induces stronger molecular vibrations that can be detected and translated into a visual
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representation called IR spectrum. The IR spectrum of the samples were analysed using
a PerkinElmer-Spectrum 400 FTIR spectrometer. It provides information on molecular
fragments of certain functional groups and molecular fingerprint of the nanocomposites.
The measurement was taken with a scan rate of 4-16 cm™'/min within a wavenumber

range from 400 cm™ to 4000 cm'.

334 Raman spectroscopy

Raman spectroscopy is a spectroscopic technique that is extremely sensitive to
geometric structure and bonding within molecules. This technique is used to
characterize quality and purity of different carbon allotropes such as carbon carbon
nanotubes, graphene, diamond etc. Raman scattering also known as Raman Effect refers
to inelastic scattering of monochromatic light from a laser source. The inelastic
scattering occurs when the monochromatic light changes upon interaction with a
sample. The light may be reflected back, absorbed or even scattered in different ways.
There are two types of scattering: elastic scattering (known as Rayleigh scattering) and
inelastic scattering (known as Raman scattering). Raman scattering can be classified
based on their energy level: Stokes Raman scattering (higher energy level) and Anti-
Stokes Raman scattering (lower energy level). The difference in energy level is mainly
due to the vibrational or rotational energy of the molecules in the sample. The schematic
illustration as shown in Figure 3.3. Micro-Raman spectrometer (HORIBA Scientific,
JOBIN YVON) was used to characterize the vibrational properties and structural
changes of MWNT in the presence of AgNP. The spectrometer uses a green laser with

an excitation wavelength of 532 nm and equipped with a CCD detector. The acquisition
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time was set at 20-30 s for at least two cycles. Ten different spots were taken for the

analysis.
A
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Figure 3.3: Illustration of different energy transitions in Raman Scattering.

3.3.5  Thermogravimetric analyzer (TGA)

Thermogravimetric analyzer (TGA) is an analytical technique used to evaluate
thermal stability and the decomposition behavior of a material as it is heated. Through
TGA process, the weight changes of a substance is monitored as a function of
temperature or time in a controlled atmosphere. It also can measure the loss of water or
solvent, oxidation, catalytic residue, as well as the filler and ash content. This equipment
consists of a sample pan that is supported by a precision balance in a furnace that can
be heated or cooled during the analysis. The procedure commonly employs air, oxygen,
argon, or nitrogen as the sample atmosphere where the gas flows over the sample and

exits through an exhaust.
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The thermal analysis was conducted using a TGA MettlerToledo,SDTA851e to
analyze decomposition behavior and filler content of the samples. The sample size is
approximately 10 mg and was placed in an aluminium pan. The test was carried out at
a heating rate of 10° C/min within a temperature range of 40—600° C under air

atmosphere.

3.3.6  Field emission scanning electron microscopy (FESEM)

FESEM is a microscopic technique used to examine surface and structures of a
sample with a wide range of magnification (15 to 100,000x). It uses field emission to
generate electron beam that is about 1000 times smaller than the standard SEM. When
the electron beam bombards on the surface of a sample, the reflected beam of electrons
is collected by a detector to produce electronic signals that is displayed on a cathode ray
tube. The reflected beam comprises of different scattering mainly secondary electrons
and backscattered electrons (Figure 3.4). The secondary electrons are used for viewing

the surface topography while backscattered electrons control the image contrast.

FESEM was performed to observe surface morphology of the MWNT-Ag and
its nanocomposites by using an FEI QUANTA 450 FEG at accelerating voltage of 3kV.
The samples are mounted on a special holder before inserted into the high vacuum part
of the microscope through an exchange chamber that fixed on a moveable stage. For
non-conducting sample, it is often coated with a very thin layer (1.5 - 3.0 nm) of gold
or other metals to achieve better resolution with good quality signal. Energy dispersive
X-ray (EDX) analysis was performed by using investigative tool in FESEM to

determine composition and elements present in the samples. It was operated at a voltage
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of 15 kV. The analysis includes the identification of lines and intensities in the EDX

spectrum.

Figure 3.4: Different scattering of the reflected electrons beam.

3.3.7  Transmission electron microscope (TEM)

TEM 1is a useful microscopic technique for the analysis of internal
microstructures in a sample. The principle work is using a beam of electrons that is
transmitted through a sample to form an image. The sample must be prepared in very
thin section to allow transmission of the incident beam through the material. TEM

analysis was employed by using JEOL-JEM 2100-F to determine the particle size,
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nanotube structures and crystal orientation of the as-synthesized MWNT-AgNP. The
sample was dispersed in a deionized water and was subjected to ultrasonication in a
water bath for 20 minutes. It is important to ensure well dispersion of the materials
before the analysis. Then the suspension was dropped onto a support film,
formvar/carbon coated-copper 300 mesh grids with a diameter of 3.05 mm. The grid

was placed on a sample holder before inserted into high vacuum part of the machine.

3.3.8 Metrohm Autolab

Metrohm Autolab Potentiostat is a high technology electrical instrument that
allows different types of experiment with various compatible instruments. It is able to
run cyclic voltammetry, linear sweep voltammetry, chrono methods, electrochemical
noise and many other applications. In this work, current-voltage (I-V) characteristics of
the samples were measured by using an Autolab Potentiostat (PGSTAT204), equipped
with an advanced electrochemical software, Nova 1.10.1. The Autolab calibration was
initially performed by checking the wires connection with a simple circuit system or

known as a dummy cell.

The testing was prepared by sandwiching a circular sheet of the nanocomposite
with a diameter of 25 mm between two steel foils on both sides of the sample. This is
important to ensure a good electrical contact between top and bottom of the sample
holder. The measurement was carried out by using a linear sweep voltammetry (LSV)
staircase. The parameter used a scan rate of 0.05V/s and step potential of 0.20V. The
applied voltage was varied from 1 to 10V. Electrical conductivity of the samples are

determined based on the current-voltage relationship as follows:
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6 = d/RA (Q.m)"! (3.6)

where, d is the sample thickness, A is the surface area, and R is the resistance estimated

by the gradient (m=1/R) as a relation with linear fit of the I-V graph.

3.3.9 Impedance spectroscopy

Impedance spectroscopy (IS) is a common tool used to measure dielectric
properties of a material stimulated by an alternating current (AC) at low frequency.
Impedance is the electrical resistance to the AC source in a complex electrical system.
The dielectric measurement for the nanocomposites was performed by using HIOKI
LCR HiTester. In this technique, the nanocomposites with average film thickness of
about 0.32 mm was sandwiched between two disk electrodes of 25 mm diameter to form
a capacitor (Figure 3.5). The measurement was tested as a function of frequency within
range from 100 Hz to 1 MHz at room temperature and the applied voltage was

monitored at 1V.

Figure 3.5: An illustration of the material under test for IS.
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The data from IS were analyzed by Nyquist or Cole-cole plot (Figure 3.6). The
frequency dependence of the dielectric properties and ac conductivity of the
nanocomposites can be calculated from real, Z' and imaginary, Z'' components of the

complex impedance, |Z| as the following relations:

-ImZ

w=0
> ReZ
Figure 3.6: A Nyquist plot diagram.
7’ =7Zcos ¢ (3.7)
72’ =7Zsin¢@ (3.8)

where ¢ is the phase angle. While permittivity defines the response of an external field
with the electric dipole moment of the sample. The dielectric permittivity, €' and the

dielectric loss, € of the nancomposites were calculated from subsequent equation:

£ = onfCZ? (3.9)

46



" o__ zZr
— P——— (3.10)

where f is the measuring frequency, C, is the capacitance of the two electrode plates
without sample and calculated by C, = €,A/d, where A is the film area, d is the thickness,

& is the permittivity of the free space = 8.854x107!2. The ac conductivity (cac) of the

thin film samples at a frequency were obtained from the following equation:
Oac = 27feoe” (3.11)

Dielectric modulus is used to analyze relaxation phenomenon due to space charge
polarization by using the dielectric formula (Zhen, Arredondo, & Zhao, 2013). The

dielectric modulus in complex form is given by:
M* == =M'+iM" (3.12)

where M'" and M"' are the real and imaginary part of dielectric modulus. Calculation of

the dielectric modulus is given by the following formula:

" &l
T (@ +an2)

(3.13)

e

M™ ="

(3.14)

3.3.10 Vector Network Analyzer

Vector network analyzer (VNA) is an instrument that enables high frequency
stimulus-response commonly used for radio frequency and microwave measurements.

The test involves measurement of both magnitude and phase from the incident,
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reflection, and transmission waves that pass through a transmission line. A common
transmission line technique is using a section of rectangular a waveguide or a coaxial
airline. The measurement is carried out by using N5227A PNA network analyzer,
Keysight Technologies (formerly known as Agilent Technologies) that comes with 2-
ports connected to X-band waveguide WR-90 that has 4 holes fixed at both ends (Figure
3.7). The nanocomposite sheets were enclosed on a sample launcher of rectangular
waveguide with dimension of 23 x 10 mm. The VNA was calibrated based on Thru
Reflect Line (TRL) calibration technique for 201 frequency points. The calibration
standard cancelled out the effect of cables and connectors as well as imperfections of

the test setup by testing the sample using an ideal reflector and absorber.

Figure 3.7: The setup of X-band waveguide connected with the VNA.
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The test allows simultaneous measurement of electrical network scattering
parameters or S-parameters (S;;) between the two ports by using an algorithm software,
85071E to perform the conversion of complex permittivity, €* and permeability, pu*
(Figure 3.8). The TRL setup directly measures the reflected power signal (S11) and
transmitted power signal (Si2) over the given frequency range from port 1 to port 2 and
vice versa. Thus, the electromagnetic characterization for transmission (T), reflection

(R) and absorption (A) can be simply expressed by the following equations:

T=[S12]* = |S21? (3.15)
R=[Si1* =[S (3.16)
A= 1-R-T (3.17)

v
511 D Hyg €g E.“ Ho €0 < S35

521

Figure 3.8: Measurement of S-parameters in a X band waveguide (Soleimani et al.,

2012)

3.3.11 Summary
A complete view of the sample preparation and characterizations involved

through this study are summarized in the flowchart as shown in Figure 3.9.
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Mild oxidation treatment of MWNT

l

Synthesis of MWNT-AgNP via single route chemical
reduction technique
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MWNT-AgNP ¥ e  Fourier transform infrared
e  Raman spectroscopy

Synthesis of MWNT-AgNP filled PVA nanocomposites

1

Sample testing and characterizations
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Structure analysis: Morphology analysis: Thermal analysis:
(XRD, UV-vis, FTIR) (FESEM) (TGA)

!

Dielectric & electromagnetic spectroscopy:
(Impedance analyzer, VNA)

Figure 3.9: Experimental flowchart of research work.
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CHAPTER 4 : RESULTS AND DISCUSSION

This chapter is about the results and discussion of research work that comprised
of two main sections: Section 4.1 discussed the results of decorating AgNP onto
MWNT (MWNT-AgNP) as hybrid fillers are obtained via single step of chemical
reduction technique. While Section 4.2 discussed the results of MWNT-AgNP
reinforced PVA nanocomposites. The main findings are discussed and interpreted in
terms of morphology, structural, thermal, electrical and dielectric properties. The results
have addressed the significance of MWNT-AgNP with different loading of AgNP (0.1,
0.3, 1.0 and 1.8 wt%) in tailoring high permittivity PVA nanocomposites at low-
frequency (100Hz-1MHz).  Furthermore, the findings have revealed the

electromagnetic characteristics of the nanocomposites in X band frequency.

4.1 Properties of MWNT-AgNP hybrid
4.1.1 Microstructure analysis

Morphology of pristine MWNT and MWNT-AgNP hybrid are shown by field-
emission scanning electron microscopy (FESEM) images in Figure 4.1. The FESEM
images show that pristine MWNT are clear like slender fibers and much bend at the end
tubes. Whereas the hybrid structure of MWNT-AgNP shows the presence of much
spherical AgNP deposited on the MWNT surfaces. The particles seems brighter due to
a higher atomic number of silver (Ag) than that of carbon (C). The formation of AgNP
is due to the reduction of Ag" in DMF solution. In this work, the applied temperature

during synthesis process could increase reaction rate and monodispersity of AgNP than
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the reaction at room temperature (Santos & Marza, 1999). The reaction is stated as

below.

HCON(CHs), + 2Ag" + Ho0O > 2Ag + (CH3),NCOOH + 2H* (4.1)

The energy dispersive X-ray (EDX) spectrum in Figure 4.2 shows a strong peak
of C followed by Ag peaks that indicates the dominance of carbon contents as compared
to silver content. It confirms the deposition AgNP onto the MWNT surface in the hybrid
structures. The small peaks attributed to Na and S are coming from the used of
surfactant, SDS while N peak was obtained during the reduction process of AgNP with
DMF as shown in Equation 4.1. A low peak of oxygen designates the formation of
carbon containing oxygen-functional groups (COOH) on sidewalls of the nanotubes
produced after mild oxidation treatments, which is needed to preserve good electrical
conductivity of MWNT. This is discussed further by Fourier-transform infrared (FTIR)

analysis.
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Figure 4.1: FESEM images (a) pristine MWNT and (b) MWNT-AgNP hybrid.

Figure 4.2: EDX spectrum of the MWNT-AgNP hybrid.




Meanwhile, the particles size and internal structures of the MWNT were
analysed by using transmission electron microscope (TEM). Figure 4.3 shows the TEM
images of MWNT-AgNP synthesized at different volume of AgNOs3 as the Ag
precursor. The images reveals actual nanotube structures of MWNT having an outer and
inner diameters of 10-20 nm and 4-7 nm, respectively. The presence of AgNP can be
spotted as the dark fine particles with average particle sizes from 5 to 10 nm. It can be
seen that some of the AgNP was deposited onto the nanotube surfaces, while others are
isolated around the nanotubes due to homogeneous nucleation of the AgNP during the
synthesis process. In this work, the formation of carboxylic groups might be limited via
mild oxidation treatment because the functionalization on MWNT surfaces were not

fully covered.

Therefore, the addition of SDS is required to reduce van der Waal attractions
and support well dispersion of MWNT. At the same time, SDS could help the
heterogeneous nucleation of AgNP on MWNT surface (Georgakilas et al., 2007). As
the concentration of AgNP produced is high enough with increasing the volume of
AgNOs, it could lead to the aggregation of AgNP to form Ag clusters because of steric
effect (Song et al., 2009). This circumstance captivate the MWNT that have been much
bent and kinked to accumulate around the AgNP due to the insufficient debundling
power of SDS as the anionic surfactant to disperse the individual nanotubes when the
concentration of SDS was remain unchanged. It appears that disturbing the nanotube
structures at very high concentration of AgNP assembled on the surface can increase
bonding/linking of the nanotubes due to defect in graphite structure. This can be

discussed further in Raman spectroscopy analysis.
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Figure 4.3: TEM images of MWNT-AgNP hybrid obtained with different vol. % of

AgNO;s (a) 10 (b) 30 (c) 50 (d) 70.
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High-resolution TEM image in Figure 4.4 shows AgNP that is deposited onto
the outer surface of MWNT. The measured spacing of lattice fringes in the image
corresponds to MWNT and AgNP was 0.34 nm and 0.23 nm (111) planes, respectively.
This observation indicates the deposition of AgNP with MWNT are crystallized
structure, which is consistent with some others work (G. Lu et al., 2007) (Peng & Chen,
2012). The mechanism for direct deposition of AgNP onto the surface of the MWNT is
illustrated in Figure 4.5. The interactions between carboxyl groups (COOH) and the Ag
cations (Ag") resulted in self-assembly of AgNP onto the functionalized MWNT. The
self-assembly process involved the electrostatic interactions between SDS molecules
with Ag" to obtain positively charged of Ag-SDS nanoparticles, which assembled with

negatively charged from carboxylic groups created on sidewalls of the nanotubes.

However, the adsorption of ionic surfactant much depends on the amount of
purification and functionalization of the nanotube surfaces. The AgNP also can be
nucleated via precipitation with functionalized CNT without additional of the ionic
surfactant, but strong chemical oxidation can cause severe damage to the nanotube
structure (Ramin & Taleshi, 2013). The drawback of severe cnt damage can limit their
great potential as electrical reinforcement. Instead, the adsorption of the SDS molecules
also may occur without functionalization of the nanotubes. The decoration of AgNP is
attained from supramolecular self-assembly of the SDS molecules onto the surface of
the nanotubes. It is promoted through electrostatic interactions between the hydrophobic
linear chains of the SDS molecules and the sidewalls of the nanotubes (Valmalette et

al., 2014).
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HRTEM image of AgNP deposited onto the MWNT surface.

Figure 4.4
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4,1.2  FTIR spectroscopy analysis

Figure 4.6 shows the FTIR spectra representing the functional groups of
MWNT-AgNP hybrid as compared to pristine MWNT. The IR spectra indicates the
presence of characteristic peaks within a wavenumber range of 1100-1380 cm’!
attributed to C—C stretching band of MWNT (Ahmed et al., 2013). As can be seen, the
prominent peaks centred at 1720 cm™ and 1170 cm™ are assigned to C=O and C-O
bands, respectively (Lehman et al, 2011). It is noted that the band between 1500-1800
cm! is attributed to the presence of carboxyl functional groups on the nanotube surfaces
(MWNT-COOH) (He et al., 2009). It defines that some carbon double bonds at nanotube
walls were oxidized via the mild oxidation treatment (Ahmed et al., 2013; Avile, 2009).
While the characteristic peaks at 2380 cm™ are attributed to O—H bending deformation
mode from the hydrogen bonds of the carboxyl groups. The other peaks appeared at a
wavenumber of 760 cm™! are correspond to —CH, rocking. The small peaks centred at
3350 cm™! are attributed to the presence of the hydroxyl (~OH) groups after the removal

of water content.

Meanwhile, IR spectra for MWNT-AgNP hybrid (Figs. 4.6(b—e)) show that the
transmittance intensity for C-O, C=0, and O—C=0 decreases with increasing the
volume of Ag precursor (AgNO3). It suggests that the oxygenated groups of
functionalized MWNT could serve as the nucleation sites for the reduction of Ag ions
(Ag"). In fact, the deposition of AgNP onto the nanotube surfaces may occur via
carboxylic groups, or they physically stick to the surface via Van der Waals forces, weak
intermolecular interactions such as m-m stacking and -electrostatic attractions
(Georgakilas et al., 2007). Thus, C—-O-Ag and O=C-O-Ag bonds are formed due to
the interactions between carboxyl functional groups and AgNP (Ramin & Taleshi,

2013). The small peaks appeared at 1460 cm™ is attributed to the stretching of C=C
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bond also due to the interaction of carbon with AgNP. Although the intensity of the
C=C bond of pristine MWNT was formerly weakened by nitric acid treatment

(Ahmadpoor et al., 2013).
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Figure 4.6: FTIR spectra of (a) pristine MWNT and MWNT-AgNP hybrid obtained

with different vol. % of AgNOs (b) 10 (c) 30 (d) 50 and (e) 70.
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4.1.3 Raman spectroscopy analysis

The spectral features of pristine MWNT and MWNT-AgNP hybrid are
characterized further by Raman Spectroscopy as shown in Figure 4.7(i). It can be seen
that there are two prominent features of D-band and G-band appeared at 1340 and 1580
cm’!, respectively. The D-band is attributed to the vibrational mode which originates
from the disordered structure of graphite, whereas the G-band is attributed to the
tangential radial mode of sp? bonded carbon atoms in graphite. It is apparent that the
intensity of the D-band is higher than that of the G-band in pristine MWNT, indicating
the existence of a more disordered nanotube structures. The D and G-bands of MWNT-
AgNP hybrid are broader than pristine MWNT due to the assembly of AgNP at different
sizes and distribution that modulating the microenvironment of the MWNT to be more
diverse (Yuan et al., 2008). The peaks broadening of MWNT-AgNP hybrid ascribed to
the deposition of AgNP allowing the charge-transfer from silver ions to MWNT surface.
This interaction is enhanced through hydrophobic interaction with SDS molecules,
which cause a substantial change in electronic density state of the nanotubes (Valmalette

etal., 2014).

The D to G-band intensity (/p/lc) ratio for pristine MWNT was 1.34. Whereas
the Ip/I value for MWNT-AgNP hybrid was increased with increasing the volume of
AgNOs. The increase of D-band intensity is related to the presence of relatively small
intensity of D’ peaks. It indicates that the deposition of AgNP created some defects
such as non-sp? carbon dangling bonds in the MWNT structures. As can be seen, there
is a shoulder on the right side of the G peak due to the increase of disorder graphite
structure. Figure 4.7(i1) shows a linear dependence between /p/l; and Ip/I¢ ratio. While
the /c is considered as a constant, then the D and D' intensities are found proportionally

increased due to some defects created in sp? carbon hybridized with AgNP.
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Figure 4.7: (i) Raman spectra of (a) pristine MWNT and MWNT-AgNP hybrid obtained
with different vol.% of AgNO;3 (b) 10 (¢) 30 (d) 50 (e) 70 and (ii) the plotted graph of

Ip/Ig versus Ip'/lc.
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However, the proportionality factor may vary on the different type of defects
present in the nanotube structures. This in good agreement with work done by Eckmann
et al. (2012) described the nature of defects in graphene by Raman spectroscopy. The
presence of G’ band or 2D band at 2670 cm™ is due to the two-phonon scattering which
is sensitive to the defect density and purity of the MWNT (Vaisman et al., 2006). The
intensity of the G’-band also evolves from metallicity enriched within the nanotubes
(Kim et al., 2007). The interaction between AgNP and MWNT induced a slight increase
in metallicity of the nanotubes. It is because the Ag atom can act as an electron donor
when one Ag atom is replacing C atom of a graphene sheet. It also could create an
interaction with a few of electronic levels close to the Fermi energy of metallic

behaviour (Bittencourt et al., 2007).
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4.2 Properties of PVA/MWNT-AgNP nanocomposites

4.2.1 Morphological analysis

Field-emission scanning electron microscopy (FESEM) images in Figure 4.8
reveal surface morphology of the as-synthesized PVA/MWNT-AgNP nanocomposites.
The micrographs show microstructural variations of percolating MWNT-AgNP
embedded in PVA matrix at different AgNP content. The structure of MWNT seems
like much kinked and distributed randomly with high irregular interfaces. Meanwhile
AgNP were seen as the bright spherical spots that deposited on the MWNT surfaces.
The observed outer diameters of MWNT in the FESEM images are slightly bigger than

the TEM size due to polymer wrapping along the nanotube surfaces (Wang, 2007).

Figure 4.8(a) shows poor dispersion of MWNT-AgNP within the
nanocomposites where many pores exist between the fillers and the matrix. The lack of
fillers distribution caused a weak interfacial interaction at low loading of 0.1 wt%
AgNP, which resulted in low dielectric permittivity. There is an improvement in the
dispersion of MWNT-AgNP with the increased AgNP content from 0.3 to 1.0 wt%
within the nanocomposites (Figure 4.8 (b-c)). It shows that the attachment of AgNP on
MWNT surface have reduced van der Waals forces and prevented agglomeration of the
nanotubes. The observation is in good agreement with a study showed by Xin and Li
(2011). The good distribution of MWNT-AgNP provides high physical interactions
between polymer chains and both fillers, which can enhance the structure and electrical
properties of the nanocomposites. The MWNT networks serve as the bridges that will
facilitate current flow, while AgNP increases the concentration of charge carriers within
the nanocomposites. There would be charge transfer complexes (CTC) of MWNT-

AgNP in amorphous regions to the semi-crystalline part of the PVA. The transfer of
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charge carriers occurs with the increased of AgNP content that reducing the potential
barrier of the two localized states. (Mahendia et al., 2010, Bhajantri et al., 2007, Chahal

etal., 2015).

However, when the AgNP content increased further up to 1.8wt%, inducing
large pores and metal clouds exist amongst the MWNT networks (Figure 4.8(d)). The
poor fillers distribution was due to segregation of AgNP in some parts that caused high
entanglement of the nanotubes. The bundle of MWNT at high concentration of AgNP
formed a localized buckles due to the heat and forces applied during the solution-mixing
process. This circumstance deteriorates flexibility of the nanocomposites and retards
mobility of the charge carriers, leading to undesirable electrical conductivity and

dielectric properties.

It is observable that particle sizes vary with the amount of AgNP attached
together with MWNT in the nanocomposites. The average size of AgNP in the
individual micrograph was around 17 nm, 22 nm, 36 nm and 55 nm as shown in Figure
4.9. It perceives that the size increment of AgNP was due to aggregation and growth of
the AgNP clusters caused by the steric effect of metallic nanoparticles (Song et al.,
2009). The large molecular chains of PVA have created another complex steric
configurations that lead to the aggregation of AgNP within the nanocomposites ( Zhang,

Smith, & Oyanedel, 2011).
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Figure 4.8: FESEM micrographs of the PVA/MWNT-AgNP nanocomposites with

different AgNP contents (a) 0.1 wt% (b) 0.3 wt% (c) 1.0 wt% (d) 1.8 wt%.
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Figure 4.9: Shows the particle size distribution of AgNP for the PVA/MWNT-AgNP

nanocomposites at different AgNP loading.

4,2.2  Structural analysis

42.2.1 X-Ray Diffraction (XRD) analysis

The structure properties of PVA/MWNT-AgNP nanocomposites with different
content of AgNP was confirmed by XRD analysis as shown in Figure 4.10. The XRD
profile describes the structure and phase composition of MWNT-AgNP embedded
within the matrix. Figure 4.10 (a) shows a broad diffraction peak at 26 = 19.2° and a
shoulder at 20 = 23.0°, which corresponds to the micro-crystalline structure and the
reflection plane (101) of pure PVA. While in Figure 4.10(b) shows the XRD pattern of
PVA/MWNT nanocomposite with a new peak appeared at 20 = 26.3° that corresponds

to a typical (002) plane of the MWNT. Meanwhile the XRD patterns for PVA/MWNT-
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AgNP nanocomposites (Figure 4.10 (c-f)) show additional intense peaks located at 26
= 38.1°, 44.3°, 64.5° and 77.4° are assigned to the reflections of Ag crystallographic
planes (111), (200), (220) and (311), respectively (Larrude, Maia, & Jr, 2014). The
interplanar distance, dni value corresponds to the Ag planes possessing a face-centred
cubic [FCC] structure was determined in accordance to Bragg’s law is 0.236 nm, 0.204
nm, 0.144 nm and 0.123 nm Whereas the duw for (002) plane of MWNT is 0.341nm.
The values are consistent with the lattice fringes observed using high-resolution
transmission electron microscopy. The average lattice constant (a) of the AgNP was
0.410 nm, which is in good agreement with the standard value [Silver file no. 01-087-
0717]. This XRD spectra confirms the presence of polycrystalline AgNP in the

nanocomposite structures.

The width and intensity of the peak at 20 = 19.2° decreases with increasing
AgNP content due to the increased in crystallite size of PVA. This correlation is
conforming to Scherer formula where the crystallite size is inversely proportional to the
total broadening of diffraction peak (Cullity, 1978). The crystallization of PVA is
favoured due to high hydrolysis degree of the polymer containing much hydroxyl
groups that can provide more intermolecular interactions with the fillers (Van Etten et
al., 2014). It seems that the crystallite size of AgNP decreased by the broadening of
peak-width at high concentration of AgNP. Even though, the crystallite size is not
representing the exact particles size of AgNP. The measured particle sizes of AgNP in
previous morphological analysis could be made up of numerous aggregated crystallites.
At 0.1 wt% of AgNP, the size of AgNP particles seems to deliberate amorphous
structure below 3 nm, but it turned out to be well crystallized when the particle size

increased to 40 nm at a higher AgNP content (Qi et al, 2005).
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Figure 4.10: XRD patterns of PVA/MWNT-AgNP nanocomposites at different AgNP

contents.
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42.2.2 FTIR spectroscopy analysis

Figure 4.11 presents the FTIR spectra for PVA, PVA/MWNT and
PVA/MWNT-AgNP nanocomposites in the wavenumber range of 4004000 cm™'. The
spectrum of PVA in Figure 4.11(a) shows a prominent broad peak between 3000 and
3500 cm! corresponds to O-H stretching in the alcohol groups, whereas a weak peak at
2916 cm™ corresponds to C-H stretching vibration. Other characteristics peaks appeared
within the range of 500-1400 cm™ corresponds to the C—O vibrations at 1090 cm ™! and
the coupling of O-H vibrations with C-H wagging at 1420-1322 cm™'. A broad band
from 570-720 cm! is due to the out of plane vibration of O-H, while the peak appeared
at 836 cm™! is assigned to out-of-plane vibration of the C-H groups in skeleton bands of
PVA at the fingerprint region (Mbhele et al., 2003, Khanna et al., 2005, Saat & Johan,

2014).

The spectrum of PVA/MWNT in Figure 4.11(b) shows a broader and strong O—
H stretching band due to formation of hydrogen bond with hydroxyl group and
absorption of moisture in the PVA. There is observable changes in peak intensity at
2916 cm™ and a new characteristic peak split at 2850 cm™ due to interaction between
MWNT and C-H stretching of the PVA backbone. The band apparent at 1600 cm!
corresponds to C=O stretch indicating the presence of carboxyl group at the MWNT
surface grafted on the matrix PVA. It can be seen that the C-H plane vibration band at
836 cm™! was shifted to 820 cm™ due to interaction of open pi-bonds of MWNT with

PVA bands (Malikov et al., 2014, Alghunaim, 2016).
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Figure 4.11: FTIR of the (a) PVA, (b) PVA/MWNT and PVA/MWNT-AgNP
nanocomposites containing different AgNP content (c) 0.1 wt% (d) 0.3 wt% (e) 1.0 wt%

(f) 1.8 wt%.

Meanwhile, the FTIR spectra of PVA/MWNT-AgNP nanocomposites with
different AgNP contents are shown in Figure 4.11 (c-f). Based on the spectra, it shows
that the incorporation of MWNT-AgNP in PVA leads to a major decrease in the
transmittance intensity of several bands with the increase in AgNP content. It can be
seen for the bands at 3000-3500 cm™', and 570-720 cm™ are weakened due to interaction
between AgNP and MWNT with different surroundings of O-H groups. The split peaks
between 1096 and 1140 cm™ are correspond to C=0, C-C and C-O-C stretching
vibration, which shows the presence of embedded AgNP to backbone or side chains of
PVA (Chahal et al., 2015). The incorporation of the AgNP also decreased the plane

vibration of C-H groups at the band 820 cm!, while small peak at 917 cm™ was
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diminished with increasing AgNP concentration due to the inhibited CHz rocking of the
PVA chains. The decrease in ratio intensity of the peaks between 1420 cm™' and 1322
cm ! corresponds to decoupling vibrations of O-H plane and C-H wagging because of
the interaction between AgNP with the O-H groups. This is in agreement with the
observation found in others work (Mbhele, 2003, Khanna et al., 2005, Mahendia et al.,
2011). In this case, there is a significant decrease in intensity at 1600 cm™ due to the
interaction of AgNP with carboxyl groups (O=C—-O-Ag) at the MWNT surface. The
overall FTIR spectral are much respond to the interaction between PVA matrix and both

fillers. Thereby the pronounced effects of MWNT-AgNP content in the nanocomposites

can be discussed further by thermal analysis.

4.2.3  Thermogravimetric analysis

The TGA thermogram in Figure 4.12(a) shows thermal analysis and
decomposition behavior of pure PVA, PVA/MWNT and PVA/MWNT-AgNP
nanocomposites by observing the mass changes as a function of temperature that
subjected to heating process. In air atmosphere, the samples demonstrates multistep
decomposition at temperatures in the range of 30°C to 600°C. In this figure, all samples
have an initial weight loss occurred from 100-200°C due to elimination of water and
low molecular organic components. PVA shows main steps of weight loss begin at
280°C until complete decomposition at 550°C due to the decomposition of high
molecular weight organic compounds. The weight loss of PV A at elevated temperatures
was attributed to pyrolysis process involving the loss of isobutyl groups, backbone
fragments and charcoals (Kareem & Kaliani, 2011). PVA/MWNT nanocomposite
exhibits almost identical TGA curve where the remaining residue corresponds to the

oxidized MWNT and small fraction of SDS that used as surfactant in the composite
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system. Though, it was reported that pristine CNT could be burned completely and

undergo total loss in the TGA curve under air atmosphere (Basiuk et al., 2009).

Meanwhile the addition of MWNT-AgNP provides a pronounced effect on the
thermal behavior as compared to pure PVA. It seems that the onset decomposition
temperature of the nanocomposites was shifted from 280 to 300°C as compared to PVA.
The decomposition profile of PVA/MWNT-AgNP nanocomposites shows four main
steps of weight loss begin at 300°C (64% loss), 350°C (30% loss), 450°C (8% loss) and
550°C (40-50% loss). The weight residues obtained around 6-10 wt% was due to the
remaining amount of oxidized MWNT and different AgNP content in the
nanocomposites. It is notable that the formation of silver oxide would occur during the
TGA test under the presence of oxygen, which later decomposed again above 300 °C
into silver and oxygen. This is because Ag is an effective oxidation catalyst to split
oxygen molecules into atoms that could create sites for the oxidation of oncoming

chemical compounds (Herley & Prout, 1960; Alimohammadi et al., 2012).

The peaks temperature of weight loss curve can be determined from the
differential thermal gravimetric (DTG) analysis as shown in Figure 4.12(b). It is
observable that the presence of MWNT with an increase in the AgNP content caused
the oxidation peaks at 430 °C and 510 °C were shifted to 460 °C and 550 °C,
respectively. A complete decomposition of the nanocomposites only takes place at a
higher temperature than pure PVA by about 30-40 °C. It is consistent with the
observation in others work (Khanna et al., 2005). It denotes that the inclusion of
MWNT-AgNP improved thermal stability of the nanocomposite due to lower
degradation rate when the chain transfer reaction was suppressed by the decrease in

mobility of the PVA chains (Mbhele et al., 2003).
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Figure 4.12: (a) Thermal gravimetric analysis (TGA) and (b) Differential thermal

gravimetric (DTG) curves of PVA/MWNT-AgNP nanocomposites in air atmosphere.
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424  UV-Vis spectroscopy analysis

Figure 4.13 shows the ultraviolet-visible (UV-Vis) spectra of the PVA/MWNT-
AgNP nanocomposites. There is no absorption profile of pure PVA while PVA/MWNT
nanocomposite (Figure 4.13a-b) displays broad peak at 254 nm. This is attributed to the
absorption of black coloured MWNT arise from the n-n* transitions of the aromatic C-
C bonds (Paredes et al., 2008). Meanwhile, PVA/MWNT-AgNP nanocomposites show
more pronounced and asymmetrical absorption peaks in the range of 250 nm to 800 nm
(Figure 4.13(c-f)). It is observable that the absorption peak at 254 nm was red-shifted
to 262 nm with the increased of AgNP content in the nanocomposites. This because the
presence of AgNP in the nanocomposites has influenced the absorption properties of
MWNT to be shifted towards a longer wavelength. The absorption peak is followed by
a weak shoulder appeared at 350 nm due to multiple AgNP transitions with increasing
particles sizes (Bhui et al., 2009, Li & Liu, 2010). The width of absorption peaks
become narrow with the increased content of AgNP especially at 1.0 wt% of AgNP.
This indicates a preferential scattering of larger crystallites due to the interconnection
of Ag nanoclusters during deposition process within the matrix. It was reported that the
absorption profile was influenced by the dielectric effective constant of surrounding
medium (Mulvaney, 1996). However, the surface plasmon resonance (SPR) of AgNP
could not be seen around 420 nm due to no electronic interaction at ground state since
the charge transfer from AgNP to the MWNT has decreased the electron density of the
metal core ( Henglein, 2001; Feng et al., 2010). The same observation was found by
Zhang et al. (2016). The overall UV-vis spectra demonstrates a positive correlation with
FESEM images, wherein the redshift of absorption peaks was ascribed to the charge

transfer process of MWNT-AgNP embedded within the nanocomposites
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Figure 4.13: UV-vis absorption spectra of PVA/MWNT-AgNP nanocomposites at

different content of AgNP.
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4.2.5 Electrical and dielectric spectroscopy analysis

4251 1-V characteristics

Electrical characteristics of PVA and PVA/MWNT-AgNP nanocomposites with
different AgNP contents are shown by the graphs of current, / against potential
difference, V" as shown in Figure 4.14. As seen in the graphs, the current flow of pure
PVA did not change with the applied voltage due to insulating property of the polymer.
Meanwhile, PVA/MWNT-AgNP nanocomposites with increasing AgNP contents
exhibit nonlinear /-V relationship as the current increases exponentially with the applied
voltage. Likewise, Das and co-workers (2015) have revealed a similar symmetrical /-
behavior of merely PVA/MWNT at a reverse voltage. In this result, the inclusion of 0.1
wt% AgNP did not significantly change electrical behavior of the PVA/MWNT. It
causes current flow of the nanocomposites remain close to the range of pure PVA. It
arises due Coulomb blockade effect that might come from single-tunneling knots of
nanoparticles that preventing charge carriers from moving at a voltage and thus

preserving the insulating property of the polymer (Saini et al., 2013).

However, there is a sudden increase in the current flow above 0.3 wt% of AgNP,
indicating the onset of space charge limited conduction that leads to substantial increase
of gradient from the graph. It is also directly proportional to a higher conductivity of
PVA/MWNT-AgNP nanocomposites. As seen, the I-V curves for MWNT-Ag hybrid
were shifted at lower ‘knee voltage’ of 0.8 V at the highest loading of AgNP. It shows
that the presence of AgNP and MWNT together in the matrix could reduce the contact
resistance and improve electrical conductivity of the nanocomposites (Table 4.1). It

suggests that bringing sufficient amount of AgNP into contact with MWNT has
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prompted a behaviour of p-n diode by allowing charge transfer when the current flow

only occurs through outermost of the nanotubes (Bandaru, 2007).
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Figure 4.14: The I-V curves for PVA/MWNT-AgNP nanocomposites with different

content of AgNP.

Table 4.1: Electrical resistance and dc-conductivity determined from the /-V curves.

Samples Resistance (QQ) Dc-conductivity (S/m)
a) PVA 3.33x 10’ 1.71x10®
b) PVA/MWNT 5.00 x 10° 1.43 x 107
c) PVA/MWNT-AgNP 0.1wt% 2.50 x 10° 2.85x 107
d) PVA/MWNT-AgNP 0.3wt% 1.25 x 10° 5.70x 107
e) PVA/MWNT-AgNP 1.0wt% 1.00 x 10° 7.13x 107
f)  PVA/MWNT-AgNP 1.8wt% 2.50x10° 2.85x10°
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4.25.2 Impedance spectroscopic analysis

Electrical impedance is another measure of effective resistance to alternating

current (ac) in an electric circuit. Figure 4.15 shows the dependence of impedance on

the applied frequency of the PVA/MWNT-AgNP nanocomposites. It shows the

decreasing trend of the impedance values from low to high frequency. It is observed

that the impedance values also decreases as the content of AgNP decorated onto MWNT

increases, leading to the enhanced electrical transport of the nanocomposites This trend

is due to high interfacial polarization arising from heterogeneity of both filler and the

matrix (Elimat, Al-Hussami, & Zihlif, 2012).
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Figure 4.15: The variance of impedance versus frequency for PVA/MWNT-AgNP

nanocomposites at different AgNP content.
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Figure 4.16: The plots of electrical conductivity versus MWNT-AgNP content of the
PVA/MWNT-AgNP nanocomposites. The inset shows the best fit to log-log plot of the

conductivity data.

Figure 4.16 shows a non-linear increasing trend of the ac conductivity with the
increase of AgNP content in the nanocomposites measured at the frequency of 100 Hz.
The conductivity of the nanocomposites were increased by two orders of magnitude
compared to pure PVA, which strongly depend on the AgNP content above a critical
fillers loading known as percolation threshold. The percolation theory describes

electrical conductivity, ¢ and permittivity, € of nanocomposites are varies with fillers
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content by power-laws as shown in the following relations (Dang et al., 2012: Zhang et

al., 2009):
c o (f— 1) for f>f; (4.1a)
o o (fe — )1 for f<fc (4.1b)
g (fo—1)4 for f<f. (4.1c)

where f'is the content of conductive fillers, f. is the percolation threshold, ¢ is the
critical exponent of conducting region and ¢ is the dielectric exponent of insulating
region. Based on Figure 4.16, the estimated values of f. and ¢ can be obtained by fitting
the data in Eq. 4.1a using least square fit. An inset shows the best linear fit to the log-
log plots of the conductivity power laws, which gives f.=0.15 wt% and ¢t =1.70 £ 0.10.
The attained value of the critical exponent, ¢ is in good agreement with the universal
value (¢ =1.6-2.0) (Dang et al., 2012), which denotes morphology of the percolating

MWNT-AgNP network.

Figure 4.17 shows the ac conductivity, cac of the nanocomposites with different
AgNP content is invariant at a lower frequency, and gradually increases at a higher
frequency by power-law behaviour. It can be seen that the cac plateau response of PVA
ended towards higher frequency with increasing AgNP content in the nanocomposites.
Here, the conductivity is remained due to the electrons easily move through infinite
clusters of conductive networks. The electrical conduction occurred through numerous
conductive pathways since the MWNT and AgNP are in good contact, leading to the
efficient mechanism of electron hopping in localized states (Chen et al., 2015).
However, there are limited percolating pathways below the threshold value, which

resulted in low conductivity of the nanocomposites.
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Figure 4.17: The dependence of ac conductivity on frequency for the PVA/MWNT-

AgNP nanocomposites with different AgNP content.

Figure 4.18(a) shows the non-linear increasing trend of dielectric permittivity,
¢’ of the PVA/MWNT-AgNP nanocomposites. It indicates that the addition of AgNP
was not only improved the conductivity, but also induced polarization in the
nanocomposites which lead to an increase in the dielectric permittivity. The increased
conductivity was associated with a large increment of dielectric permittivity near the
percolation threshold due to the divergence of both insulating and conducting sides. The
¢’ values of the nanocomposites was increased substantially above the percolation

threshold at the maximum value of 600, which is about 60 times higher than pure PVA.
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For comparison, this increment is also nearly 20 times higher than PVA/MWNT (Zhang
et al., 2009). However, the ¢’ values are decreased at 1.8 wt% with a further loading of
AgNP. The dielectric permittivity was initiated from MWNT mn-orbital that provides a
large field for moving electrons to be easily polarized (Dang et al., 2007). The charge
carrier concentration was increased by incorporating AgNP, which induced more polar
groups into the polymer chains. The presence of AgNP also can reduce the ohmic
resistance between the nanotubes and induced the charge carriers (electrons or holes)
by injection or ejection of electrons in the valence or conduction bands (W. Zhao et al.,
2010). Thereby, it prompts the nanocomposites to be more conductive with high

dielectric permittivity.

As seen in Figure 4.18(b), it shows the dependence of dielectric permittivity on
frequency of the PVA/MWNT-AgNP nanocomposites at different AgNP content. High
¢’ values are observed at low frequency due to the dipoles in polymer nanocomposites
have a strong tendency to orient themselves in the direction of an applied field (Ray,
Himanshu, & Sinha, 2005). The ¢’ values then gradually decreased with increasing
frequency due to the relaxation process of the oriented polarization. Primarily, the €’
value of PVA exhibits a weak frequency dependence since the polarization depends on
the freedom of chain movement attributed to hydroxyl groups as eternal dipoles in the
polymer chains (Van Etten et al., 2014). Meanwhile, PVA/MWNT nanocomposite only
shows a slight increment in the €' value with increasing frequency when compared to
the pure PVA. This is in good agreement with Zhen et al. (2013), who claimed the weak

frequency dependence of polymer nanocomposites filled by less than 5 wt% of MWNT.
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Figure 4.18: (a) The dielectric permittivity versus MWNT-AgNP of the PVA
nanocomposites measured at 100 Hz; (b) The dependence of dielectric permittivity

on frequency for the PVA/MWNT-AgNP nanocomposites.
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Though, there was a drastic change above the percolation threshold with
increasing slope of the ¢’ curves when AgNP content increased from 0.3 to 1.0 w, which
gradually decreases as the frequency increases from 10% to 10° Hz. The increased of
dielectric permittivity with increasing AgNP was due to the piling of charges at the
extended interfaces (Lu et al.,, 2006). This is ascribed to the strong interfacial
polarization between matrix and MWNT-AgNP because of their differences in
conductivity and polarizability. However, the €' values were slightly reduced with a
further loading of AgNP up to 1.8 wt% due to less mobility of the charge carriers and
lack segmental motion of the polymer. The dielectric relaxation takes place with
increasing frequency when the percolating network become closer to each other, which
later dominated by the matrix when many of the MWNT-AgNP were blocked by PVA
layers. This is because PV A is a polar polymer where the dipoles entrap the electrons,
while interfacial polarization lead to the formation of large dipoles on the metal particles
(Bhajantri et al., 2007). Besides, the dielectric behaviour of nanocomposites also
depends on several factors such as electrode effect, orientation, atomic and electronic

polarization (Sreekumar et al., 2012).

Figure 4.19 shows dielectric loss, €' of the nanocomposites exhibit a decreasing
trend with an increase of frequency. The dielectric loss is due to the energy loss
associated with charges motion and dipoles alignment Once the induced charges are
unable to follow the periodic reversal of electric field that is extremely fast at high
frequency, it triggers the decrease in ¢ values with a decline of the charges
accumulation (Senthil et al., 2012). The features display large dielectric loss of the
nanocomposites with increasing AgNP content, which is inversely proportional to the
frequency and gradually decreased towards a higher frequency. The addition of AgNP

resulted in greater €' values compared to the pure PVA and PVA/MWNT
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nanocomposites. The significant increase in the €'" values is associated with improved
electrical conductivity by tuning the insulator to conductor transition of the
nanocomposites. However, the dielectric loss was minor below the percolation
threshold due to low loading of AgNP. It is ascribed to Coulomb blockade phenomenon
which arises from single electron effect of isolated nanoparticles distributed in a definite
space within the nanocomposites. This caused many tunneling knots that prevent

mobility of the electrons/charge carriers in a certain electric field (Saini et al., 2013).
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Figure 4.19: The dependence of dielectric loss on frequency for the PVA/MWNT-AgNP

nanocomposites with different AgNP content.
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Figure 4.20 (a-b) illustrate the frequency dependence of the real (M') and
imaginary part (M') of the nanocomposites.A complex dielectric modulus
(M*=M'+iM"") is used to predict dielectric relaxation when electric displacement
remains constant due to space charge polarization (Sengwa, Choudhary & Sankhla,
2008; Ioannou, Patsidis & Psarras, 2011). The M’ values initially were almost
approaching zero at a lower frequency due to electrode polarization, and getting
increased towards higher frequency (Dutta, Biswas, & De Kumar, 2002; Migahed et al,
2004). Meanwhile, M"" shows an asymmetric spectra that represents relaxation
frequency of the nanocomposites. The M" spectra elucidate mobility of the charge
carriers with increasing the frequency. The charge carriers travelling over long distances
at low frequency and upon reaching the maximum M"', their mobility is executed to
localized motion over short distances. The peaks of M'’ defines relaxation time, T of the
orientated dipoles (t = 1/ ®p), where the angular frequency is given by ®p = 2nf (Senthil
et al., 2012). It can be seen that the relaxation frequency of the nanocomposites shifted
towards higher frequency and the relaxation time was reduced with the increased of
AgNP. It denotes high mobility of the charge carriers to transfer from one site to
neighboring sites in a shorter time due to the enhanced conduction process by
percolating MWNT-AgNP within the nanocomposites. However, the nanocomposites
incorporated with very low AgNP content exhibited a longer relaxation time. This is
because the nanoparticles at below percolation threshold require high charging energy
and inhibits the electrons from transferring through isolated metal islands (Lu et al.,

2006).
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Figure 4.20: The frequency dependence of (a) real dielectric modulus, M' and (b)
imaginary dielectric modulus, M"', for the PVA/MWNT-AgNP nanocomposites with

different AgNP content.
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4.2.6 Vector network analysis

42.6.1 Complex permittivity and permeability

The complex permittivity (¢* = &’— j&”’) and complex permeability (u* =y’ —
iu”) of PVA/MWNT-AgNP nanocomposites are measured at microwave frequency (8-
12 GHz). In this part, the composition variation of the nanocomposites was up to 1.0
wt% AgNP, which already shows the optimum permittivity at low frequency range.
This is because beyond that composition, the results are no longer consistent with the
others and not reliable due to poor structure properties and fillers distribution in the

samples.

Figure 4.21 depicts the variation in real part (¢) and imaginary part (&) of
complex permittivity as a function of frequency and fillers content in the X-band. The
trend of &” curves for all samples in Figure 4.21(a) depicts a good stability against the
applied frequency, thus indicating charges displacement or polarizations remain
constant within 8-12 GHz. However, the &’ values are varies depending on the amount
of fillers content as well. Initially, the &” value of pure PVA was increased from 4 to 12
with the inclusion of low MWNT content. On the other hand, the incorporation of
MWNT-AgNP significantly increased ¢” values in the range of 17-25. This result is
even higher than that reported for polyurethane composites initiated at high loading of
MWNT (30%) (Bhattacharya, Sahoo, & Das, 2012). It implies that the increased of
AgNP content induced a larger magnitude of polarization due to the existence of more

free mobile electrons coming from the metallic particles and the skeleton of MWNT.

The dielectric behavior is originated from different polarization modes including

electronic, atomic and orientation polarization. It occurs as the charges locally bound
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in atoms, molecules or defect structures rearrange their position in response to the
electromagnetic field (Ahmad, 2012). At high frequency, the &’ trend arises mainly
from dipolar and interfacial polarization. Herein, the inclusion of electrically conductive
MWNT-AgNP induced high interfacial or space charge polarization when the mobile
charges are impeded at the interfaces between the conducting regions and the insulating
polymers. The orientation (dipolar) polarization occurs due to permanent dipoles
moment created by the strong interaction of polar molecules in the matrix. Whereas in
Figure 4.21(b) demonstrates the dielectric loss, £” (energy loss) of the nanocomposites
in response to the external electric field is increased with increasing AgNP contents but
slowly decreases with an increase in frequency. It denotes that the incorporation of

MWNT-AgNP contributed to some energy loss by dissipating EM energy as heat.
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Figure 4.21: The variation in (a) real part, £”’and (b) imaginary part, &” of PVA/MWNT-

AgNP nanocomposites.

Figure 4.22 depicts the correlation on dielectric permittivity and loss tangent
(tan d:= &”/&”") or known as dissipation factor, D¢ of the nanocomposites. It shows the
potential as low loss dielectric materials at high frequency bandwidth. Meanwhile
Figure 4.23 shows the ac conductivity for pure PVA and PVA/MWNT are initially
independence of frequency. Conversely, upon loading of MWNT-AgNP in the
nanocomposites resulted in gradual increment of ac conductivity in the range of 3-10
S/m as the frequency and AgNP content increases. This could be ascribed to the
tunneling effect among the adjacent conductive particles when the electrons gain higher

energy as the frequency increases (Yuping et al., 2008, Zhao et al., 2014).
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Figure 4.23: The variation of ac-conductivity in X-band frequency.
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Figure 4.24 demonstrates the real part (1) and imaginary part (¢”") of complex
permeability for the nanocomposites measured in the X band frequency of 8-12 GHz.
The trend of x” for pure PVA and PVA/MWNT in Figure 4.24(a) are independent of
the applied frequency, which lie constant at 0.8 and 0.7, respectively. Conversely,
MWNT filled epoxy composites was reported with a greater p’ value of 1.1 (Zhang et
al., 2017). Herein, the ' trend for PVA/MWNT-AgNP nanocomposites with the result
of increasing AgNP content up to 1.0 wt% has decreased the value to reach 0.55 and
remain unchanged along the X-band frequency. Since the z"value is much smaller than
one, it shows that the nanocomposites exhibited a weak magnetic response to an external
magnetic field because of no significant magnetization in the presence of AgNP. It is
expected since MWNT and AgNP itself is non-magnetic materials with permeability
close to one (p'=1) (Groenen, 2010). Though, the structure and particle sizes of the
fillers could influence permeability of the materials ( Zhang et al., 2015). The x4’ values
of the nanocomposites vary for different AgNP content due to their numerous particle

sizes as confirmed in previous microscopic study.

Whereas in Figure 4.24(b) shows the imaginary part, u” of permeability
representing magnetic loss or energy loss that occur in the samples caused by alternating
magnetization. It depicts that the magnetic loss of the nanocomposites increase as the
AgNP content is increased and decrease gradually with an increase in frequency. This
trend is due to spin rotation of the electrons and domain wall motion in response to the
magnetic field ( Li et al., 2007). Magnetic losses arise from hysteresis losses and eddy
current losses induced in good conductor, which causing repulsive forces with the
applied magnetic fields since both fillers and the matrix are inherently diamagnetic
(Groenen, 2010). It can be seen for 1.0 wt% of AgNP content, the 1" trends show rapid

drop from 8 GHz to 9 GHz and gradually decrease with increasing frequency. It is
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caused by magnetic domain wall resonance attributed to the high concentration of AgNP

(Ribadeneyra, 2014).

Figure 4.24(c) shows the variation in magnetic dissipation factor as expressed
by tan op= ¢”/¢” , which is gradually decreased as a function of frequency. It seems
that tan oy followed the same trend induced by the magnetic loss since the real part, p'
of the nanocomposites did not discern strong magnetization with the external field. The
maximum value of tan duis observed around 8.3 declines to reach 0.5 as the frequency
increases from 8 to 12 GHz. Although the nanocomposites have demonstrated both
dielectric and magnetic loss, but tan d, is found more variable with frequency than the
tan Oz in the X-band region. This is because the inclusion of AgNP with MWNT do not
provide significant value in magnetic permeability but is capable to enhance the

dielectric properties of the nanocomposites.
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Figure 4.24: Shows (a) real part, 1" (b) imaginary part, 4" of complex permeability

and (c) tan p for the nanocomposites.
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4.2.6.2 Electromagnetic scattering properties

Electromagnetic scattering properties (S-parameters) of PVA/MWNT-AgNP
nanocomposites in X-band frequency of 8 to 12 GHz have been analyzed as shown in
Figure 4.25. The measured power data shows a tolerance from zero to one that
corresponds to the constant value of incident power (Pin =1). The measurements for all
samples are taken with an average film thickness of about 0.32 mm. As seen in Figure
4.25(a), the magnitude of transmitted power (Pow) in PVA/MWNT-AgNP
nanocomposites are much lower than pure PVA that lie between 0.15 and 0.30 over the
applied frequency. It suggests that the decrease of transmitted power is due to the
contribution of reflection and absorption mechanism in the nanocomposite structures.
Figure 4.25(b-c) depict the variation of reflected power (Prr) and absorbed power (Pabs)
as a function of X-band frequency. The absorbed power lies between 0.4 and 0.5, which
is more stable over the applied frequency compared to pure PVA and PVA/MWNT.
Whereas the magnitude of the reflected power lies between 0.25 and 0.35 over the same
frequency. It shows that the amount of power blocked by the absorption is higher than
the reflection when the content of AgNP increases in the nanocomposites. It is expected
that increasing sample thickness could result in a higher reflection and lower

transmission as reported in few studies (Soleimani et al., 2012; Kim et al., 2012).

The absorption mechanism originates from polarization of the materials arise
mainly from dangling bonds of MWNT and its defect sites. It endows high electric
dipoles steering and interfacial polarization when subjected under an external EM field
(Vazquez & Prato, 2009; Zhang et al., 2014; Zhang et al., 2017). The increment of EM
absorption was observed with increasing the AgNP contents due to the increased of
defects density and charge carriers concentration in the nanocomposites. It proves that

the deposition of AgNP induced more defects on the MWNT structures as discussed
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earlier by the Raman analysis in Section 4.1.3. Another absorption mechanism may be
triggered from multiple scattering of internal reflection owing to the defect sites and
porous structure of the MWNT-AgNP embedded in the nanocomposites (Zhang et al.,
2011; Saini & Choudhary, 2013). The film-like morphologies and porous structure of
the nanocomposites as seen in the previous FESEM analysis. Physically, the EM
absorption increases as transparency of the materials decreases with increasing fillers
content, suggesting the formation of higher crystalline parts than amorphous parts in the
polymer matrix (Figure 4.26). Thereby, the multiple internal reflection could take place

at the crystalline regions between MWNT-AgNP/dielectric matrix interfaces.
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Figure 4.25: The variation in scattering parameters of the (a) transmitted power, (b)
reflected power and (c) absorbed power in relation to the incident power source as a

function of frequency for PVA/MWNT-AgNP nanocomposites.
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b) c)

Figure 4.26: Pictures of (a) pure PVA, (b) PVA/MWNT and (¢c) PVA/MWNT-AgNP

nanocomposites.

Figure 4.27 depicts the effect of different AgNP content on the scattered power
data for PVA/MWNT-AgNP nanocomposites measured at 9 GHz. It is clearly seen that
PVA shows almost 90% transmission of the incident power. Meanwhile, PVA/MWNT
reduces the amount of transmitted power by 20% due to dominant contribution of
absorption mechanism from the MWNT. However, the reflection is not much improved
indicating low conductivity of the nanocomposites at low MWNT loading. In contrast,

the inclusion of MWNT-AgNP significantly reduced EM wave from the incident power
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since the addition of AgNP increases the absorption capability of MWNT and reflection
on the material surfaces. Initially at 0.1wt% of AgNP, the nanocomposite exhibit almost
same magnitude between the reflected power and the absorbed power. This is ascribed

to high surface reactivity of very fine Ag particles that contributed in much reflection.

However, it seems that increasing the AgNP contents in the nanocomposites up
to 1.0 wt% significantly reduced the transmission of EM wave as compared to the PVA
and MWNT. The reflection decreases as the absorption increases at a higher loading of
AgNP due to the variation in their particles sizes. The optimum performance was
obtained at 1.0 wt% of AgNP having the particles size of about 40 nm, which shows the
highest absorption (47%) with the lowest reflection (30%). In comparison, the highest
EM absorption of iron particle nanocomposites were reported up to 20% with the best
size of 50 nm (Jalali, Dauterstedt, Michaud, & Wuthrich, 2011). The dominant amount
of absorbed power in this work truly corresponds to their high permittivity values
(e'=25). It implies capability of the materials to attenuate power or energy and dissipate
as heat (dielectric loss). Even though the nanocomposites exhibit moderate conductivity
(o = 8.0 S/m) as compared to metallic materials, they still can be promising as thin and

lightweight absorbing materials for high frequency applications.
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CHAPTER 5 : CONCLUSIONS

5.1 Conclusion

In conclusion, this work has covered extensively the synthesis and
characterization of MWNT-AgNP filled PVA nanocomposites. MWNT-AgNP was
primarily synthesized by reducing different volume of silver salt (AgNQO3) in the
presence of functionalized MWNT, assisted with SDS as the surfactant agent.
Sequentially, PVA/MWNT-AgNP nanocomposites were fabricated by solution mixing
and casting method. This study emphasized the properties of MWNT-AgNP obtained
with different AgNP contents and its distinctive effect as conductive fillers to attain high

dielectric permittivity PV A nanocomposites.

The analysis of MWNT-AgNP have shown the morphology and structural
properties of the hybrid filler as compared to the pristine MWNT. TEM images reveals
that MWNT are much bent with increasing AgNP assembled onto the nanotube surface
due to the presence of a defect in the graphitic network. FTIR spectra prove the presence
of some oxygenated groups introduced to the nanotube walls, which served as
nucleation sites for the reduction of Ag ions (Ag"). The transmittance intensity of the
MWNT-AgNP decreases upon increasing AgNP contents. Raman spectra indicate that
deposition of AgNP results in linear dependence of /p/l on Ip/I; ratio with increasing

AgNP due to the charge-transfer between AgNP and MWNT.

Meanwhile, the study of PVA/MWNT-AgNP discussed on the morphology,
structural and electrical properties of the nanocomposites with an emphasis on the
dielectric measurements. Morphological study shows the percolation of MWNT-AgNP

at different AgNP loading resulted in particles size varies from 17nm to 55nm. UV-vis
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profile correlates the redshift of MWNT absorption peak at 262nm was due to the
occurrence of charge transfer process and the increase in particle size of AgNP
embedded together in the nanocomposites. The structural features were supported by
FTIR and X-ray diffraction (XRD) patterns, which verified the intermolecular
interactions between hydroxyl content in PVA and the filler that favours polymer
crystallization. Thermal stability of the nanocomposites was found increased by 40°C
as compared to pure PVA. Impedance Spectroscopy (IS) analysis revealed the high
frequency dependence of electrical and dielectric properties of the nanocomposites at
low frequency range (50Hz-1MHz). The nanocomposite has achieved the ultimate real
permittivity of 600 at low frequency of 100 Hz, which decreases with increasing
frequency. Remarkably, the permittivity value remains steady near 25 and shows weak
frequency dependence in the X-band range from 8§ GHz to 12 GHz. The nanocomposites
are preference as metal behavior at high frequency where the value remains constant
near 0.7. It implies a low interaction of the nanocomposites with a magnetic field in the

presence of AgNP.

Overall, these findings established that the inclusion of MWNT-AgNP 1.0wt%
filled PVA nanocomposites have attained the optimum dielectric permittivity,
corresponding to their well structure properties, morphology, thermal and electrical
properties. Interestingly, electromagnetic (EM) properties of the nanocomposites have
shown the highest absorption (47%) and the lowest reflection (30%) were obtained at
1.0 wt% of AgNP having the particles size of about 40 nm. It implies the capability of
PVA/MWNT-AgNP nanocomposites to attenuate EM wave and dissipate as heat (high
dielectric loss). Thus, they could offer thin and flexible dielectric-absorbing materials

for high frequency electronic devices.
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5.2 Recommendations for future works

This study has established the high permittivity of MWNT-AgNP reinforced
PV A nanocomposites. The results were achieved due to significant polarization induced
by the interaction between both nanosize fillers and the polymer matrix. In this regards,

still many aspects to be addressed for future prospects of this study.

Based on the state of this work, the difference in the Ag content can result in the
difference in the size of AgNPs. It is worth to prepare the nanocomposites with
diffferent Ag content but the same size of AgNP, and compare the performance of the
PVA/MWNT-AgNP nanocomposites. This preparation may be performed by other
method presented here. The structure properties of MWNT-AgNP hybrid can be carried
out by other deposition technique that can control the assembly of AgNP on nanotube

surfaces. This can be consider as one of the future research target.

Further investigation should elucidate the effect of varying the amount of
surfactant, SDS used during the synthesis of MWNT-AgNP via chemical reduction
method. Therefore, the physical mixture of MWNTSs with SDS and free AgNPs prepared
separately could provide the MWNT-AgNP hybrids with different Ag content and the
same size of AgNP as well. The size, shape and concentration of MWNT-AgNP may
have important effect on the electrical and dielectric properties of the polymer
nanocomposites. The future works can analyze the performance of these

nanocomposites at different temperature.

Meanwhile, it can be interesting to analyze the electromagnetic properties
towards Terahertz frequency, in order to impart the synergetic effect of integrating high
permittivity of PVA/MWNT-AgNP nanocomposites as the dielectric-absorbing

materials. However, this study was limited due to very thin film thickness. Further
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research can consider a greater sample thickness to measure shielding effectiveness of
the materials as one of the potential electronic devices for high frequency applications.
Nowadays, the advanced materials and nanotechnology has been recognized as one of
the new growth engines for the New Economic Model (NEM) in Malaysia especially

for Electronic and Electrical (E & E) sector.
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