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ABSTRACT

IMPROVEMENT OF POWER CONVERSION EFFICIENCY OF
SILICON SOLAR CELL COATED WITH METALLIC-POLYMER
NANOCOMPOSITES

TAY BING YUAN

Silicon solar cell is an excellent candidate for the mass implementation of the
photovoltaic device to harness solar energy. However, they are usually
protected with a piece of silicon glass panel on their surface, which results in a
reduction in light transmission. In addition, the high refractive index of silicon
causes surface light reflection. Therefore, an efficient light harvesting scheme
must be implemented to suppress the optical losses. In this study, a novel
approach by depositing an anti-reflective coating on the glass surface of solar
modules was demonstrated. The poly(methyl methacrylate-co-acrylic acid-co-
trimethoxyvinylsilane), P(MMA-co-AA-co-TMVS) nanospheres with an
average particle size of 97 nm were prepared through an emulsion
polymerization process. Coating a functional array of polyacrylic nanospheres
with 7 wt% of TMVS via the immersion self-assembly coating method resulted
in the highest relative power conversion efficiency (PCE) enhancement of
about 42%. Such an anti-reflective array of polyacrylic nanospheres was able
to endure prolonged natural weathering exposure and remained reasonably
high in relative PCE enhancement of 11.9-14.0% up to 130 days of outdoor

exposure. The relative PCE improvement of solar modules was elevated



significantly to 73.2% by depositing an array of P(MMA-co-AA-co-TMVYS)
nanospheres containing 7 wt% of TMVS and 12.5 ppm of silver nanoparticles
(AgNPs) with 10-30 nm in size. The encapsulated AgNPs were synthesized
through a chemical reduction process with dodecylamine (S value of 2.78) as
the capping agent at 0 °C. By introducing an additional protective layer of
silane coating with hydrophobic nature, the solar modules overlaid with an
array of polyacrylate nanocomposites were shielded from degradation and
became more resistant to natural weathering processes. After 188 days of
outdoor exposure, the highest relative PCE enhancement of 24.0% was retained
for the pre-coated solar modules treated with 1.0 viN% of
nonafluorohexyltrimethoxysilane compared to the initial relative PCE

enhancement of 68.1% before outdoor exposure.
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CHAPTER 1

INTRODUCTION

1.1 Nanostructures

Nanostructures are solid materials that either have an internal nanoscale
structure or an external nanoscale dimension with the size range of 1 to 100 nm
that are composed of unbounded, agglomerated and aggregated particles
(Nasrollahzadeh, et al., 2019). Bulk substances with large particle sizes possess
constant physical properties disregarding their size. However, the
physicochemical properties of the materials below a critical size (at hanoscale)
are dependent upon their particle size and the details of the matters (Mavani
and Shah, 2013). The properties of nanostructures will alter significantly when
the particle size of materials approaches the nanoscale which is smaller than
the phase-coherent length or free path scattering length for electrons, with the

increase in the total surface area (Ramrakhiani, 2012).

There are three factors that drive to the existence of distinctive and special
features of nanostructures, which are large total surface area, quantum size
effect and lattice contraction. The intrinsic properties of nanostructures include
geometrical structure, ionization potential, electromagnetic, mechanical
strength, and optical feature (Ramrakhiani, 2012). Owing to the unique
characteristics of nanostructures which differ from bulk substances,
nanostructure materials have attracted vast attention from researchers and are

widely applied in various fields, such as optical devices, industrial catalysts,



cancer therapy, drug delivery, UV blocking textile, water disinfection,
interactive food, electronic packaging and photovoltaic devices (Zaman, et al.,

2014).

1.2 Metallic nanoparticles

Metallic nanoparticles had received much attention from researchers owing to
their promising plasmon excitation and electro-optical properties, namely
localized surface plasmon resonance (LSPR) effect with its extraordinary size-
dependent properties. LSPR frequency is highly dependent on the size, shape
and dielectric nature of the nanoparticle interface with the surrounding
environment (Khan, et al., 2019). Besides that, metallic nanoparticles also
exhibit unique and significant features, namely large surface energy, photo-
stability, photoluminescence, ease of functionalization and quantum
confinement, which have resulted in their exploitation in several applications in

different fields (Swami, et al., 2004).

Noble metallic nanoparticles, which include copper, silver and gold, have
received much more attention compared to other metallic nanoparticles due to
their optical property of broad absorption in the visible range of the
electromagnetic solar spectrum (Tay, et al., 2020). They exhibit an
extraordinary performance in absorbing and scattering light radiation. Noble
metallic nanoparticles have been well studied with the presence of a capping
agent, such as alkanethiol, polymer, and ligands, to serve as a protective group.

Among the noble metallic nanoparticles, silver and gold are better studied



compared to copper due to their outstanding chemical stability. Silver and gold
are less susceptible to oxidation reaction and thus resulted in less formation of
the oxide layer. The only matter which can be tuned to diverse wavelengths in
the visible electromagnetic radiation is silver nanoparticles (AgNPs). Owing to
the highest efficiency of plasmon excitation exhibited, AgNPs are becoming
significantly important materials in many technologies (Mavani and Shah,

2013).

1.2.1 Synthesis of metallic nanoparticles

Fabrication and construction of metallic nanoparticles with different structural
properties are dependent on their applications since the novel physical and
chemical properties of nanomaterials highly depend on their size and shape
(Mody, et al., 2010). Two general techniques to prepare metallic nanoparticles
are top-down approach (microfabrication process) and bottom-up approach

(self-assembly process) (Patra and Baek, 2014).

A capping agent which is also known as a stabilizer, is used as the protecting
group to prevent and restrict the particles from aggregation, agglomeration and
over-growth during the wet-chemical synthesis process. The formation of the
bulk particle is thermodynamically favoured in the absence of repulsive force
due to the large surface energy of nanoparticles that causes the coalescing and
coagulation between particles (Harish, et al., 2018). Beyond that, capping agent
iIs a prerequisite in stabilizing the metallic nanoparticles by interfacing,

confining, limiting and controlling their structural and physiochemical



properties through manipulation of selective stabilizer adsorption. The reaction
Kinetics is regulated via the creation of a surfactant layer during the colloid
growth process. Without a capping agent, the formation of metal oxide as a
continuous phase is favoured instead of discrete nanoparticles (Phan and
Nguyen, 2017). A capping agent is functioning through several mechanisms
which include van der Waals forces, stabilization of steric, electrostatic,

depletion and hydration forces (Ajitha, et al., 2016).

Being a type of stabilizers, capping agents are mostly amphiphilic molecules
that consist of a polar head (hydrophilic) and a non-polar hydrocarbon tail
(hydrophobic). The functionality of the stabilizer depends upon both the
hydrophilic head and the hydrophobic tail. The hydrophilic head coordinates
with the center metal atom of nanoparticles while the hydrophobic tail will
interact with the surrounding medium. The polar head consists of donor atoms
with functional groups, while the donor atoms carry unpaired electrons which
can form coordinate bonds to the unsaturated surface of metal atoms through
dynamic adsorption and desorption (Gulati, et al., 2018). Other than that, the
capping agent is also crucial in determining the stability, reactivity,
dispersibility, solubility and solvent interaction of the synthesized
nanoparticles (Suriati, et al., 2014). Hence, an appropriate capping agent
should be adopted. Moreover, some of the stabilizers are capable to play the
additional role of a reducing agent to reduce the metal salt during a nano-

fabrication process (Ajitha, et al., 2016).



1.2.2 Plasmonic effect of metallic nanoparticles

Surface plasmon effect was discovered by a scientist named Michael Faradays
in 1857 during his research on the optical property of colloidal metallic
nanoparticles. Surface plasmon is a phenomenon of the irradiation of metallic
nanoparticles via electromagnetic radiation and results in the coherent
oscillation of free electrons at the surface of metal ions and electromagnetic
fields (Haugan, 2011). In other words, the interaction between incident light
and a substance is mediated by surface electromagnetic excitations at the
interface of dielectric metal. Consequently, the electromagnetic field in the
immediate vicinity of the interface is magnificently improved (Maradudin,
2014). There are two well-known surface plasmons observed in the excited
metallic nanoparticles surface, which are localized surface plasmon and surface

plasmon polaritons.

Localized surface plasmon resonance (LSPR) is a collective charge density
oscillation confined locally by metallic nanoparticles. It is an optical
phenomenon that happens when the light wave trapped inside the conductive
nanoparticles is smaller than the light wavelength, however, the natural
frequency of incident light matches the conduction electron’s oscillation
frequency (Chou and Chen, 2014). The particular interaction results in coherent
localized plasmon oscillations with a resonant frequency, as shown in Figure
1.1. The oscillation wavelength, intensity and resonant frequency have a strong

correlation with the separation distance between particles, particle size, shape,



density of electrons, dielectric constant of surrounding and electronic structure

of particles (Petryayeva and Krull, 2011).

Electric field

Electron cloud

Figure 1.1: Schematic representation of LSPR effect (Willets and Duyne, 2007)

When the metal nanoparticles are excited by electromagnetic radiation at a
certain frequency, an electromagnetic field is created. The free electrons are
dislocated relative to fixed positive lattice ion due to the propagation of an
electromagnetic wave, an attraction force resulting from Coulomb attraction
between electrons and nuclei. Consequently, the free electrons (electron cloud)
are oscillating coherently corresponding to the conduction band of the metal
(Kelly, et al., 2002). The charge is separated and a dipole oscillation with the
parallel direction axis to the electric field of light occurs due to the electron’s
oscillation behaviour on the surface of the particles. This causes incident light
to scatter at a certain wavelength, which is known as the metal nanoparticles'
dipole plasmonic resonance wavelength. The maximum amplitude at a specific
oscillation frequency facilitates the LSPR effect (Elnoby, et al., 2018). As a
result, improving the localized field as well as absorbing and scattering more
light radiation. The process is known as LSPR because the excited plasmon is
localized and cannot be propagated inside the nanoparticle (Chou and Chen,

2014). The noble metallic nanoparticles exhibit stronger LSPR than other
6



metallic nanoparticles. Most noble metallic nanoparticles have a resonance

wavelength that falls within visible and infrared spectra (Barman, et al., 2018).

The second type of excited plasmon is known as surface plasmon polariton or
propagating plasmon. This phenomenon occurs with the association of
coherent oscillations of electromagnetic waves and the propagation of plasmon
in x- and y-directions along with the planar interface between metal and
dielectric layer with an amplitude that decays exponentially with distancing
into each medium from the interface, as illustrated in Figure 1.2 (Willets and
Duyne, 2007). The electromagnetic field of a surface plasmon polariton is
confined at the metal surface, where the electric field is improved vertically to
the surface (Chou and Chen, 2014) When the incident light is irradiated on the
surface of metallic nanoparticles, surface plasmon polariton is excited with a
symmetric propagation and causes the bending of light travelling along with
the metal-dielectric interface or moving in a lateral direction inside the
interface, which may then be absorbed by the photoactive dielectric material

(Haugan, 2011).

Dielectric

AVANAME

Metal

Figure 1.2: A schematic diagram illustrates surface plasmon polariton (Willets
and Duyne, 2007)



1.3 Polymeric nanoparticles

Polymeric nanoparticles are colloidal materials that are made up of multiple
repeating subunits, namely monomers through a polymerization process (Lu, et
al., 2011). The use of polymeric nanoparticles is attributed to their numerous
advantages, such as simplicity of manufacture and mold into various forms,
easy to be modified by adding additives, cost effective processing, good
corrosion and chemical resistance, intrinsic low electrical and thermal
conductivity, good strength with lightweight, and mechanical flexibility
(Hussain and Mishra, 2018). The polymeric nanoparticles have been found
with various applications in our daily life since they are readily functionalized.
Several polymerization techniques have been developed and are adopted in the
synthesis of polymeric nanoparticles, which comprise emulsion polymerization,

coacervation and in situ polymerization (Alkan, et al., 2014).

1.3.1 Polymer

A monomer is a basic unit that serves as the building block for a polymer,
whereas monomers are bonded and joined together by a covalent bond to form
a repeating linked chain and large molecule network (Yamak, 2013). In this
study, poly(methyl methacrylate-co-acrylic acid) copolymer has been prepared
by employing two different monomers, namely methyl methacrylate (MMA)
and acrylic acid (AA), via an emulsion polymerization process. Table 1.1

shows the molecular formula and structure of both MMA and AA monomers.



Table 1.1: The molecular formula and structure of MMA and AA

Monomer Formula Structure

@)

Methyl methacrylate ~ CH,=C(CH3)COOCH;3

Acrylic Acid CH>=CHCOOH %)_L
OH

MMA is an unsaturated ester with a methyl group (-CHz) attaches to the carbon
atom of the vinyl group (CH>=CH-). PMMA and its derivative copolymers are
most commonly reported as polyacrylate, which has high demand in various
design material development for both interior and exterior applications owing

to its supreme photo behavior under UV exposure (Shanti, et al., 2017).

PMMA is a polymer with the properties of high clarity and transparency of
ultraviolet radiation and visible light. Besides that, PMMA possesses
prominent weather-resistance and lightweight features that resulted in its
exploitation in the manufacturing of illuminated light displays, LED light guide
panels and lens caps to maximize the light emitting and energy saving of the
devices produced (ICIS, 2009). In addition, PMMA copolymer is utilized as an
anti-reflective coating (ARC) on the surface of a photovoltaic device in order
to maximize light transmission by minimizing the reflection of light (Lee, et al.

2021).



AA is an unsaturated carboxylic acid with a vinyl group connected to the
carbonyl (C=0) carbon. AA monomers have a lot of applications in different
fields, such as ingredients for making water-absorbent polymers, in addition to
the manufacturing of acrylic esters which have been applied in surface and
adhesive coatings (Landi, et al., 2005). Furthermore, the wetting behaviour and
the stability of polymer dispersions can be improved by copolymerizing the

AA monomer into the PMMA polymer chain (Lee, et al., 2021).

Copolymer consists of two or more different type of monomers that
incorporate together into a single polymer chain to form a polymer molecular
through copolymerization (Scott and Penlidis, 2017). The desirable excellent
physical and chemical characteristics of the copolymer are allowed to be

integrated by differing the monomers units.

1.3.2 Emulsion polymerization

Emulsion polymerization is a radical addition polymerization reaction that
proceeds in a heterogeneous system by associating with the emulsification of
hydrophobic building blocks using an oil-in-water emulsifier, where the
hydrophobic monomers are dispersed in water as the continuous phase. In
general, a typical emulsion polymerization involves monomers with a vinyl
group (El-hoshoudy, 2018). The emulsion polymerization is initiated by a free
radical initiator which is either water-soluble or oil-soluble. In order to disperse
the hydrophobic monomers in an aqueous medium, the emulsifier or surfactant

is prominent in the emulsion system. When the concentration of the emulsifier

10



exceeds the critical micelle concentration (CMC), micelles are formed. The
emulsifier can be a protective colloid, an ionic or a non-ionic surfactant.
Eventually, a milky latex is obtained where the colloidal polymer particles are

dispersed in an aqueous solution.

An emulsion polymerization process consists of three major steps, including
the initiation of the monomer radical to start the reaction, followed by the
propagation process where more monomers are added to the monomer radical
to form a polymer chain. Finally, the growing of a polymer chain is terminated

when it reacts with another radical in the system (Yamak, 2013).

Free radical propagation begins with the entering of a water-soluble initiator
into a micelle. In this work, potassium persulfate is employed as a thermal

initiator. The generation of free radicals by persulfate is shown in Equation 1.1.

S208% — SO4e1+ S04 o1 (Equation 1.1)

Emulsion polymerization is an important technique that has found enormous
applications in various fields due to its distinctive advantages, such as
simplicity and cost effectiveness which facilitate mass production, yielding
polymers with high molecular weight. The polymerization process is
comparatively rapid, with controllable temperature and viscosity, which uses
water as the solvent to facilitate agitation. Thus, it provides an inherently safe

and environmentally friendly process (Chern, 2008).

11



1.4 Metallic-nanoencapsulated functional polymer

Nanoencapsulation is defined as entrapping of particles (core) in a capsule
(shell or matrix) at the nanoscale with a variety of shapes, depending on the
preparation route and materials. Nano-entrapment technique can be categorized
into two main classes: a core surrounded by a shell of the matrix material, and
a core embedded inside a shell of matrix material (Sarabia and Maspoch, 2015).
Beyond that, two main approaches are established to fabricate metallic-
polymer functional nanocomposites, i.e. via direct preparation from a

performed polymer and via a polymerization process (Kong, 2016).

Figure 1.3: Schematic representations of the type of metallic-encapsulated
polymer nanocomposites (from left to right): single-core capsule, dispersed
core in a polymer gel, multi-layer capsule, dual-core capsule and single-core-

multi-shell capsule (Sarabia and Maspoch, 2015)

Metallic-nanoencapsulated functional polymer is a nanostructure in which
metallic nanoparticles with smaller size are embedded inside a bigger size
polymeric nanoparticle. This type of nanostructure combines the advantages
and intrinsic properties of both metallic and polymeric nanoparticles,
comprising both the optical and electrical characteristics contributed by
metallic nanostructures and the dielectric, flexibility, processability and anti-
reflective features attributed by polymeric nanostructures. Moreover, the

12



unique functionalities of both nanostructures are further enhanced to elevate
their performance in minimizing the light reflection and maximizing the light
scattering and light harvesting mechanisms. In addition, the nanoencapsulation
technique has also significantly improved the stability of the embedded
metallic nanostructures by preventing the nanoparticles from agglomeration,
coagulation and aggregation. Thus, maintaining their particle size as well as

their remarkable and extraordinary properties (Kong, 2016).

1.5  Light scattering effect of spherical nanoparticles

Light scattering is an optical phenomenon that emerges upon the propagation
and transmission of light radiation through an object. When light strikes on an
object, the radiation can either scatter in the forward direction, leading to
absorption and refraction, or scatter in the backward direction, resulting in
reflection. If a substance possesses a dimension with the same order as the
wavelength of light radiation, the photon will be scattered omnidirectionally.
The substance that causes light scattering is referred to as a scattering center or
scatterer. There are two theories that describe and explain the light scattering of
a spherical scatterer (i.e. droplets and particles), namely Rayleigh and Mie
scattering theories. The scattering theories are categorized by comparing the
particle size of the scatterer and the wavelength of incident light (Zhang, et al.,
2012). The size of spherical particles affects the incident light propagation
dramatically in terms of the scattering modes (Lin, et al., 2014). Rayleigh and

Mie scatterings are illustrated in Figure 1.4.
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Figure 1.4: Schematic diagram of Rayleigh and Mie scatterings (Lin, et al.,
2014)

Rayleigh scattering is predominant when the diameter of a dielectric spherical
particle is much smaller than the wavelength of the light radiation,
approximately less than one-tenth of the wavelength. In Rayleigh scattering,
the light radiation is scattered omnidirectionally with the same magnitude in
the intensity of both forward and reverse scattering (Lin, et al., 2014). Rayleigh
scattering is well explained by the blue sky, where the air molecules like
nitrogen and oxygen are well within the criteria of Rayleigh scattering theory,
thus the blue light of the sun with a shorter wavelength is scattered more
efficiently than the longer red light (Zhang, et al., 2012). On the other hand,
Mie scattering theory is applicable to the particles with the size that are
comparable with the wavelength of the incident light. For Mie scattering, the
intensity of the forward scattering is higher in magnitude than the reverse
scattering (Lin, et al., 2014). The natural phenomena of the appearance of a
white glare around the sun and white clouds in the sky are owing to the
dominant Mie scattering of large atmospheric particulates which is not strongly

wavelength dependent.
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1.6  Silane coupling agent

Silane coupling agent (SCA) is a bi-functional chemical compound with a
general structure of four substituents attached to single silicon (Si) atom, which
may have more than one diverse reactive functional group in the molecular
structure (Pape, 2011). In general, the SCAs used for surface modification are
categorized into two classes, functional and non-functional silanes. Functional
silane is employed for biomolecule immobilization, polymer compounds and
adhesive technologies; while non-functional silane is applied to modify the
surface energy and wettability of a substance without imparting chemical

reactivity to the substrate (Arkles, et al., 2014).

SCA serves as an adhesion promoter which is capable of forming a strong
chemical bond (coupling) between two dissimilar materials (Barry, 2018). In
other words, it acts as the interphase region and plays the role of bonding and
bridging agent to enhance the adhesion strength of two dissimilar materials. As
a matter of fact, organic and inorganic substances are very different in their
physical and chemical characteristics, such as chemical reactivity, coefficient
of thermal expansion, compatibility and surface properties. Hence, a strong
adhesive bond between these two dissimilar substances is rather difficult to
form. Therefore, organofunctional silanes are widely applied to improve the
physical properties of the composite materials and effectively adhere the
organic matters to the substrates with different polarities by forming a

substantial cohesive bond structure (Sterman and Marsden, 1966).
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When inorganic substrates are reinforced with organic substances, the
interphase region between these two matters is involved in a complex
interaction of both chemical and physical factors, which comprise retention of
product features, adhesion, dielectric, coefficient of expansion, and mechanical
strength (Krayden, 2009). By applying an SCA, coupling bonds are formed at
the interphase region which is able to impart resistance to and withstand the
environmental and destructive forces like moisture and heat that may enervate

the adhesive and bond strengths (Pape, 2011).

Silanation reaction is a process where the silane crosslink is formed through a
hydrolyzation mechanism which involves two steps, i.e., hydrolysis and
condensation. The hydrolyzable groups present in the organosilane compound
like alkoxysilane groups (R-O-Si) are hydrolyzed to form silanol groups (Si-
OH) by reacting with water. The silanol groups on adjacent silane are then
condensed with a surface hydroxyl group (-OH) on the inorganic substrates to
form the chemically stable covalent bonds, namely siloxane bonds (Si-O-Si)
with the elimination of water molecules (Liu, et al., 2001). The rate-
determining step for the reaction to occur is affected by the physical absorption
of the alkoxy group onto the hydroxyl group of silica on a glass substrate and
the reachability of the hydroxyl group. The overall silanation process is
illustrated in Figure 1.5. In this study, an SCA, namely trimethoxyvinylsilane
(TMVS) was employed as the adhesion promoter to enhance the bond
durability and adhesion strength between the polymer matrix and the glass
surface of photovoltaic cells. This was done by incorporating it into the

copolymer nanospheres through the emulsion polymerization process. Figure

16



1.6 shows the structural formula of TMVS. In addition to that, SCAs can be
used to enhance the adhesion of nanostructures on the glass surface of a
photovoltaic cell as they are excellent adhesion promoters for glass substrates

(Barry, 2018).

Hydrolysis RSI(OCH,) , R Fli Fll
HO “\l CH,OH HO-5i-0-5i-0-Si-0H
2 | | |
Hydrogen /0._“ /O*-. /O.,I‘
Condensation RSi(OH) 4 Sonding H ;{H }-IH /H
l — H,0 0 0 0 Subsirate
P Al "o
HO-Si-0-5i-0-Si-OH R R R
o Bond HO-$i-0-Si-0-Si-0H
0 0 0 Formation I I |
||'| I!I I!I 0 0 0 Substrate

Figure 1.5: The overall bonding process of silanation (Krayden, 2009)

H2C\ CI)CHS
\—§FOCH3
OCHs

Figure 1.6: The structural formula of TMVS

1.6.1 Dipodal silane coupling agent

Dipodal functional silane is a bis-organosilane compound similar to common
SCA in terms of molecular structure but with the difference of possessing two
organosilane moieties in the molecule which are capable to form six covalent
bonds to couple with the surface of a substrate. Contrary to mono-functional

trialkoxysilane (with the ability to form three covalent bonds), dipodal silane

17



has higher efficiency to form oxane bonds on a less reactive surface due to the
distinctive advantage of offering extra points for surface attachment. The
integrity of coated films, composites in the aqueous environment and adhesive
primers is dramatically improved via enhanced wettability and crosslink
density at interphase. Figure 1.7 shows the general molecular structure of a

dipodal silane.

R
Eﬁ:ﬂz}n {n:lzl Py
Si T
AN, TN
X 4 X X 5 X

Figure 1.7: General molecular structure of a dipodal silane

Dipodal silanes display superior protection to resist deterioration by the
intrusion of water between an organic compound and an inorganic substrate.
This is because the dipodal material is associated to extend out from the
surface and thus provides superior resistance to hydrolysis (Singh, et al., 2014).
Based on the equilibrium constant of dissociation of siloxane to silanol, dipodal
silanes are excellent adhesion promoters with up to 10000 times higher in
hydrolytic stability compared to conventional silanes. Therefore, the
mechanical strength and bonding durability of the composite systems are

significantly improved with prolonged product shelf life (Kaynak, et al., 2017).
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1.6.2 Non-functional silane coupling agent

Non-functional SCAs are applied to modify the surface energy and wettability
of a substrate under standard conditions without imparting any chemical
reactivity. More particularly, they are able to alter the interaction between
water and the boundary layer of the substrate’s surface with a high degree of
control, thus accomplishing different degrees of hydrophilicity and

hydrophobicity (Barry, 2018).

A hydrophobic surface is generated and attributed by organosilanes with non-
polar organic substituents, such as aliphatic and fluorinated hydrocarbons, in
order to induce a more hydrophobic entity to shield the polar surface from
interaction with water. Alkylsilane molecules with a longer carbon chain will
provide a higher degree of hydrophobicity through the stabilization of a high-
density monolayer by m —m interactions between adjacent chains (Bulliard, et al.,
2010). The hydrophobic effect of the non-polar substitution has a strong
correlation to the free energy transfer of hydrocarbon molecules from the

aqueous phase to the hydrocarbon phase.

Fluoroalkylsilane (FAS) is a well-known non-functional organosilane with
low-surface energy whereby a hydrophobic fluoro group is present at the tail-
end of the molecule. The FAS can self-assemble into a thin monolayer film on
the surface of a substrate with its molecular axis perpendicular to the surface.
The FAS layer is applied to reduce the surface energy of a substrate and

consequently, render a superhydrophobic surface (Liu, et al., 2015). A
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superhydrophobic surface is a superior anti-wetting state of surface that
accomplishes with a water contact angle (WCA) of more than 150° and leads to
the beading of water into spherical droplets with roll-off angles of less than 10°.
Thus, it results in the decrement of the water contact area and induces a
reduction of adhesion. A superhydrophobic surface can be mimicked by either
generating a rough surface on a hydrophobic substance or chemically

modifying a rough surface via hydrophobic coating (Vidal, et al., 2019).

Besides its hydrophobic organic substituent, the capability of a non-polar
organosilane to generate a hydrophobic surface is also affected by factors such
as the extent of surface coverage and surface distribution of silane compounds,
as well as the residual of unreacted groups from both the surface and the silane
material (Barry, 2018). In order to form a hydrophobic film with supreme
quality, the hydrogen atoms present in the polar hydroxyl groups (water-
absorbing sites) on the substrate surface should be mitigated through the

silanation process by employing an SCA.

1.7 Chemical bath deposition — self-assembly coating method

Chemical bath deposition (CBD) method is a way to coat a thin layer of
particle film by dipping or immersing and withdrawing the substrate into and
out from the reservoir solution with precision control, as illustrated in Figure
1.8 (Guire, et al., 2013). Technically, CBD is performed based on the principle
of a directed self-assembly coating mechanism, that is driven by various forces,

including inertia force, surface tension, gravitational force and viscous drag
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(Sahoo, et al., 2018). As a matter of fact, CBD enables the formation of a
monolayer film with homogeneous coverage that is highly ordered and densely
packed at the Van der Waals radii. The structure and thickness of the coated
film can be controlled through manipulation of the kinetic of solids formation,
comprising of the functionality of the substrate surface, the number of dipping
cycle, temperature (usually below 100 °C), pH value, solution composition, the
concentration of precursor solution, withdraw speed and immersion time

(Guire, et al., 2013).
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Figure 1.8: Schematic representation of the CBD technique

A variety of techniques have been proposed to deposit a thin film for solar
energy-related applications. Among the developed approaches, the CBD
technique which is a cost-effective, simple process with low energy
consumption, is conceptually suited for generating a large area of a uniform
thin film with extraordinary quality on semiconductors (Nair, et al., 1997).
After deposition, the colloidal nanostructures are immobilized to the substrate
surface by either covalent or non-covalent interactions with linkers in order to
form a durable bond between the nanostructures and the substrate surface. The

linkers that are utilized for non-covalent self-assembly include organic

21



polymers and proteins; while for covalent self-assembly, dithiols and

organosilanes are used (Rehacek and Hotovy, 2017).

Self-assembly refers to the spontaneous construction process of particles or
discrete components into a complex but stable structure form through bouncing
around in the solution with minimum energy. During the self-assembly process,
the building blocks will organize into an ordered structure, either through direct
specific interactions like inter-particle forces or indirectly via an external field
or by utilizing a template (Grzelczak, et al., 2010). The particles in self-
assembled structures will arrange themselves in appropriate locations
according to their structural or chemical properties and subsequently bond to
the surface of the substrate. The colloidal directed self-assembly coating
method is crucial in photovoltaic, electro and optical nanotechnologies as it is a
simple and cost-effective approach to fabricate anti-reflective coatings with an

exact monolayer of film thickness (Askar, et al., 2013).

1.8 Solar cell

Solar cell is a photovoltaic electrical device which is made of semiconductor
materials with electrodes contacting both sides of the device. Photovoltaic cell
captures the solar energy from sunlight and non-solar energy like photons from
incandescent bulbs, and then converts them into electricity by means of the
photovoltaic effect (Asim, et al., 2018). Silicon (Si) is the most common
semiconductor material to produce solar cells. Si has the advantages of being

environmentally friendly and available in sufficiently large quantities as it is
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the second most abundant element found on earth’s crust. Si is a semiconductor
material with a bandgap energy of 1.12 eV which corresponds to the
wavelength within infrared radiation. Thus, it is well suited for photovoltaic
applications. In fact, Si solar cell is the most efficient photovoltaic device in
terms of single-cell (Ranabhat, et al., 2016). Figure 1.9 shows the schematic

representation of a Si solar cell.
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Figure 1.9: Schematic representation of a Si solar cell (RGS, 2015)

In general, the working principle of the photovoltaic cell relies on three basic
attributes: the photogeneration of charge carriers (electron-hole pairs) by
absorbing the light radiation, the separation of charge carriers at the p-n
junction to conductive contact, and the separate extraction of charge carriers to
an external circuit (Bagher, et al.,, 2015). During the illumination and
absorption of sunlight by the solar cell in the form of photons, holes and free
electrons are generated at the p-junction and the n-junction, respectively. The
current is transmitted to operate electrical devices when the DC electrical

devices are connected to the p-n junctions of photovoltaic cells.
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1.8.1 Type of Si solar cell

Three major types of Si solar cells are available in the photovoltaic market.
They are divided into groups based on the semiconductor materials used and
the manufacturing process involved, namely crystalline, amorphous and hybrid
Si photovoltaic cells. In general, a solar cell is named after the semiconductor

material utilized for manufacturing (Bagher, et al., 2015).

Crystalline Si is known as an indirect gap semiconductor, whereby both the
photons and phonons (vibration of the atomic lattice) are required to excite the
electrons from the valence band to the conduction band. The absorption
coefficient of an indirect gap semiconductor is comparatively lower than a
direct semiconductor due to the engagement of photons and phonons
simultaneously. Therefore, the Si layers are thicker (with a minimum thickness
of 100 pum) in order to absorb the light radiation with a longer wavelength in
the solar spectrum (Vozel and Arcon, 2011). Crystalline Si solar cells are
further categorized into two different groups according to the type of
crystalline Si used: monocrystalline and polycrystalline Si (Ranabhat, et al.,
2016). Monocrystalline solar cells are built up of single-crystal Si in which the
entire crystal lattice is continuous and free of grain boundaries that are
fabricated through the Czochralski process. On the other hand, the
polycrystalline solar cell is manufactured using metallurgical grade Si through
chemical purification of the Siemens process. Both of the crystalline Si solar
cells have high power conversion efficiency (PCE) within the range of 10-12%.

However, monocrystalline Si solar cells exhibit a higher PCE than
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polycrystalline Si solar cells (Simya, et al., 2018). Therefore, monocrystalline

Si solar cell occupies about 30% of the photovoltaic market.

Amorphous silicon (a-Si) solar cell is also known as thin-film Si solar cell,
which is manufactured from a thin layer of non-crystalline Si (about 1 um) that
can perform efficiently in absorbing the light energy at high temperatures.
However, twice of the rooftop space is required for an a-Si solar cell in order
to attain a similar output power as a crystalline Si solar cell (Simya, et al.,
2018). The only structural difference between amorphous and crystalline Si
solar cells is that the former has a single layer sequence of p-i-n junction,
which has a region of intrinsic semiconductor between the n-doped and the p-
doped layers. The triple layers system of a-Si solar cell is purposely designed
and optimized for maximizing the light radiation absorption from the full solar
spectrum. The main advantage of the thin-film solar cell is its cost-effective
manufacturing process because lesser semiconductor materials are required.
Nonetheless, the a-Si solar cell has low power conversion efficiency (PCE),
only about 6%, and it suffers significant degradation in conversion
performance due to the Staebler-Wronski Effect (Bagher, et al., 2015). Thin-
film Si solar cell is commonly adopted in applications such as pocket
calculators, remote facilities and buildings. Figure 1.10 depicts the three types
of Si solar cells mentioned above: Monocrystalline, polycrystalline and thin-

film Si solar cells.
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Mono Poly Thin Film

Figure 1.10: Different types of Si solar cells (Bagher, et al., 2015)

Last but not least, a hybrid Si solar cell is a combination of two types of Si
solar cells, by enclosing monocrystalline silicon with thin layers of amorphous
silicon. It is very sensitive toward indirect light and lower light levels. Among
the three types of solar cells, hybrid Si solar cells demonstrate the best

performance in PCE at around 17% (Leonics, 2017).
1.8.2 Electrical characteristics of solar cell

A solar simulator is used to characterize the electrical performance of a
photovoltaic device. The solar simulator is normally equipped with an arc lamp
for illuminating the spectrum of the sun at AM 1.5. The common electrical
characteristics are short circuit current density (Jsc), open circuit voltage (Voc),
fill factor (FF) and power conversion efficiency (PCE). An internal sweep
circuit in the solar simulator system enables the current and voltage
measurements that ultimately yield the current density-voltage (J-V) curve

(Solanki, 2015).
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Short circuit current density (unit: mA cm) is the maximum current per area
produced by a photovoltaic device when its terminals are connected in series
with the ammeter. Whereas, open circuit voltage (unit: V) is the maximum
voltage generated by a photovoltaic cell when its terminals are connected in
parallel with the voltmeter (Solanki, 2015; Goh, 2019). Besides, the fill factor
Is the maximum output power of a photovoltaic cell as a fraction of the ideal
output power. It corresponds to the resistive losses in the photovoltaic device.
On the other hand, the PCE of a photovoltaic device is defined as the ratio of
maximum output power generated to the incident power of solar radiation. It
could be calculated based on the electrical characteristics attained from the
electrical measurement of the solar cell using a solar simulator as expressed in

the equation below:

PCE = Js¢c X Voc X FF (Equation 1.2)

1.9 Problem statement

In Malaysia, fossil fuel has the most contribution to electricity supply as it is a
prominent source for the generation of electric current. Electric energy is
produced primarily through the burning of limited fossil fuels such as fuel oil,
coal and natural gas in power plants which has brought large negative impacts
and consequences to the surrounding environment. For instance, greenhouse
gases are released and cause the depletion of the ozone layer and climate
change. Meanwhile, fossil fuel reserves are depleting rapidly due to the

increment in the demand for electric energy because of the development of the
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economy, and over dependency on fossil fuels as they are non-renewable
energy resources (Samsudina, et al, 2016). Therefore, solar energy has attracted
widespread attention and has emerged as one of the promising alternative
resources to replace fossil fuels and tackle the global energy crisis because of
its unique features such as clean, vital renewable and sustainable. With the
invention of light harvesting devices, solar energy can be captured and
converted into electric energy. As a matter of fact, the amount of solar
radiation that is irradiated on the earth over a three days period is equivalent to

all fossil energy sources stored on the earth (Bagher, et al., 2015).

Converting solar energy into electric current by a solar cell is considered as a
green technique because the photovoltaic system operates using a non-
polluting and inexhaustible energy resource without the emission of
greenhouse gases (Simya, et al., 2018). Nowadays, > 70% of solar panels that
are available in the solar power market are manufactured using Si as the main
raw semiconductor material due to its abundance on the earth, non-hazardous,
environmental friendly, non-toxicity and well-established processing
techniques (Lin, et al., 2014). Nonetheless, the PCE of commercially available
Si solar cells is always comparatively lower than the theoretical efficiency
reported by laboratories. This is due to the high refractive index of Si (n = 3.8)
that results in the reflection of incident light at almost 40% (Fang, et al., 2013).
Furthermore, the photovoltaic industry has now moved to a new trend of mass-
producing thin-film Si solar cells in order to reduce the processing cost.
Nevertheless, this will suppress the absorption of photons into the photoactive

site of the thin-film solar cell. In addition, solar cells are usually protected with
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a piece of Si glass panel on their surface, which leads to a further reduction in
light transmission. Therefore, less light radiation is harvested by such solar
cells, which has resulted in less generation of free carriers and thus reduces the

PCE of the solar modules (Jeng, et al., 2013).

In order to reduce the optical losses, chemical modification of the glass surface
of photovoltaic devices becomes significantly important. Several light trapping
mechanisms have been established for elevating the light trapping efficiency of
Si solar cells via the generation of a surface texture. For instance, via
deposition of polymer anti-reflective coating (ARC) and incorporation of
nanostructures onto the Si substrate or into the photoactive region of a solar
cell. Among the nanostructures studied, metallic nanoparticles have shown a
remarkable improvement in the light harvesting efficiency of several types of
photovoltaic devices (Chou and Chen, 2014). However, these approaches have
their limitations which include limited operating wavelength range, narrow
angle of incident radiation, poor adhesion strength and expensive

manufacturing process (Solanki, 2015).

To overcome the drawbacks of the light harvesting mechanisms, noble metallic
nanoparticles were encapsulated inside polymeric nanospheres in this study
because of their capability in scattering the incoming light radiation by means
of plasmonic effect, giving rise to the increase in the path length of incident
light (Lin, et al., 2014; Goh, 2019). In addition, an adhesion promoter (SCA)
was applied in order to enhance the adhesion strength between the

nanostructures and the surface of solar cell by forming durable covalent bonds.
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Besides that, the surface coverage of the deposited nanostructures was
maximized, and a homogeneous and uniform particles distribution of coating
was developed. Furthermore, a protective hydrophobic film was coated on the
ARC using a mixture of organosilanes in order to prolong the lifetime of the
coating and increase the adhesive durability upon natural weathering exposure.
A cost-effective coating process has been designed, developed and evaluated in

the research work.

In this work, we demonstrate a novel technique of depositing the
nanostructures array, including metallic nanoparticles, polymeric nanospheres
and metallic-nanoencapsulated functional polymer nanospheres, on the glass
surface of an «a-Si solar module, which serves as light trapping and anti-
reflective layers to enhance its light trapping efficiency (Lee, et al. 2021).
Silver nanoparticles (AgNPs) will be fabricated through a chemical reduction
method using silver nitrate as a metal precursor and sodium borohydride as a
reducing agent. A suitable capping agent was used to ensure the yielding of
excellent quality particles at the nanoscale. On the other hand, poly(methyl
methacrylate-co-acrylic acid) [P(MMA-co-AA)] nanospheres were synthesized
via a simple and cost-effective process, namely emulsion polymerization, with
the incorporation of TMVS as the SCA. In this study, sodium dodecyl sulfate
and potassium persulphate were used as a surfactant and thermal initiator
respectively. Subsequently, AgNPs with different concentration were
embedded inside polymeric nanospheres during the polymerization process.
The nanostructures obtained were then deposited on the glass surface of a-Si

solar cells via a self-assembly coating method, namely CBD, with different
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curing temperature. Two different approaches of CBDs were attempted, i.e.,
immersion and dip coating methods. Subsequently, mixtures of functional and
non-functional organosilanes with different ratios were utilized to chemically
modify the coating of the nanostructure array on the glass surface of an a-Si
solar module. This is to create a hydrophobic film to protect the nanostructure
array. Lastly, the light trapping efficiency of treated solar cells was determined

using a solar simulator.
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1.10 Objectives

The aim of this project is to investigate the improvement of PCE of «-Si solar
module coated with metallic-polymer nanocomposites. To achieve the main

research goal, the objectives of this study are including:

1. To synthesize and to encapsulate AgNPs into P(MMA-co-AA-co-

TMVS) nanospheres.

2. To characterize the fabricated nanostructures using UV-Vis
spectroscopy, AFM, FESEM, TEM, EDX, FTIR, XRD, PSA, TGA and

DSC.

3. To study the coating parameters and coating methods by depositing

polyacrylic nanostructures on the glass substrates.

4. To create a protective film with hydrophobic characteristics on the

nanoarray of metallic-polymer nanocomposites which has been coated

on the surface of a glass surface, by using a mixture of organosilanes.

5. To investigate the effect of the polyacrylic nanoarray and silane

coatings on the PCE of solar cells.
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CHAPTER 2

LITERATURE REVIEW

2.1  Fabrication of silver nanoparticles

A variety of synthesis methods have been developed and designed to produce
AgNPs. Of that, the reported approaches are mainly categorized into three
classes, namely chemical, physical and biological routes (Alagad and Saleh,
2016). In general, the chemical route is used to prepare pure and well-defined
metallic nanoparticles from chemical reactants with colloidal dispersion in
organic solvent through a chemical reaction. On the other hand, the physical
approach refers to the synthesis that enables mass production of metallic
nanoparticles powder with narrow size distribution in a single step using costly
instruments through mechanical energy. Last but not least, the biological
synthetic process is performed with the utilization of natural reducing and
capping agents such as plants extract, polysaccharides and biological

microorganisms to obtain AgNPs (Natsuki and Hashimoto, 2015).

The chemical route is further subdivided into a few techniques including the
chemical reduction method, polyol method and radiolytic process. Among the
proposed approaches, the chemical reduction method has been vastly adopted
to obtain AgNPs, due to advantages such as simple process, mild reaction
condition, employment of inexpensive instrument, high yield, low preparation

cost, yield of high purity nanoparticles without aggregation and controllable
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particle size and shape by varying reaction parameters (Song, et al., 2008). A
chemical reduction is a bottom-up approach whereby the metal ions in solvent
are reduced in optimized conditions and resulted in the formation of small
metallic clusters (EI-Nour, et al., 2010). Four main components were employed
in a chemical reduction process, which comprise metal precursor, reducing
agent, stabilizer and solvent. The formation of AgNPs from colloidal solution
through the reduction of silver metal salt involves two stages, nucleation and
subsequently nuclei growth. Natsuki and Hashimoto (2015) revealed that the
structural and geometrical features of AgQNPs were strongly correlated with the

synthetic stages.

The chemical reduction technique that is adopted in the fabrication of AgNPs
uses a reducing agent such as sodium borohydride (NaBH4), ascorbic acid,
sodium citrate, polyethylene glycol, Tollens reagent and formaldehyde. The
reducing agent plays an important role in reducing the silver ions, Ag™ from
silver metal salt into silver particles, Ag® in aqueous solutions. Subsequently,
the silver colloids agglomerate into oligomeric aggregates and thus AgNPs are
formed. Meanwhile, a protective agent is significant to prevent the
nanoparticles from coagulation through the interaction with the colloid’s
surface (EI-Nour, et al., 2010). Different types of capping agents can be applied
during the synthesis process. For instance, dodecanethiol (DDT), dodecylamine
(DDA), polyvinyl alcohol, polyvinylpyrolidone (PVP) and sodium dodecyl

sulfate (SDS) have been used for this purpose.
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According to Mavani and Shah (2013), spherical shaped AgNPs with 20 nm in
diameter were synthesized through the reduction of silver nitrate (AgNO3) by
NaBH4 with the presence of PVP as a capping agent. Nevertheless, AgNPs
with a particle size of 4 nm were synthesized by utilizing the same starting
reactants but with a different capping agent, DDT (Farrell, et al., 2013). In
another reported journal article, SDS was used as the protective agent to
stabilize the particle growth which had successfully fabricated AgNPs with the
size range of 30-40 nm through the reduction process (Song, et al., 2008). In
addition, some of the chemical reagents can perform as both reducing agent
and capping agent simultaneously. For example, polyoxometalate was utilized
to reduce silver metal salt while at the same time stabilizing the silver colloidal
particles. Consequently, AgNPs with spherical shape and a particle size of 15.3

nm were formed (Troupis, et al., 2002).

Other than the spherical shape, cubic shaped AgNPs could also be fabricated
through the reduction of AgNO3 using NaBH4 as a reducing agent and PVP as
a capping agent at specific reaction conditions (Natsuki and Hashimoto, 2015).
Moreover, a surfactant named acetyltrimethylammonium bromide was used as
a capping agent during the reduction of AgNOs by NaBH4 or ascorbic acid to
synthesize AgNPs with nanorod shape (Guzel and Erdal, 2018). Sun et al.
(2002) studied the synthesis of silver nanowires through the reduction of
AgNO:3 in the presence of PVP as a stabilizer. They found that silver nanowires
with diameter ranged 30-40 nm could be produced by varying the reaction
parameters, including seeding conditions, reaction temperature and

concentration of PVP.
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2.2 Factors affecting the formation of silver nanoparticles

AgNPs with different physical and structural properties, including particle size
distribution, crystallinity, particle shape and chemical compositions are
fabricated by manipulating the growth of metallic colloidal particles. In order
to obtain monodispersed AgNPs with narrow size distribution, all nuclei are
required to form simultaneously at the initial nucleation stage in order to have a
similar size for subsequent growth. The two particular stages involved in the
formation of metallic nanoparticles during a chemical reduction process can be
controlled by adjusting the synthetic parameters, including the concentration of
metal precursor, reducing agent and capping agent as well as the reaction
temperature. Therefore, AgNPs with the desired physical characteristics can be
produced (Natsuki and Hashimoto, 2015). According to EI-Nour and his team
(2009), a small change in reaction parameters might lead to a dramatic
alteration in the stability, physical and structural features of the nanoparticles

synthesized.

2.2.1 Effect of initial concentration of metal precursor

The concentration of silver metal precursor will manipulate the initial
nucleation, nuclei growth, and subsequently the formation of AgNPs. During
the chemical reduction of silver metal salt, the silver ions, Ag" from the metal
precursor would be reduced by a reducing agent to form silver colloids, Ag°
(Song, et al., 2008). According to Anigol et al (2017), the particle size of the

synthesized AgNPs decreased with increasing silver ion intensity. Increment in
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the absorbance and shifting of a plasmon resonance peak in the UV-Vis
spectrum which manifests the LSPR was distinguishable with a change in
AgNPs size. The narrowed plasmon peak indicates that the AgNPs were well
dispersed in the solvent with the increase of the concentration of silver metal
salt, as shown in Figure 2.1. Meanwhile, the concentration of metal salt
solution might optically affect the colour of the fabricated AgNPs (Song, et al.,
2008). The maximum plasmon peak intensity increased with the concentration
of silver metal precursor, meanwhile, the solution turned from yellow colour to
brown colour due to the formation of a higher concentration of AgNPs. Besides
that, the addition sequence of reagents during the chemical reduction process is
crucial for the fabrication of AgNPs. The metal precursor solution should be
added dropwise and mixed homogeneously with reducing agent and capping
agent solutions in order to obtain AgNPs with high stability. However, a
reverse addition sequence of starting materials would result in an immediate

precipitation of bulk particles.
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Figure 2.1: UV-Vis absorption spectrum of the AgNPs synthesized with
different concentrations of AgNOs (Song, et al., 2008)
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2.2.2 Effect of concentration of reducing agent

The concentration of the reducing agent is another parameter that plays an
important role in controlling the physical and structural properties of AgNPs
during a chemical reduction synthetic process. This particular factor was
investigated by varying the molar ratio of the reducing agent to silver metal
precursor while the other fabrication parameters remained constant. According
to EI-Nour et al. (2019), previous studies had proved that the utilization of a
strong reducing agent like borohydride favoured the formation of
monodispersed nanoparticles with smaller size distribution. The generation of
larger colloidal was rather difficult to control. On the other hand, a weak
reducing agent like citrate would slow down the rate of reduction and thus

result in the broadening of particle size distribution.

Based on the research done by Song, et al. (2008), the percentage yield of
AgNPs increased with the increase of the concentration of a reducing agent.
The chemical reduction process was more complete as more Ag* was reduced
by the reductant to form AgNPs. The information on degree dispersion and size
distribution of AgNPs could be obtained via UV-Vis spectroscopy. According
to the results reported, AgNPs would agglomerate when only a small amount
of reducing agent was added, which was owing to the decrease of electron
density on the surface of particles. For example, a low concentration of NaBH4
which served as the reducing agent might produce boron hydroxide via
hydrolysis of sodium hydroxide and attached to the nanoparticle surface. On

the contrary, a reductant with higher concentration resulted in AgNPs with
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smaller particle size and better degree of dispersion, which UV-Vis spectrum
showed a plasmon absorption peak of higher intensity and narrower width, as
illustrated in Figure 2.2. Besides that, the absorption of boron hydroxide was
prohibited by a thick BH* layer on the surface of nanoparticles. Nonetheless,
Solomon et al. (2007) reported that an adequate concentration of reducing
agent should be adopted while an excess amount might increase the overall
ionic strength and hence, colloidal particles agglomerate and form in a larger

size.
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Figure 2.2: UV-Vis absorption spectrum of the AgNPs synthesized with
different concentrations of NaBHa (Song, et al., 2008).

2.2.3 Effect of concentration of capping agent

The capping agent or stabilizer functions as a protective group to prevent the
nanoparticles from aggregation and agglomeration by controlling the growth of
nuclei through either steric or electrostatic stabilizations. The concentration of
the capping agent affects the physical and structural features of metallic
nanoparticles dramatically. A small amount of capping agent used might lead
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to aggregation and result in the formation of larger AgNPs due to the
incomplete covering of colloidal particles by the stabilizer (Natsuki and
Hashimoto, 2015). On the other hand, the nanoparticles with smaller particle
size and a remarkable degree of dispersion could be fabricated using a higher
concentration of stabilizer, which had been manifested by the narrow width and
high intensity of plasmon absorption peak as shown in the UV-Vis spectra in
Figure 2.3 (Song, et al., 2008). According to Farrell (2013) and Natsuki et al.
(2013), the weight ratio of the capping agent (i.e. DDT and PVP) should be
optimized during the synthesis of AgNPs via chemical reduction of AgQNO3z by
NaBHj4 to ensure complete attachment of the stabilizer molecules to the surface
of nanoparticles. The adsorbed stabilizer layer keeps the silver colloids apart
and prevents them from aggregation. However, an excess amount of stabilizer
did not increase the charges or provide a better surface coverage of the silver
particles. Instead of further reducing the particle size, bigger size colloidal

particles were formed.
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Figure 2.3: UV-Vis absorption peak of AgNPs synthesized with different
concentrations of SDS (Song, et al., 2008)
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2.2.4 Effect of reaction temperature

Temperature is one of the essential factors in the synthesis of AgNPs because it
controls the kinetic reaction of the reduction process. The higher the reaction
temperature, the higher the rate of reduction. Natsuki and Hashimoto (2015)
performed a chemical reduction process at 50 °C to fabricate AgNPs from
AgNO3 by using NaBH4 as the reducing agent and PVP as the capping agent.
The colourless reaction mixture was instantly turned into brown and
subsequently black colour. The optical and topology results obtained showed
that the rate of reaction increased significantly at higher temperature and
resulted in the formation of particles with larger size and irregular shape which
were appeared to be linked to each other. In addition, Jiang, et al. (2010) also
supported and proved the hypothesis that particle size increased with
temperature. The size of triangular-shaped AgNPs was increased from 90 nm
to 180 nm when the reaction temperature was increased from 17 °C to 32°C. A
similar trend was also observed for spherical nanoparticles, as the size of the
AgNPs grew from 25 nm to 48 nm. At high temperature, the particles gain
more energy and move faster. Thus, more effective collisions occur between
the colloidal particles and the nucleation and subsequent growth processes are

accelerated. As a result, the AgNPs synthesized grow larger in size.
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2.3  Synthesis of polyacrylates nanoparticles

The derivative copolymers of MMA are commonly described as polyacrylates
which can be synthesized through a copolymerization process. In homogeneous
copolymerization, the copolymer product is soluble in a continuous phase. On
the other hand, heterogeneous or dispersed-phase copolymerization describes a
polymerization system in which at least one of the components is insoluble in
the reaction medium. Such system was further developed into a few approaches,
namely emulsion, suspension, precipitation and dispersion copolymerization,
which provide better temperature and viscosity manipulation. The selection of
the copolymerization techniques depends on viscosity considerations and

process restrictions (Scott and Penlidis, 2017).

According to Scott and Penlidis (2017), the emulsion polymerization technique
is notoriously susceptible to changes in the reaction solution, specifically
reaction temperature and pressure, solution pH, ionic strength and type of
solvent used. The polymeric nanostructures with a particle size range of 20 nm
to 1 um can be prepared through an emulsion polymerization process (Caruso,
2004). The size distribution of the spherical polymer particles can be altered
and adjusted via seeded nucleation and the growth of colloidal seeds in the
beginning stage of the polymerization process. The utilization of seed particles
enables manipulation of the characteristics of polymeric dispersions by varying
both the number and size of seed particles and the amount of comonomers
added. Semi-bath or feed processes offer the benefits of preparing polymer
dispersions with controllable particles morphology, size distribution, and

polymer composition. The characteristics of polyacrylate particles synthesized
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through emulsion polymerization depend on the polymerization recipe which

includes comonomers ratio, type and concentration of emulsifier.

In emulsion polymerization, surfactant played an important role in the
nucleation of polymer colloidal particles, the emulsification of monomer
droplets and the stabilization of latex particles (Tang, et al., 2003). Ming and
his teammates (1998) synthesized PMMA nanoparticles with a diameter range
between 33-46 nm using dodecyltrimethylammonium bromide as the
emulsifier and potassium persulfate (KPS) as the initiator through the emulsion
polymerization approach. The polymerization system was carried out at 60 °C
with magnetic stirring. Besides that, they had also synthesized PMMA
nanoparticles via modified microemulsion polymerization by mixing a small
portion of monomer, surfactant (sodium dodecyl sulfate, SDS) and initiator in
the reactor at the initial stage with a stirring speed of 600 rpm. Subsequently,
the remaining ingredients were added dropwise. The addition of monomer in
several portions could reduce the polymer particle size. Based on their research,
PMMA with particle size greater than 13 nm was produced using a monomer

to emulsifier ratio of 10:1 or higher.

Lee et al. (2017) also revealed that the copolymers particle size decreases with
increasing concentration of surfactant. In their work, P(MMA-co-AA)
nanospheres were fabricated through emulsion polymerization with 95 wt% of
MMA and 5 wt% of AA, using SDS as the emulsifier and KPS as the initiator.
The semi-batch process was performed at 75 °C with a stirring speed of 600

rpm. The diameter of the polymeric nanospheres was decreased from 156 to 97
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nm with an increasing concentration of surfactant from 0.53-2.10 x 10~ mol
cm3. A sufficient amount of emulsifier enables the generation of particle
precursor with homogeneous surface coverage on newly formed colloidal
particles (He, et al., 2003). Nonetheless, the concentration of the emulsifier
would only induce a small effect on particle size when it is beyond a certain
amount. Besides that, the comonomer ratio would also affect the emulsion
system and the structural properties of the copolymeric particles. The particle
size of a spherical shaped P(MMA-co-AA)/n-eicosane was increased from
11.73 to 22.53 pm by increasing the ratio of AA to MMA from 1:100 to 1:10
(Alkan, et al., 2014). Smaller polymeric particles were obtained when the ratio
of water to monomer was relatively high due to lesser collision frequency

between particles.

2.4  Preparation of metallic-polymer nanocomposites

Metallic-encapsulated functional polymer nanocomposites have attracted much
attention and were vastly exploited in different applications owing to their
distinctive and unique characteristics, including effective life cycle costs,
unrivalled performance, design flexibility and enhanced features compared to
constituent fragments (Awad, et al., 2019). Nanoencapsulation technique is
categorized into two major classes, a core that is (a) surrounded by a polymer
matrix shell and (b) embedded within a polymeric continuous network.
Metallic nanoparticles are most commonly entrapped in functional polymeric
nanostructures via heterogeneous emulsion polymerization. The advantages of

such system include high purity and uniformity of nanocapsules, dispersible,

44



small particle size with narrow distribution, readily scalable and accentuated
chemical homogeneity (Sarabia and Maspoch, 2015). On the other hand, the
approach of producing metallic-polymer nanocomposites directly from the
preformed polymer is dependent on the specific interactions between the
metallic colloids and the polymer materials. For instance, hydrophobic,
electrostatic and secondary molecular interactions or self-assembly
mechanisms that drive to envelop nanostructures onto a certain seed particle
(Kong, 2016). According to Asapu, et al. (2016), the polymeric matrix was an
effective barrier and prominent protective shell for stabilizing and preventing
the metallic cores from aggregation and oxidation during the polymerization
process without compromising the plasmonic features. The plasmonic near
field improvement effect of encapsulated nanostructures was retained and
preserved under high ionic strength and extreme oxidizing conditions. In
addition, it was found that a slight alteration in the thickness of the polymeric
capsules would significantly revise the plasmonic properties of the embedded

metallic particles.

Scarabelli and his teammates (2019) had encapsulated noble metallic
nanoparticles (gold and silver with a particle size of 19 + 2 nm and 42 £ 9 nm,
respectively) in di-block copolymers via seeded emulsion polymerization. Both
of the noble metallic nanostructures remained unchanged after 24 h of
immersion in a 10% aqua regia solution. In addition, AgNPs synthesized via
green synthesis with an average diameter of 83 nm were successfully
implanted into PMMA by adding the dispersed nanoparticles into the polymer

solution which was dissolved in DMF (Awad, et al., 2019). The encapsulated
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polymer nanocomposites displayed enhanced optical properties and thermal
stabilities. It was found that the characteristics of the core-shell composites
were dependent on the type of nanostructures incorporated, and their
geometrical properties, concentration and interaction with the polymer material.
In this case, PMMA contributed a two-fold benefit, namely accessibility of
carboxylate functional group for chemical bonding with metal colloids and
high solubility in polar aprotic solvents for the reduction of the silver metal
precursor. In addition, various concentrations of commercially available silver
and gold nanoparticles, with the size range of 3-7 nm, have been successfully
encapsulated inside polyacrylate copolymer nanospheres which had an average
particle size of 100 nm (Lee, et al., 2017; 2018). The noble metallic
nanostructures were mixed with the comonomers before the initiation of
polymerization. The metallic-encapsulated polymer nanospheres obtained were

used to elevate the light harvesting efficiency of photovoltaic cells.

2.5  Silane coupling agent

A coupling technique is used to enhance adhesion strength and bond durability
with promising resistance toward ageing, environmental and weathering effects.
For instance, SCA is used to improve the adhesion of polymeric material on an
inorganic substrate to withstand deterioration due to the attack of water on the
Si element (Ooij, et al., 2005). SCA can be handled easily when all the
conditions are controlled properly. It is responsible for dominant chemical
modification of the interface of a composite system by forming durable

covalent bonds. Besides, the formation of interpenetrating polymer networks at

46



the interface region further reinforces the mechanical strength and chemical
coupling between dissimilar materials. According to Pape and Plueddemann
(1991), SCA can be applied in two ways: (i) to be assembled on an inorganic
substrate by dissolving it in an organic solvent or water; and (ii) to be

incorporated into a polymer via a polymerization process.

The effectiveness of a coupling agent system can be examined through the
measurement of the flexural strength of composites and also the adhesion
durability of coatings on a substrate surface. The results obtained showed that
SCA does increase the flexural strength of composites to give better retention
force during thermal ageing; while coatings with SCA possessed stronger
interfacial bonding associated with remarkable resistance toward moisture
degradation. Throughout the years of research on the adhesion between
polymer and Si substrate, various types of coupling agents with different
functional groups have been developed for a variety of applications (Kalita and
Netravali, 2015). An effective SCA with an appropriate organofunctional
group should be selected for its compatibility and matching of reactivity with

the polymer for certain implementations, as shown in Table 2.1.

According to Barry (2018), the reactivity of SCAs with hydroxylated surfaces
increases in the series: Si-OCH2CH3 < Si-OCH3z < Si-O.CCH3 < Si-NH-Si <
Si-Cl < Si-NR2. As a matter of fact, the concentration of hydroxyl groups on
the surface also affects the deposition of silane materials on inorganic
substrates significantly (Kaynak, et al., 2017). An investigation of relevant

bond energy revealed that the coupling reaction under aprotic and dry
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conditions is driven by the generation of the Si-O-surface bond. The reactivity
of silane materials toward a substrate surface is also affected by certain
secondary factors, such as volatility of byproducts, steric strain attributed by
bulky group on Si atom, the capability of the byproducts in catalyzing further

reactions and the formation of hydrogen bonds with hydroxyls on the surface.

Table 2.1: Commercially available coupling agent (Kalita and Netravali, 2015)

Functional group Chemical formula Applicable polymers
Vinyl CH>=CHSIi(OC2Hs)3 Unsaturated polymer
Chloropropyl CI(CH2)3Si(OCHz3)3 Epoxy, epoxide
Epoxy (C3Hs50)O(CH2)Si(OCHa)3 Elastomers, epoxy
Methacryl (CsHs)COO(CH2)3Si(OCH3)s  Unsaturated polymer
Amine H2N(CH2)3Si(OC2H2)3 Phenolic, nylon
Phenyl CeHsSi(OCHa)3 Polystyrene
Mercapto HS(CH2)3Si(OCHs3)2 Almost all resin
Phosphate CeH100gTi2HsN Polyolefin, polyester

According to Pape and Plueddemann (1991), aliphatic organofunctional silanes
are the most suitable coupling agents applied for resins of epoxy, glass-
reinforced polyester and phenolic polymer due to the heat stability feature of
the aliphatic organic group. The result obtained elucidated that aliphatic silane
materials including methyl-, vinyl-, phenyl- and chloropropyl-silanes provide
superior adhesion bonds between polyurethane and glass substrate compared to
amino silanes. On the other hand, SCA with alkoxy hydrolysable groups are

the most widely utilized for surface modification because the alkoxysilanes can
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be handled easily and the alcohol byproducts are volatile, safe, low in toxicity
and environmentally friendly (Barry, 2018). Methoxy silane is more reactive
than ethoxy silane as it is able to undergo coupling with a substrate surface
under aprotic and dry conditions. Nonetheless, a suitable catalyst is essential

for the less reactive ethoxy silanes when they are applied as coupling agents.

Most of the developed surface treatments using organofunctional silanes as
coupling agents are conducted in the presence of water (hydroxyl groups) as
part of the reaction medium, either by direct addition or by atmospheric
adsorption of moisture or water on the substrate. Various types of
commercially available organofunctional silanes have been modified and
evaluated by Pape and Plueddemann (1991) for the enhancement of bonding
and coupling in the interphase region. These approaches apply modifiers to
increase the hydrophobic feature, thermal stability, ionomer bond formation, as
well as crosslinking of siloxane structure, and thus reduce the shear
degradation of SCA. SCAs can form a self-assembled monolayer on a substrate
surface through solution or vapour phase deposition techniques (Lee, et al.,
2021). A self-assembled monolayer is defined as a single molecule thick array
of matter that is formed on the surface in an ordered manner as a result of
physical forces and chemical bonding (Barry, 2018). Nonetheless, the silane
film thickness exhibits a linear correlation with the concentration of a silane
solution. Ooij, et al. (2005) had found that a multilayer silane film would be
formed when a higher concentration of SCA was used. According to the results
obtained, the silane film thickness increased from 50 to 250 nm when the

concentration of the silane mixture was increased from 2% to 5% by weight.
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However, a higher concentration of silane reduces the maximum silanol
formation due to the increase in self-condensation reactions. In general, an
SCA with a 10% concentration gave the optimal reaction conditions for an
outstanding performance, which can significantly improve the bond durability

and adhesion strength between two dissimilar materials.
2.5.1 Silane coupling agent in the polymeric matrix

The coupling mechanism between organofunctional silane and the organic
polymer is complex. The formation of a covalent bond is attributed by either
the reaction with the finished polymer or copolymerization with the monomers
(Barry, 2018). The bonding of thermoplastic resin is attained via both ways as
aforementioned, but principally the former. With thermoplastic polymers, only
the siloxane array will crosslink. According to Barry (2018), unsaturated
polyester, polyacrylates and polymethacrylates could be modified through
copolymerization with SC