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ABSTRACT

IMPROVEMENT OF POWER CONVERSION EFFICIENCY OF
SILICON SOLAR CELL COATED WITH METAL LIC -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 trasmission. 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 angfflective coating on the glass surface of solar
modules was demonstrated. The poly(methyl methacrglaserylic acidco-
trimethoxyvinylsilane), P(MMAco-AA-co-TMVS) nanospheres with an
average particle size of 97 nm were prepared through an emulsion
polymerizaton process. Coating a functional array of polyacrylic nanospheres
with 7 wt% of TMVS via the immersion sedissembly coating method resulted

in the highest relative power conversion efficiency (PCE) enhancement of
about 42%. Such an angflective arrayof polyacrylic nanospheres was able

to endure prolonged natural weathering exposure and remained reasonably
high in relative PCE enhancement of 21420% 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(MMAAA-co-TMVS)
nanospheres containing 7 wt% of TMVS and 12.5 ppm of silver nanoparticles
(AgNPs) with 1030 nm in size. The encapsulated AgNPs were synthesized
through a chemical reduction process with dgtsenine (S value of 2.78) as

the capping agent at . 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
becane more resistant to natural weathering processes. After 188 days of
outdoor exposure, the highest relative PCE enhancement of 24.0% was retained
for the precoated solar modules treated with 1.0 v/iV% of
nonafluorohexyltrimethoxysilane compared to the iahitrelative 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 omn external nanoscale dimension with the size range of 1 to 100 nm
that are composed of unbounded, agglomerated agutegated 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 nanoscale)
are apendent upon their particle size and the details of the mé@tersani

and Shah, 2013)he properties of nanostructures will alter significantly when
the particle size of materials approaches the nanoscale which is smaller than
the phaseoherent lengtlor 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 nanostructureshich 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, 201Qying 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, U 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 eleabpiical properties, namely
localized surface plasmon resonance (LSPR) effect with its extraordinary size
dependent properties. LSHRquency 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 uniqgue and significant features, namely largeaserfenergy, 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 includepper, 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
extraordinay 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 selpratective group.

Among the noble metallic nanopiates, 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 tuteediverse 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 ohanomaterials highly depend on their size and shape
(Mody, et al., 2010). Two general techniques to prepare metallic nanoparticles
are topdown approach (microfabrication procesaihd bottoraup approach

(sel-assembly proces¢lPatra 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
overgrowth during the wethemical synthesis process. The formation of the
bulk particle is thermoghamically 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
is a prerequisite in stabilizing the miéta 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 ddniegcolloid
growth process. Without a capping agent, the formation of metal oxide as a
continuous phaseis favoured instead of discrete nanoparticles (Phan and
Nguyen, 2017). A capping agent is functioning through several mechanisms
which include van der \aals 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-polar hydrocarbortail
(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 surrouting 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 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 dopted. 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

Surfaceplasmon 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 electromagneticdia@ion 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 exdtatt the
interface of dielectric metal. Consequently, the electromagnetic field in the
immediate vicinity of the interface is magnificently improved (Maradudin,
2014). There are two welinown surface plasmons observed in the excited
metallic nanoparti@s 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 happew$ien the light wave trapped inside the conductive
nanoparticles is smaller than the light wavelength, however, the natural
frequency o f i ncident |l i ght mat ches
frequency (Chou and Chen, 2014). The particular interactisults 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 patrticles, particle sipe, sha



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 ecteomagnetic 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 Coulonnacttin
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
paralleld r ecti on axis to the electric fiel
oscillation behaviour on the surface of the particles. This causes incident light
to scatter at a certain wavelength, which is known as the metal nanopatrticles'
dipole plasmonic res@nce wavelength. The maximum amplitude at a specific
oscillation frequency facilitates the LSPR effect (EInoby, et al., 2018). As a
result, improving the localized field as well as absorbing and scattering more
light radiation. The process is known as ESPecause 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
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metallic nanoparticlesMost 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 elzomagnetic waves and the propagation of plasmon
in x- and ydirections 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 gufg 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 metaldielectric interface or moving in a lateral direction inside the
interface, which may thehe 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 glweity 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 mechdnif@iexibility
(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
synthesiof polymeric nanopatrticles, which comprise emulsion polymerization,

coacervation anth 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 aridgd together by a covalent bond to form

a repeating linked chain and large molecule network (Yamak, 2013). In this
study, poly(methyl methacrylatso-acrylic acid) copolymer has been prepared
by employing two different monomers, namely methyl methaay(sMMA)

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(CH;)COOCH;

Acrylic Acid CH,=CHCOOH %)_L
OH

MMA is an unsaturated ester with a methyl gro«pH3) attaches to the carbon
atom of the vinyl group (CHHCH-). 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 weatheresistance and lightweight features that resulted in its
exploitation in the manufaatung 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
antireflective coating (ARC) on the surface ophotovoltaic device in order

to maximize light transmission by minimizing the reflection of liftee, 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 applicatiordiffarent

fields, such as ingredients for making wadbsorbent 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 stabity 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 ampetymolecular

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 -@il-water emulsifier, where the
hydrophobic monomers are dispedsin water as the continuous phase. In
general, a typical emulsion polymerization involves monomers with a vinyl
group (Ethoshoudy, 2018). The emulsion polymerization is initiated by a free
radical initiator which is either watesoluble or oHsoluble.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
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exceeds the critical micelle concentration (CMC), micelles are formed. The
emulsfier can be a protective colloid, an ionic or a fionic 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 stepsdingl

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 withreother radical in the syste(famak, 2013)

Free radical propagation begins with the entering of a veaieble initiator
into a micelle. In this workpotassium persulfate is employad a thermal

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

S0s? Y SQurt+ SQ vt (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 wght. 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).
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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 materiaancentrapment 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 establishedaliticate 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 metalticapsulated
polymer nanocomposites (from left to right): singtere capsule, dispersed
core in a polymer gel, multayer capsule, dualore capsule and singt®re

multi-shell capsule (Sarabia and Maspoch, 2015)

Metallic-nanoencapsulated functional polymer is a nanostreicia 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 ofgal 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 angher 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 spheri@l 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 casslight 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 scattgritheories 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 (lehal., 2014). Rayleigh and

Mie scatterings are illustrated in Figurd.1.

13



Rayleigh Scattering Mie Scattering
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Figure 14: Schematic diagram of Rayleigh and Mie scatterings (Lin, et al.,
2014)

Rayleigh scattering is predominant when the diameter of a dielectric spherical
particle is nuch smaller than the wavelength of the light radiation,
approximately less than oitenth of the wavelength. In Rayleigh scattering,
the light radiation is scattered omnidirectionally with the same magnitude in
the intensity of both forward and reversetssang (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 itesed 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 atmospb@articulates which is not strongly

wavelength dependent.
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1.6  Silane coupling agent

Silane coupling agent (SCA) is a-foinctional 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-horctional silanes. Functional
silane is employed for biookecule immobilization, polymer compounds and
adhesive technologies; while néumctional 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 materiBisrry, 2018) In

other words, it acts as the interphase region and plays the role of bonding and
bridging agent to enhance thdhesion 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 surfgm®perties. 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 twwtters 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 boneddaamed 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 whdrte 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 (®-Si) are hydrolyzed to form silanol groai§St

OH) by reacting with water. The silanol groups on adjacent silane are then
condensed with a surface hydroxyl grouPHKl) on the inorganic substrates to
form the chemically stable covalent bonds, namely siloxane bond3-&9i

with the elimination ofwater 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 o silanation process is
illustrated in Figure B. 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 ofphotovoltaic cells. This was done by incorporating it into the

copolymer nanospheres through the emulsion polymerization process. Figure
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1.6 shows the structural formula of TMVS. In addition to that, SCAs can be
used to enhance the adhesion of nanostrestan 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
Sli—OCHg
OCHg3;

Figure 1.6: The structural formula of TMVS
1.6.1 Dipodal silane coupling agent

Dipodal functional silane is a b@rganosilane 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 sitecov
bonds to couple with the surface of a substrate. Contrary to-foactonal

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 alvantage 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. Figure7ishows 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 argamic 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 constantdi$sociatiorof siloxaneto silanol, dipoda
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 prolongeproduct 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 patrticularly, they are able to alter the interaction between

water and the boundary layerf t he substrateds surfac.
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, duas 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 stabilization of a high
density moimol ayer alcy i ons between adjac
2010). The hydrophobic effect of the npalar substitution has strong

correlation to the free energy transfer of hydrocarbon molecules the

agleousphase to théydrocarbon phase.

Fluoroalkylsilane (FAS) is a weknown nonfunctional organosilane with
low-surface energy whereby a hydrophobic fluoro group is present at the tail
end of the molecule. The FAS can satsemble into a thin monolayi@m 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 swa€e is a superior antvetting state of surface that
accomplishes witlawater contact angl&CA) of more than 150and leads to

the beading of water into spherical droplets with-afflangles of less than 10
Thus, it results in the decrement of thater contact area and induces a
reduction of adhesioA 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 apalam
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 resicl 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 shoaldnliigated through the

silanation process by employing an SCA.

1.7  Chemical bath depositioni sel-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 thgbstrate 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 selassembly coating mechanism, that is driven by varioug$or

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 dé&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 1), pH value, solution composition, the
concentration of precursor solution, withdraw speed and immersion time

(Guire, et al., 2013).

Substrate
Coating
Chemical ﬂ
bath ¥
»
* e
L] °

Figure 1.8: Schematic representation of the CBD technique

A variety of techniques have been proposed to deposit a thin film for solar
energyrelated applications Among the developed approaches, the CBD
technique which is acosteffective simple process with low energy
consumption, is conceptually suited for geating 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 ngnvalent interactions with lirdes in order to

form a durable bond between the nanostructures and the substrate surface. The

linkers that are utilized for necovalent seHassembly include organic
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polymers and proteins; while for covalent satsembly, dithiols and

organosilanes aresad (Rehacek and Hotovy, 2017).

Seltassembly 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-asemblyprocess,

the building blocks will organize into an ordered structure, either through direct
specific interactions like intgparticle forces or indirectly via an external field

or by utilizing a template (Grzelczak, et al., 2010). The particles in self
asembled 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-asslémbly coating
method is crucial in photovoltaielectro and optical nanotechnologies as it is a
simple and coseffective approach to fabricate angiflective 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-salar energy like photons from
incandescent bulbsand 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 daféntly large quantities as it is
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the second most abundant el ement found

material with a bandgap energy of 1.12 eV which corresponds to the
wavelength within infrared radiation. Thus, it is well suited for photaevolt
applications. In fact, Si solar cell is the most efficient photovoltaic device in
terms of singlecell (Ranabhat, et al., 2016jigure 1.9shows the schematic

representation of &i solar cell.

Glass

Metal contacts

/ Anti-reflective coating

N-doped silicon
P-n junction
P-doped silicon

Metal backing
Figure 1.9: Schematic representation oSasolar cell (RGS, 2015)

In generalthe working principle of the photovoltaic cell relies on three basic
attributes: thephotogenerationof charge carriers efectronhole pair3 by
absorbing the light radiation, the separation of charge carriers at-the p
junctionto conductive contactind the separate extraction of charge carriers to
an external circuit (Bagher, et al.,, 2013)uring the illumination and
absorption of sunlighby the solar cell in the form of photons, holes and free
electrons are generated at thgupction and the {unction, respectively. The
current is transmitted to operate electrical devices when the DC electrical

devices are connected to tha punctionsof photovoltaic cells.
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1.81 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 aiise, 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 ad 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 engaget of photons and phonons
simultaneously. Therefore, the Si layers are thicker (with a minimum thickness
of 100 um) in order to absorb the light radiation with a longer wavelength in
the solar spectrum (Vozel and Arcon, 2011). Crystalline Si solar asdls
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 siagtgstal Si in which the
entire crystal latte 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. Botlthef crystalline Si solar
cells have high power conversion efficiency (PCE) within the range-@2%

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 sohr cell occupies about 30% of the photovoltaic market.

Amorphous silicon :Si) solar cell is also known as thiitm Si solar cell,
which is manufactured from a thin layer of ronystalline Si (about 1 um) that
can perform efficiently in absorbing tHeght energy at high temperatures.
However, twice of the rooftop space is required fotds®i solar cell in order

to attain a similar output power as a crystalline Si solar cell (Simya, et al.,
2018). The only structural difference betwesmorphous and crystalline Si
solar cells is that the former has a single layer sequencei-of jpnction,
which has a region of intrinsic semiconductor between tteped and the-p
doped layers. The triple layers systemUsBi solar cell is purposely digned

and optimized for maximizing the light radiation absorption from the full solar
spectrum. The main advantage of the {fiim solar cell is its coseffective
manufacturing process because lesser semiconductor materials are required.
Nonetheless, #1U-Si solar cell has low power conversion efficiency (PCE),
only about 6%, and it suffers significant degradation in conversion
performance due to the StaebWronski Effect (Bagher, et al., 2015). Thin
film Si solar cell is commonly adopted in applicats such as pocket
calculators, remote facilities and buildingggure 1.D depicts thethree 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 (Baghet 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 litggtels. Among

the three types of solar cells, hybrid Si solar cells demonstrate the best

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

A solar simulator is used to characterize the electnformance 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),(open circuit voltageMoc),

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 denstiage (-V) curve

(Solanki, 2015
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Shortcircuit current density (unit: mA c¢”) 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 photovattaiell when its terminals are connected in
parallel with the voltmeterSolanki, 2015Goh, 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 losséle 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 attainedhigom
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 oll,
coal and natufggas 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 aepldting 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 areenewable
energy resources (Samsudina, et al, 2016). Therefore, solar energy haslattracte
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 haresting 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 (Baget 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 gaséSimya, 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 eartinamardous,
environmental friendly, notoxicity 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 (0f-SB.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 thinfilm Si solar cells in order to reduce the processing cost.
Neverthegss, this will suppress the absorption of photons into the photoactive

site of the thirfilm 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 transmissia. 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 modificatighe 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 anteflective 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 ineHhight 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 apensive

manufacturing process (Solanki, 2015).

To overcome the drawbacks of the light harvesting mechanimsybie metallic
nanoparticles were encapsulated inside polymeric nanospheres in this study
because of their capability in scattering the inconliglgt 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 additioar; adhesion promoter (SCA)

was applied in order to enhance the adhesion strength between the

nanostuctures 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 praitex 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 costeffective coating process has been designed, devkepmkevaluated in

the research work.

In this work, we demonstrate a novel technique of depositing the
nanostructures array, including metallic nanoparticles, polymeric nanospheres
and metallienanoencapsulated functional polymer nanospheres, ogldkse
surface of anU-Si solar module, which serves as light trapping and- anti
reflective layers to enhance its light trapping efficierftge, et al. 2021)
Silver nanoparticles (AgNPwwill 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. Ondter hand, poly(methyl
methacrylateco-acrylic acid) [P(MMAco-AA)] nanospheres were synthesized

via a simple and cosffective process, namely emulsion polymerization, with
the incorporation of TMV&s 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 dépdsin the glass surface OfSi

solar cells via a selissembly 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 functiochal a
nonfunctional organosilanes with different ratios were utilized to chemically
modify the coating of the nanostructure array on the glass surface8an
solar module. This is to create a hydrophobic film to protect the nanostructure
array. Lastly, lhe light trapping efficiency of treated solar cells was determined

using a solar simulator.
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1.10 Objectives

Theaim of this project is to investigate the improvement of PCE-8i solar
module coated withmetallic-polymer nanocompositesTo achieve the main

research goal, the objectives of this study are including:

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

TMVS) nanospheres.

2. To characterize the fabricated nanostructures using-VigVv
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 ofmetallic-polymer nanocompositeshich 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 chemicalhysical and biological routes (Alagad and Saleh,
2016). In general, the chemical route is used to prepare pure andefedd
metallic nanoparticles from chemical reactants with colloidal dispersion in
organic solvent through a chemical reaction. Ondter 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 AQNPs (Natsuki and Hashimoto, 2015).

The chemical route is further subdivided irtdew 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 bottomup approach whereby the metal ions in solvent
are reduced in optimized conditions and resulted in the formation of small
metallic clusters (ENour, et al., 2010). Four main components were employed
in a chemical reduction process, which comprisé¢amprecursor, reducing
agent, stabilizer and solvent. The formation of AQNPs 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 AQNPs 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 (NaBbcorbic acid,
sodium drate, polyethylene glycol, Tollens reagent and formaldehyde. The
reducing agent plays an important role in reducing the silver ions réi

silver metal salt into silver particles, A 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 coagul ati on t hroug
surface El-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 beersed 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 (AghO
NaBH; 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 weh had successfully fabricated AgNPs with the
size range of 3@0 nm through the reduction process (Song, et al., 2008). In
addition, some of the chemical reagents can perform as both reducing agent
andcapping agensimultaneously. For example, polyoxomlete was utilized

to reduce silver metal salt while at the same time stabilizing the silver colloidal
particles. Consequently, AQNPs with spherical shape and a particle size of 15.3

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

Other than the spherical shapepic shaped AgNPs could also be fabricated
through the reduction of AgNfusing NaBH as a reducing agent and PVP as

a capping agent at specific reaction conditions (Natsuki and Hashimoto, 2015).
Moreover, a surfactant namedetyltrimethylammonium brorde was used as

a capping agent during the reduction of AgN¥y NaBH; 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:s in the presere of PVP as a stabilizer. They found that silver nanowires
with diameter ranged 300 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 formationof silver nanoparticles

AgNPswith 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 AijPs 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 ird/atvehe
formation of metallic nanoparticles duringlemical 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, AQNPs with the desired physical charéiceedan be
produced (Natsuki and Hashimoto, 2015). According td&lr 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, theesilions, Ag from the metal
precursor would be reduced by a reducing agent to form silver colloids, Ag
(Song, et aJ.2008). According to Anigol et al (2017), the patrticle size of the

synthesized AgNPdecreased with increasing silver ion intensity. Increment in
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the absorbance and shifting of a plasmon resonance peak in théasUV
spectrum which manifests the LSPR was distinguishable with a change in
AgNPs size. The narrowed plasmon peak indicatesttieaAgNPs 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 sequee of reagents during the chemical reduction process is
crucial for the fabrication of AQNPs. The metal precursor solution should be
added dropwise and mixed homogeneously with reducing agent and capping
agent solutions in order to obtain AgNPs with higfability. 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 AgNJSong, 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 ofar ratio of the reducing agent to silver metal
precursor while the other fabrication parameters remained constant. According
to EFNour et al. (2019), previous studies had proved that the utilization of a
strong reducing agent like borohydride favouretle tformation 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 he broadening of particle size distribution.

Based on the research done by Song, et al. (2008), the percentage vyield of
AgNPs increased with the increase of the concentration of a reducing agent.
The chemical reduction process was more complete asAgore/as reduced

by the reductant to form AgNPs. The information on degree dispersion and size
distribution of AgNPs could be obtained via BXs spectroscopy. According

to the results reported, AgNPs would agglomerate when only a small amount
of reducingagent was added, which was owing to the decrease of electron
density on the surface of particles. For example, a low concentration ofsNaBH
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 bettergdee of dispersion, which UVis 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 BA layer on the surface of nanopelgs. 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 NaBHSong, 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 agénaffects 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 th&lslizer (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 ofplasmon absorption peak as showrthe 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 syhesis of AgNPs via chemical reduction of AghIGy

NaBH; to ensure complete attachment of the stabilizer molecules to the surface
of nanoparticlesThe adsorbed stabilizer layer keeps the silver colloids apart
and prevents them from aggregation. Howevarggcess 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 AQNPs because it
controls the kinetic reaction of the rtedion process. The higher the reaction
temperature, the higher the rate of reduction. Natsuki and Hashimoto (2015)
performed a chemical reduction process at’°60to fabricate AgNPs from
AgNOs by using NaBH as the reducing agent and PVP as the cappiagtag

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 p&cles 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 hypothedisat particle size increased with
temperature. The size of triangukdraped AgNPs wasi¢reased from 90 nm

to 180 nm when the reaction temperature was increased fr6@ thb732°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 ahthe 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, heterogenearslisperseghase 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 déspe 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 Rédis (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 witlardigle 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 seduks in t
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. Serdbath orfeed 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 tloéymerization 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 thetabilization of latex particles (Tang, et al., 2003). Ming and
his teammates (1998) synthesized PMMA nanoparticles with a diameter range
between 3316 nm using dodecyltrimethylammonium bromide as the
emulsifier and potassium persulfate (KPS) as the iaitiarough the emulsion
polymerization approach. The polymerization system was carried out°at 60
with magnetic stirring. Besides that, they had also synthesized PMMA
nanoparticles via modified microemulsion polymerization by mixing a small
portion of maomer, 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 thdypoer 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 congdration of surfactant. In their work, P(MM£o-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 semibatch process was performed at°@bwith a sirring 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-@.38 x 1¢° 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 conomer ratio would also affect the emulsion
system and the structural properties of the copolymeric particles. The particle
size of a spherical shaped P(MMA&-AA)/n-eicosane was increased from
11.73 to 22.53 pm by increasing the ratio of AA to MMA fromld0 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-encapstdted 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 flexibilignd 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,
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small particle size with arrow distribution, readily scalable and accentuated
chemical homogeneity (Sarabia and Maspoch, 2015). On the other hand, the
approach of producing metalmolymer nanocomposites directly from the
preformed polymer is dependent on the specific interastiostween the
metallic colloids and the polymer materials. For instance, hydrophobic,
electrostatic and secondary molecular interactions or -assémbly
mechanisms that drive to envelop nanostructures onto a certain seed particle
(Kong, 2016). Accordingat 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 fezgu 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
capsilles 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)n 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 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 «rell 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 twold 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 commerciaiyiable silver

and gold nanopatrticles, with the size range -@f 13m, 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 gre mixed with the comonomers before the initiation of
polymerization. The metalliencapsulated 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 wittestd 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 byming durable

covalent bonds. Besides, the formation of interpenetrating polymer networks at
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the interface region further reinforces the mechanical strength and chemical
coupling between dissimilar materials. According to Pape and Plueddemann
(1991), SCAcan be applied in two ways: (i) to be assembled on an inorganic
substrate by dissolving it in an organic solvent or water; and (i) to be

incorporated into a polymer via a polymerization process.

The effectiveness of a coupling agent system can be egdntimough 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 thiexural strength of composites to give better retention
force dummg 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 typescoipling 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 reactwity

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:-OCH,CHz < SFOCHz < SiFO.CCHs < SiNH-SI <

Si-Cl < SENR2. As a matter of facthe 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 dan
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conditions is driven by the generation of theCssurface bond. The reactivity

of silane materials toward a substrate surface is also affected by certain
secondary factorsuch asvolatility of byproducts, steric strain attributed by
bulky group onSi 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 CHo=CHSIi(OGHs)3 Unsaturated polymer
Chloropropyl CI(CH2)3Si(OCH)3 Epoxy, epoxide
Epoxy (CsHs50)O(CH)SI(OCHy)s3 Elastomers, epoxy

Methacryl (CsHs)COO(CH)3SI(OCHs)z  Unsaturated polymer

Amine H2oN(CH.)3Si(OGH2)3 Phenolic, nylon

Phenyl CeHsSi(OCHy)s3 Polystyrene
Mercapto HS(CH)3Si(OCHg): Almost all resin
Phosphate CeH100gTi2HsN Polyolefin, polyester

According to Pape and Plueddemdhf91), 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 eluciditadaliphatic silane
materials including methyl vinyl-, pheny} and chloropropykilanes provide
superior adhesion bonds between polyurethane and glass substrate compared to
amino silanes. On the other hand, SCA with alkoxy hydrolysable groups are

the nost 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 i$ 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 treatmeunssng 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
commecially 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, thermabsgity, ionomer bond formation, as

well as crosslinking of siloxane structure, and thus reduce the shear
degradation of SCA. SCAs can form a ssd6embled monolayer on a substrate
surface through solution or vapour phase deposition techniques (Lee, et al
2021). A sellassembled 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 exhibitsa linear correlation with the concentration of a silane
solution. Oqij, 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 increasfrom 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 setindensation 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 ratrix

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 bondg 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 polymethacrylatesildcdbe modified through
copolymerization with SCA that possesses unsaturated organic substitution
which facilitates a freeadical polymerization process. Figure 2.4 illustrates an
example of acrylate coupling reaction. The reaction takes place at the
unsdurated carbon double bond in the presence of an initiator to produce free

radical molecules and thus the copolymerization process proceeds.
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Figure 2.4: An example of acrylate coupling reaction (Barry, 2018)
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Vinyl silanes are commonly utilizealong with a peroxide thermal initiator to
construct the covalent bonds with polymeric matrixes., le¢eal (2021) had
successfully incorporated a vinyl silane, namely TMM® a polyacrylate
copolymer via an emulsion polymerization process. The SCA vixesdmvith

the comonomers before the initiation of copolymerization. It was found that the
polyacrylate nanospheres with 7 and 9 wt% of TMVS were able to tolerate five
cycles of peeling using pressuresensitiveadhesive tape, while the polymer
was deposéd on the surface of a glass substrate. However, the polyacrylate

nanospheres without or with less amount of S@4 beememovedeasily.

On the other hand, the influence of SCA on the properties of vinyl ester mortar
composites was investigated by Chbiaivskaet al.(2006). With the addition

of 1 wt% of vinyl and acryl silanes, the compressive and flexural strengths of
the resin were increased by about 15% and 10%, respectively. Kaynak-and co
workers (2013) had also proven that the SCA used was aleptove the
interface and adhesion strength between incompatible materials with polymer
matrix. The results obtained revealed an increase in tensile strength and elastic

modulus value, with a slight decrease in the toughness of the sample produced.

2.5.2 Dipodal silane

Barry (2018) revealed that the main issue faced by conventional silanes is the
occurrence of gelation or phase separation during the formation of siloxanes
from silanols through selfondensation. In order to overcome this drawback,

around 10 to 40% of dipodal silanes are frequently utilized in conjunction with
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conventional SCA to provide outstanding durability and appropriate
functionality for certain applications. In this case, the hydrolytic stability, shelf
life, substrate bondings well as mechanical and adhesive strengths of the
composite system were significantly improved. The adaptation of dipodal
silanes has dramatically impacted surface treatment by displaying superior
protection on a metal surface via an aqueous immersjposd®n. According

to Kaynak, et al. (2017), dipodal silanes exhibit remarkable hydrolytic and
thermal stability (above 408C) compared to monopodal silanes. Organosilica
product of dipodal silanes demonstrated greater water contact angle even after
the coated substrate was immersed in a hydrochloric acid solution of 6 M for

almost six months, as shown in Figure 2.5 (Arkles, et al., 2014).

In addition, dipodal silanes that are usedadditive possess the potential to
eliminate the defect of adhesiverns during the lifetime requirements of
various devices. This is established by assembling a promising hydrophobic
polysiloxane layer on the surface of a substrate during condensation, thus
increasing the crosslink density at the interphase region anerpiegy the
hydrolysis of bissilanes (Ooij, et al., 2005). On the other hand, a few factors
should be taken into consideration during the selection of dipodal silanes,
which include the type of substrate, the reaction condition, various silane
combinatiors and primer applications. The silanes mixture is beneficial in
improving chemical resistance, coating performance, wet adhesion and
corrosion protection. Barry (2018) applied a dipodal silane of
bis(triethoxysilyl)ethane in conjunction with a conventionaupling agent at

ratios that ranged from 1.5 to 1:10. The silanes mixture was processed
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similarly as the traditional silane materials and then deposited on the surface of
a substrate. The results showed that the durability of the coatings was elevated

with the incorporation of a bisilane as compared to just using the traditional

SCA alone.
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Figure 2.5: Hydrolytic stability of dipodal silanes (blue) compared to
monopodal silanes (black) (Arkles, et al., 2014)

Most of the dipodal silanes amgater insoluble which has restricted their
immediate industrial use with water stabilizing functional groups like amine
group (Ooij, et al., 2005). In general, a 5% by volume of dipodal silane is
normally prepared in a mixture of solvents, e.g., ethanbiveater with a ratio

of 9:1. The solvent composition will affect the reaction yields by controlling
the hydrolysis and setfondensation process of silanes (Paquet, et al., 2012).
Particularly, the relative ratio of the solvents exhibits a direct effedhen
reactivity of the system and the relative abundance of different species. The
relative solvent ratio of water should be lower than the number of hydrolysable

groups, with a maximum of 20% w/w. The organic medium of ethanol is
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utilized to enhance theistibility between SCA and water. Meanwhile, the pH

of the solvent should be adjusted téb 4ising acetic acid because an acidic
condition is favourable in accelerating the hydrolysis reaction as well as
manipulating the condensation reaction to preverg tccurrence of
precipitation and avoid the formation of the larger structure, thus maintaining a
small molecular size. The protective effect of acidic pH is to stabilize the
hydrolyzed silanes against condensation as well as the formation of silanol

bearng derivatives.

2.5.3 Non-functional silane for superhydrophobicity

According to Barry (2018), nefunctional hydrophobic silanes are usually
used to fabricate a superhydrophobic layer on the surface of a substrate.
Specifically, asuperhydrophobic surface is a binary structured surface with a
WCA of at least 150and a sliding angle of less than®1l could be produced

via two approaches, namely chemically modification of rough surface using
low-surfacefree-energy matters, and Wecation of rough structure on
intrinsically hydrophobic substrates. The techniques development of
superhydrophobic surfaces and the theory of surface wetting are guided and
explained by two well defined theoretical concepts, CeBaider and Wenzel
modds (Jin, et al., 2014). The common examples of superhydrophobicity are
associated with the asperity surfaces at the-nsigbon scale and the
measurements of contact angle are the composites of solid surface roughness
and air, which are denoted as Cassaesaind illustrated in Figure 2.6 (Barry,

2018).
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Figure 2.6: Cassie state of a superhydrophobic surface (Barry, 2018)

A superhydrophobic layeexhibits aunique characteristic of setfeaning
property which is attributed by the wat@pelling feature of nepolar silanes.
Owing to the rough surface with high surface tension and low surface energy,
the water droplet on the superhydrophobic surface tagsésthe air with the
adoption of a perfectly spherical shape to reach a minimum contact area, and
subsequently quickly rolls off the surface. The roghdped water droplets
abundantly collect the dust particles on the rough structured superhydrophobic
surface and then flow off together to clean the surface hence thelesating
purpose is achieved (Liu, et al., 2015). Based orCtmesieBaxter and Wenzel
theories, the hydrophobicity of a surface increases with the increase of surface
roughness and thaickness of the coated silane film (Chen, et al., 2012). The

film stability could be dramatically enhanced by elevating the hydrophobicity.

According to Saengkaew, et al. (2018), an impressive superhydrophobic
surface with excellent setfleaning charaeristics and optically transparent
could be produced by functionalizing and depositing the fluoroalkyl silane
(FAS), specifically 1H,1H,2H,2Kperfluorodecyl trimethoxysilane and
trimethoxy (3,3,3&rifluoropropyl) silane, onto a substrate. Natural rubber

encapsulated with silica modified with FAS and TMVS has vyielded
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superhydrophobic surface with a WCA of 28Whereby the water droplets
encountered on the surface appeared in a perfect spherical shape. Indeed, FAS
was a low surface energy material duethe presence of a hydrophobic
functional group of fluoroalkyl at the taéind of the molecule. Owing to the

large electronegativity difference between fluorine and carbon, fluoroalkyl
chains offered extraordinary features, which include low friction bebaand

liquid adhesion as well as high thermal stability (Kaynak, et al., 2017).

Saleemaet al. (2011) also proved that the superhydrophobic surface with high
WCA could be produced by increasing the etching time and the concentration
of FAS. The surface WCA of aluminium alloy substrate coated with FAS had
increased from 1480 162 when theetching time was prolonged from 5 to 15
minutes. Meanwhile, the surface roughness also increased gradually. However,
with a further increase in the etching duration, the WCA decreased in spite of
high surface roughness, which might be due to the lossluofoilkyl
fragments. On the other hand, the WCA of a substrate increased ffoim 60
166> when the molar ratio of FAS was increased from 0.1 to 0.4. This is
attributed to the outward orientation of the lswrfaceenergy fluoroalkyl

functional group fronthe surface.

A multifunctional transparent superhydrophobic coating has contributed to the
imperative advancement in surface wetting with mandatory functionalities of
antrreflection and seltleaning features. Such advancement has greatly
extended theapplication of the superhydrophobic coating in photovoltaic

devices. It renders high water resistance and retains the glass surface
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cleanliness of solar cells. The formulation of superhydrophobic solar cells
coating utilizing commercially available cesffective materials has reduced
labour costs, offered environmental benefits and extended the durability of
materials (Chungsiriporn, et al., 2020). A transparent and superhydrophobic
surface of the glass substrate with a WCA of 169° was successfullyataiolric

by Liu and his teammates (2015) using a fluoroalkyl silane through-gekol
process. It was found that the degree of superhydrophobicity and WCA
gradually increased with the deposition time. By increasing the deposition time,
the silane layer thickss and surface roughness had elevated dramatically. In
addition, the effectiveness of the seléaning property of the chemically
modified surface of the glass substrate was proven. The spherical water
droplets had efficiently collected the dust partidesumulated on the coating
surface and subsequently rolled off from the surface with a sliding angle of less
than 5. Nonetheless, the superhydrophobic coating manifested poor
mechanical stability and durability as it can be easily scratched by a @cil (

grade).

Chen et al. (2012) incorporated silica particles onto a glass surface and

subsequent chemically functionalized the surface with a FAS via chemical

vapour deposition. The FAS has imparted an outstanding superhydrophobic
property to the surfaoeith 1522 of WCA and 8 of sliding angle. It was found

that the degree of WCA increased with the increasing number of layers of the
fluorinated silica nanoparticles that were coated on the surface until a critical
layer number was reached. This is becaasthicker layer exhibits higher

surface roughness. In general, the dimension of surface roughness should be
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maintained under 400 nm in order to maximize optical transparency while
upholding effective superhydrophobicity (Cho, et al., 2017). Therefore,
hydrophobic nature has to be compromised for optical transmission in order to

avoid the decline of solar cell performance.

2.5.4 Factor affecting the adhesion durability of silane coating

The curing process is widely adopted in many industries for the purpose to
convert a viscous liquid into a strong rigid amorphous material by means of
crosslinking. The curing process generally results in higher elasticity, tensile
strength, resistance tand hightemperature exposure and peel off properties.

In silane coupling reaction, the heat curing technique is the most commonly
performed on the silanated glass to maximize the interfacial bond strength and
inhibit the occurrence of reversible reactiohcovalent bonds between SCA
and the substrate surface. In general, the surface of a substrate treated with an
SCA is cured either by heating it at 120 for 3090 minutes or by evacuating

it for a duration of 26 hours to completely remove the water ewnlles (Barry,
2018). In such cases, the covalent bonds will form, break and reform to
mitigate the internal stress. This has ensured the positional displacement of
interface  components. Ooij and his research team studied the curing
temperature and curirdpration of a silane layer in the temperature range of O
250 °C for 0-180 minutes. The curing temperature of P@with a curing
duration of 2630 minutes was the optimum parameter found. The curing of the
silane layer had resulted in the reduction ehfthickness and the formation of

a denser film.
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Numerous reports have proven that the coupling interaction between the
surface of an inorganic substrate and SCA could be catalyzed through acid
treatment or heating. The crelgsking reaction of doxane film is accelerated

by increasing the curing temperature and time. As reported by Monticelli et al.
(2006), theefficiency of the silane coupling mechanisvare improved after a

hot airdrying process. By aidrying a sample at 3&, a dramatic in@ase in
adhesionbond strengthwas observed with a micro tensile bond strength of
11.6 MPa as compared to the sample that wadr@d at 21°C. Two phases

were formed after the silanation reaction: an outermost physisorbed layer with
lesser siloxane bals and a hydrolytic stable chemisorbed layer on the
substrate surface. Introducing heat to the composite system increases the rate of
condensation and forms a tightly packed configuration of the coupler
molecules on the surface. High curing temperaturenptes complete solvent
evaporation and facilitates the elimination of the detrimental loosely bound
physisorbed silane layer. The presence of a small amount of solvent might be
advantageous in promoting silane wetting, however, incomplete removal of
solvert might compromise coupling and affect bond strength. Compared to
dualcomponent systems, peetivated SCA exhibits a higher rate of

hydrolysis which results in a complete coupling reaction.

The condensation of silanols to form siloxane lsoisda reversible reaction in

the presence of water and is significantly affected by the curing temperature.
The condensation reaction is promoted at a high curing temperature. Therefore,
a high curing temperature increases the crosslinking density sfléme film

and forms a tighter siloxane network. This has offered a high interface fracture
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energy and resistance toward water attack. The results obtained by Pavlovic
and Kramer (2011) elucidated that the percentage of swelling with water
decreased withincreasing curing temperature. After a certain curing
temperature (10°C) was reached, the percentage of swelling remained
unchanged at a low value. The high crosslink density of the siloxane network

had resulted in low hydrophilicity.

2.6 Improvement of power conversion efficiency of solar cells

Throughout the years, several challenges and issues have been encountered in
the manufacturing of photovoltaic devices which include the processing cost
and light trapping efficiency (Tay, 2019).hiR-film solar cells are a good
replacement for the reduction of production cost; however, it has lower PCE
which might be due to the uneverdystributed crystalline structure of silicon.
Amorphous silicon solar cell has the lowest efficiency of about, ¥2#ws

by polycrystalline silicon solar cell which has an efficiency of around 17%,
while monocrystalline silicon solar cell shows the greatest PCE -&02&

The absence and presence of grain boundaries in crystalline silicon solar cells
affect the flav of excited electrons significantly; the former does not have any
barriers to obstruct the movement of free electrons while the latter inhibits the
continuous flow of electrons. Therefore, the efficiency of the amorphous
silicon solar cell drops dramatibato about 1015%. Recently, there have
been a lot of research studies being carried out to improve the light harvesting
and power conversion efficiencies of solar cells. One of the approaches is by
capturing more light radiation into the active regidrsolar cells through the

incorporation of metallic and polymeric nanostructures.
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2.6.1 Incorporation of metallic nanoparticles

Metallic nanostructures have shown remarkable light trapping performance in
various types of solar cells. The ability of natostures, with numerous
particle shapes and periodic, to enhance the absorption characteristics of solar
cells has been successfully demonstrated. According to Pal, et al. (2019), noble
metallic nanoparticles (i.e. copper, silver and gold) have gainedspsidad
attention contrasted to other types of metallic nanostructures. Among them,
AgNPs exhibit the highest efficiency of plasmon excitation (Tay, et al., 2020).
Owing to the LSPR and scattering effects of AgNPs, the efficiencies in light
harvesting andoower conversion of solar cells could be enhanced via the
incorporation of AgNPs (Petryayeva and Krull, 2011). Moreover, the
plasmonic wavelength of AQNPs is near to the bandgap of Si which might also

further improve the light trapping mechanisms of pholiaic devices.

As shown in Figure 2.7, three structure desigmssolar cells have been
developed and implemented using metallic nanoparticles to improve the

performance of photovoltaic devices (Chou and Chen, 2014).

The first approach involves the coating of metallic nanoparticles on the
semiconductor surface, which is more suitable for improving the light
harvesting efficiency of thifilm crystalline silicon solar cells. Jeng et al.
(2015) reported that gold and\@&t nanostructures were deposited on the
surface of both mukerystalline Si and coppegaliumdiselenide to examine

the elevation of light trapping efficiency of photovoltaic cells. The gold and
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silver nanoparticles with the concentration of 1% and 5%diyme coated

onto the surface of muitirystalline Si solar cells had improved their PCE by
5.6% and 4.8%, respectively. Besides that, the PCE of cgafiem
diselenide photovoltaic cells was enhanced at 1.2% and 1.4% by depositing
gold and silver narmlloids with a similar concentration of 1% and 5% on the
photovoltaic cell surface. The photocurrent of solar cells declined with a
further increase in the concentration of the metallic nanoparticles. The results
of optical analysis elucidated that thartsmittance of gold was greater than
silver nanostructures. Reducing the concentration of metallic nanoparticles
resulted in an increase in the background transmittance and broadening of the
resonance wavelength. This was caused by the weakening of thevahg
effect and the plasmonic resonance. Meanwhile, the broadening of the
resonance curve was also a result of-nniiorm particle size and the uneven
distribution of nanoparticles. Owing to the benefit of liplrvesting over a
wider range of wavelenlgs, the broadening effect was favourable in enhancing

the PCE of solar cells.
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Figure 2.7: Structure designs of plasmoreohanced solar cells: (a)
incorporation of metallic nanostructures on the surface of the active layer; (b)
integraton of metallic nanoparticles in the photoactive layer; (c) fabrication of
metallic nanocolloids at the interface between the active layer and the metal
contact (Chou and Chen, 2014)
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In another research study, AgNPs with particle sizes corresponding tm 12 n
and 16 nm mass thickness were coated on the surface dilrthigilicon
photovoltaic cells through the thermal evaporation technique (Pillai, et al.,
2007). These resulted in 33% and 16% of enhancement in the total
photocurrent of the photovoltaic degg; respectively. In addition, an overall
enhancement in photocurrent over the range of wavelengths between visible
and neaiinfrared in the electromagnetic spectrum was observed withaad/
16-fold elevation for wafebased thirfilm photovoltaic cellsand thinsilicon
on-insulator, respectively. The surface plasmon effects of AgQNPs are excited
by incident light and subsequently, the light radiation is coupled into the silicon.
A large fraction of the light is trapped inside, either being absorbedheto t
active layer or coupled out by another nanostructure. On the other hand, the
compact layers of AQNPs were deposited on a Si photovoltaic cell surface by
employing electron beam evaporation and followed by thermal annealing
(Temple, et al., 2009). The E®f photovoltaic cells was enhanced from 8.51%
to 9.06% by introducing AgNPs with different particle diameters ranging from

25 to 95 nm.

Instead of depositing the metallic nanostructures alone on the surface of solar
cells, the nanostructures can also ibcorporated into an organic matrix and
then coated on the surface of silicon solar cells (Tay, et al., 2020). Lee-and co
workers (2017; 20182021 demonstrated the incorporation of noble metallic
nanoparticles, specifically silver and gold with padisize ranges of-3 nm

into P(MMA-co-AA) nanospheres with 101 nm in size via an emulsion

polymerization process. The copolymer with 2.5 X 1@% of AgNPs was
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coated as a functional monolayer on th&i photovoltaic cell surface via a
selfassembly coatg technique, using a dip coater. In contrast with the
reference photovoltaic cell with a PCE of 2.00%, the performance of the
surfacemodified photovoltaic device was enhanced to a maximum light
conversion efficiency of 5.57% with a relative improvemen79%. On the
other hand, the solar module deposited with polyacrylate embedded with 3.75 x
103 wt% of gold nanoparticles had successfully enhanced the PCE to 5.32%,
with a relative improvement of 166%. Both the results showed a similar trend
that the prformance of solar cells was improved by increasing the
concentration of the entrapped metallic nanoparticles. However, the light
harvesting efficiency diminished when the amount of the encapsulated
nanostructures excessed a certain concentration. Néesthéhere were still

significant enhancements in the PCE compared to the uncoated solar cells.

For the second approach, it involved the incorporation of metallic
nanostructures into the absorbing layer to enhance the light trapping
mechanism of both @ysensitized and organic solar cells (Jeng, et al. 2015).
Zarick and his teammates (2016) showed an enhancement in light harvesting
efficiency of dyesensitized solar cells by incorporating silmaated gold
encapsulated silver nanostructures in the aatdgion. A prominent elevation

was observed by entrapping hybrid bimetallic nanostructures with a
concentration of 0.44 wt% into the dgensitized solar cells structure. The
relative PCE enhancement of 26% was achieved as the PCE of the photovoltaic

device increased from 5.97% to 7.51%.
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In the third design of plasmonic photovoltaic devices as depicted in Figure
2.7(c), periodic metallic nanoparticles are introduced to the interface between
the active layer and the metal contact. Ferry, et al. (2010) demonstrated a
notable light harvestingnethod comprising a twdimensional periodic of
AgNPs on 160 nm thick hydrogenated amorphous silicon solar cells. A
maximum PCE of 6.6% with a relatively short circuit current increment of 46%
was achieved by patterning the solar module with AQNPs oh&bih size and

a plasmonic scatter pitch of 500 nm. Besides that, AgNPs with different
particle sizes were assembled as a back reflector layer at the interface region
between the absorbing layer and the metal contacts using-assethbly
coating methodspecifically vacuum sputtering followed by heat annealing (Zi,

et al. 2016). The PCE of a photovoltaic device with AQNPs of 320 nm in size
was increased from 5.89% to 7.13% with a relative efficiency improvement of

21.05%.

2.6.2 Factors affecting the light trapping efficiency of solar cells

attributed by metallic nanopatrticles

Due to the plasmon enhancement and scattering mechanisms of metallic
nanostructures, the reflectance of solar cells could be reduced and the light
harvesting mechanism coulde bimplemented by incorporating periodic
nanoparticles on the surface of solar £elfhe physical properties of the
metallic nanostructures, such as particle size, shape, particle density and
surface coverage will significantly influence their optical Endies which

include LSPR characteristics and backscattering effects.
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According to Jeng, et al. (2015), the particle size of metallic nanostructures
should be properly selected so that the incident light could be concentrated and
scattered into the ace layer of solar cells. This is because the light in
semiconductors preferentially couples into the layers with a high electric
constant, and thus improves the absorption efficiency. Metallic nanostructures
with larger particle size exhibit a strongeatiering effect. However, they may
cause greater metal absorption loss too. Based on the results obtained by Pillai,
et al. (2007), larger nanoparticles tend to reduce the absorption at shorter
wavelengths while increase it at longer wavelengths. On ther diand,
smaller metallic nanostructures possess lesser scatteringseaiss1 and
lower radiative efficiency, thus leading to a bkleft effect in the absorption
peak. As reported by Mizuno, et al. (2012), the relatively larger nanoparticles
(>150 nn) displayed an effective light scattering and their scattering -cross

section could be 10 times larger than the geometrical areas.

Dai et al. (2012) reported that AQNPs with various diameters of 68 nm and 85
nm were deposited on the Si substrate am@fusing the sputtanneal
technique. The results obtained revealed that ANPs have exciting wavelengths
of 380 nm and 420 nm respectively. When the size of nanoparticles increases,
there will be a reghift of the wavelength of the nanostructures whigh
attributed by a larger relaxation time of electrons. The photovoltaic device
reflectance for AgQNPs with a bigger size is much lower than the smaller one
owing to the higheorder modes of the larger nanoparticles which scatter more
light into the photoetive layer of photovoltaic devices. However, if the

colloidal size of AQNPs becomes too large, the light harvesting efficiency will
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decrease due to the reduction in the scattering -sexdon of nanoparticles
(Tay, et al.,, 2020). Zi and his teammate®1@ found that the average
reflectance at the wavelengths of 6000 nm improved from 54.4% to 79.8%
when the particle size of AQNPs increased from 110 nm to 680 nm. In terms of
PCE, it had been enhanced from 6.35 to 7.13% when the particle size of
AgNPsincorporated in the solar cells was increased from 110 nm to 320 nm.
Further increase of the size to 680 nm had deteriorated the efficiency to 6.56%.
Nevertheless, it still exhibited higher efficiency than the specular control cell.
Therefore, metallic naparticles with an optimum diameter should be
introduced due to the traddf between obtaining higherder modes,

scattering crossection and high radiative efficiency (Temple, et al., 2009).

The particle shape is another significant factor thak affect the surface
reflectance and light trapping efficiency of solar cells. According to Pillai et al.
(2007), the particle shape of nanostructures would not magnificently influence
the resonance position, but significantly affect the scatteriegsity. Particle
flattening and shaping had resulted in thesbitt effect and broadening of the
plasmon resonance. The ghift effect became larger with more flattening of
the nanostructures but was smaller for spherical nanoparticles. Temple and his
co-workers (2009) also found that the fraction of light scattered into the active
layer is highly dependent on the thigienensional shape of the nanostructures.
The results portrayed that the spherical and hemispherical nanoparticles with
100 nm had scated 65% and 90% of incident light into the substrate,
respectively. Besides that, Dai et al. (2012) revealed that AgNPs with irregular

shapes have a higher reflectance effect. Nonetheless, the reflectance effect
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reduces at a certain wavelength. In shAgNPs with a uniform and regular
spherical shape perform better than those with irregular shapes in terms of light

harvesting efficiency.

Last but not least, the surface reflectance and light harvesting mechanisms of
solar cells are strongly dependent tre particle density and the surface
coverage of coated nanoparticles. In the study of Dai et al. (2012), surface
reflectance decreases with increasing particle density and surface coverage of
AgNPs. When the surface distribution of AQNPs on the solas deltreases,

the phenomenon of quadrupolar mode resonance of AgNPs happens. This
phenomenon was observed only when the surface of silicon was not
completely covered by the scattering crssstion of metallic nanoparticles.

The scattering crossection of AQNPs corresponds to the incident light
frequency. When there is low particles density, the incident light frequency is
further apart from the quadrupolar mode resonance position, and thus the
surface reflectance increases. Nonetheless, there is somei@xcBpsed on

the study of Temple et al. (2009), less surface distribution gave rise to the
higher efficiency improvement of solar cells. When the surface coverage of
AgNPs coated on the surface of solar cells reduced from 42% to 31%, the PCE
was increas# from 7.10% to 9.06% due to the scattering mechanisms of

metallic nanoparticles.
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2.6.3 Anti-reflective coating of polyacrylate matrix

Owing to its extraordinary performance in enhancing light transmittance and
reducing light reflection ainterfaces, antreflective coating (ARC) as an
optical coating has been extensively applied on the surface of optoelectronic
and photovoltaic devices (Askar, et al., 2013). A fraction of light is reflected
while the rest of it is transmitted when lightopagates from one medium to
another. Reflection is an optical phenomenon that occurs when the light
radiation travels through two media with different refractive indices, resulting
in an alteration in the wavieont direction. The degree of light refleatias
proportional to the deviation value of the refractive indices. Due to the high
refractive index of silicon element, a large fraction of light is reflected by it and
thus has dramatically impacted the PCE of silicon photovoltaic devices. Hence,
ARC is adopted to address the mismatch of refractive indices at the silicon/air
interface and to maximize the absorption of light radiation into the active layer
of solar cells (Tay, et al., 2020). The materials with refractive indices that are
close to the refi@ive index of air should be ideal for ARC. However, there are
drawbacks of this approach, which include poor adhesion strength, the limited

working range of wavelength and the angle of incident light.

According to Gan et al. (2016), polymers with relalwhigh refractive indices

are excellent candidates for ARCs. For instance, PMMA and polystyrene with
the refractive indices of 1.5 and 1.6 have high transparency in the visible
region in the electromagnetic spectrum. By optimizing the composition and

morphology, a lightweight ARC of polymeric matrix exhibits a substantial
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material for the light management of photovoltaic devices. As reported by
Bacal et al. (2020), a layer of PMMA ARC was incorporated onto the photo
absorber layer of perovskite solar selto enhance its light harvesting
efficiency. A dilute solution of PMMA in chlorobenzene was spin coated as a
nanoarray with a thickness of 85 nm on the active layer of solar cells. The
coating had relatively improved the short circuit current and PCE1}o2

and 31%, which achieved an average of 16.21 mA#d 3.07%, respectively.

It was found that the PMMA layer performed well as an ARC, by which the
surface reflectance was decreased from 21.5% to 12.5% over the visible light
region. A relative reduatin of 42% in reflection was yielded. Meanwhile, the
absorption spectrum obtained depicted that the relative {atsiorption of the
solar cell coated with the PMMA antflective layer was enhanced by about

11.5%, due to the magnificent changes in thecapteatures of the sample.

As reported by Lee et al. (2017), P(MM®-AA) nanospheres with different
particle diameters were fabricated via emulsion polymerization by varying the
concentration of the surfactant. The copolymer nanostructures with a diameter
of 101 nm, which were coated on the glass surfadé if photovoltéc cells,

had generated the highest PCE. The light conversion efficiency of the solar
cells was improved from 2.0% to 3.14% with a relative enhancement of 57%.
The improvement is contributed by a monolayer of densely packed PEMMA
co-AA) nanoarray which sges as an effective intermediate layer with a
graded refractive index between air and silicon. In addition, silver and gold
nanoparticles were encapsulated in the copolymer nanospheres. The PCE of the

photovoltaic devices was further improved to 5.57% 2u32%, respectively.
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In another study, the PCE was prominently boosted from 4.9% to 7.5% for a
graphene silicon solar cell coated with PMMA film (Jiao, et al., 2016). In this
case, the PMMA layer with a thickness range o860nm corresponded well
with the wavelengths of visible light and displayed an accentuateddieittive
property. However, this technique gave a coating with low stability. The
efficiency of the modified solar cells suffered a 10% of degradation ratio after

four months.

According to Chen and Sun (2010), a surfaedief grating with a sub
wavelength structure, where the dimension of particles is smaller than the
wavelengths of the incident light, exhibited remarkable -@itective
properties. It was found that the deposition of PAMIhin film as ARC onto

the substrate surface of Si solar cells had improved the short circuit current by
23% as compared to the uncoated solar cells. At the same time, the PCE of the
solar cells was enhanced from 10.4% to 13.5% with a relative improvedent
30%. On the other hand, Chen et al. (2011) demonstrated the application of
ARC of PMMA film on the surface of crystalline Si photovoltaic cell by
employing a combination of colloidal lithography, cast moulding and reversal
nanoimprint lithography. ThéARC of PMMA nanoarray with biomimetic
structure had successfully reduced the average reflectance of solar modules
from 13.2% to 7.8%; while the light conversion efficiency was increased from

12.85% to 14.2% with a relative improvement of 10.5%.
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2.64 Factors affecting the light trapping efficiency of solar cells
attributed by anti -reflective coatings

The efficiency of ARC strongly depends on the particle size and film thickness.
According to Gan et al. (2016), the short circuit current densityl@&CE of
photovoltaic devices can be dramatically improved by engineering the film
thickness of polymeric ARC to raise light absorption in the spectral range of
interest. In this study, the PMM#éoated graphene layer with different
polymeric film thicknes was spircoated on the Schottky junction
photovoltaic devices as an angflective transparent electrodan general,
thinner PMMA films implied a better anteflection effect as they had resulted

in higher improvement in the light harvesting efficigrd the solar cells tested

in the visible and nedR region. The PCE of the solar cells deposited with a
PMMA ARC (108 nm in thicknessyas enhanced from 3.12% to 6.55%, with

a relative improvement of 110%. Besides the consideration of the optical
propeties, PMMA film should be coated at a certain thickness in order to

mechanically protect the absorbing layer.

Askar et al. (2013) reported that the efficiency of a traditional quarter
wavelength ARC exhibited a linear function to the film thickness and the
refractive index of the materials. The fraction of optical reflection from the
surface could be tuned by mpnlating both of these parameters. To efficiently

suppress light reflection, the refractive index of the materials should be similar

to the geometric mean of the refractive indices of the two media at the interface.

The refractive index of the coatings tdube altered by the number of

deposited | ayers. It was found that
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of the wavelength of light radiation. A coating with a thickness of a quarter
wavelength introduced a destructive interference effect that aliesrthe light
reflection at the interface between the ARC and the substrate. Numerous
techniques were implemented to fabricate an ARC with the thickness of a
quarterwavelength. In addition, extensive experiments and theoretical
simulations depicted theadt that the minimization of light reflection is
strongly correlated to the particle size of aefiective materials. As reported

by Askar et al. (2012), the silica spheres with a particle size of 110 nm
exhibited a much lower reflectance with a highansmittance (>98%) than

the one with 210 nm in size and also the flat control sample, for a broad range
of visible wavelengths. Therefore, 110 nm silica coating induced better

performance in suppression of light reflection.
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CHAPTER 3

METHODOLOGY

3.1 Chemicals

In this project, the silver nanoparticles (AgNPs) were synthesized through the
chemical reduction method. The chemical reduction method was carried out by
using a reducing agent to reduce a silver metal salt iprés=nce of a suitable
capping agent or stabilizer in order to control the particle size by slowing down
the nucleation process and limiting the growth of metallic particles (Nersisyan
et al., 2003; Tay, 2019). On the other hand, the poly(methyl methaecpla

acrylic acidco-trimethoxyvinylsilane), P(MMAco-AA-co-TMVS)
nanospheres were synthesized via emulsion polymerization. Emulsion
polymerization is a technique based on theirgivater emulsion principle
where the monomers act as the discontinuousephdile water acts as the
continuous phase with some surfactant stabilizing the emulsion solution (El
hoshoudy, 2018). The synthesized metallic nanoparticles and polymeric
nanospheres were characterized and the surface morphology of nanostructures
was acessed. Subsequentlpoth synthesized and commercializ&gNPs

were encapsulated inside the polymeric nanospheres and coated on the glass
surface of a solar cell through the satisembly coating method, with the
application of a coupling agent. Finallyhet precoated glass surface of solar
cells was further chemically modified using a mixture of dipodal and
fluoroalkyl silanes. This was to fabricate a protective film with

superhydrophobic nature on the array of polymeric nanospheres fer self
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cleaning purpses. The chemical reagents utilized for the fabrication of AQNPs
and polymeric nanospheres are tabulated in Tables 3.1 and 3.2, respectively.
Table 3.3 shows the chemical reagents employed for the surface modification
of precoated solar cells. Table 3.408ls the chemical reagents used for the

cleaning of silicon (Si) substrates.

Table 3.1: Chemical reagents used for the synthesis of AgQNPs

Chemical Function Manufacturer  Purity /
Grade

Commercialized Metallic nanoparticles SigmaAldrich -

AgNP* precursor

1-Dodecanethiol Capping agent SigmaAldrich  98%

Dodecylamine Capping agent Chem Sola 98%

Ethanol Organic solvent Chem Sola AR grade

Silver nitrate Metal precursor Systern? -

Sodium borohydride Reducing agent Alfa Aesar 99%

Toluene Organic solvent Chem Sola AR grade

* Commercialized AgNPs are stabilized byd@decanethiol with particle size

ranges between3nm

Table 3.2: Chemical reagents used for the synthesis pdlyacrylate

Chemical Function Manufacturer Purity /
Grade

Acrylic acid Monomer Merck 99%

Methyl methacrylate  Monomer Merck 99%

Potassium persulfate  Thermal initiator R&M Chemicals 99%

Sodium dodecyl sulfate Emulsifier Systern? 99%
Trimethoxyvinylsilan& Additives Aldrich 98%

* Trimethoxyvinylsilane is a coupling agent which serves as an adhesion

promoter
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Table 3.3: Chemical reagents used for chemically surface modification

Chemical Function Manufacturer  Purity /
Grade

1,8-Bis(triethoxysilyl)octane Surface Gelest 97%
modifier

Nonafluorohexyltrimethoxysilan: Surface Gelest 97%
modifier

Ethanol Organic Chem Sola AR
solvent grade

Table 3.4: Chemical reagents used for the cleaning of Si substrates

Chemical Function Manufacturer Purity /
Grade
Ammonia solution Reducing agent R&M Chemicals 30%

Hydrogen peroxide Oxidizing agent R&M Chemicals 30%
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3.2 Instrumentation

The instruments utilized in this project are listed in Table 3.5.

Table 3.5: List of instruments

Instrument Brand, Model

Atomic force microscope Park Systems, X0
Contact angle analyzer Lauda Scientific, LSA1000
Dip coater Tefini, DP1000C
Differential scanning calorimeter Mettler Toledo, DSC823

Energy dispersive Xay spectrometer Bruker, XFlasf6-T | 60

Field emission scanning electron JEOL, JSM6701F
microscope

Fourier transform infrared spectromet« Perkin Elmer, Spectrum RX1
Laser diffraction particle size analyzer Malvern, Mastersizer 2000
Programmable direct circuit electronic Array, 3721A 400W

load LIV tester

Thermogravimetric analyzer Mettler Toledo, TGA/SDTA851
Transmission electron microscope Hitachi, HT-7700
Ultraviolet-visible spectrophotometer Shimadzu, UY1700

X-ray diffractometer Shimadzu, XRB6000

3.3  Experimental procedures

In order to study the enhancement of the light harvesting efficiency of
amorphous silicon Si) photovoltaic cells by depositing polymeric
nanostructures incorporated with AgNPs on the glass surface of a solar cell, the
methodology of this piject was performed in five major parts, they are (1)

synthesis of AgNPs through chemical reduction method, (2) encapsulation of
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AgNPs into polyacrylic nanospheres via emulsion polymerization, (3) coating
of the nanostructures on the glass surface otk&n solar cell, (4) surface
modification of precoated glass surface using a mixture of dipodal and

fluoroalkyl silanes, and (5) testing on the light trapping efficiency of solar cell.

3.3.1 Synthesis of AgNPs via chemical reduction method

Chemical reductio method was performed to produce AgNPs. The chemicals
required for this process are shown in Table 3.1. The stock solutions, 0.02 M of
silver nitrate (AgNQ@) and 0.36 M of sodium borohydride (NaBHwere
prepared by dissolving the chemicasparately in 50 mL of ethanol with
sonication. First of all, 9 mL of NaBt$olution was added to different beakers.

The capping agent was then added to each of the beakers havingg NaBH

solution in it, at the——— molar ratios, denoted & varied from 1.37

to 27.8, as shown in Table 3.6. The solutions were mixed well using a magnetic
stirrer. Subsequently, 9 mL of AgNQ@olution was added dropwise into each

of the beakers. The mixtures were stirred for one hour to complete the reaction.
In order to recover the AgNPs, the solutions were centrifuged at 7800 rpm for
10 minutes. The supernatant was discarded and replaced with fresh ethanol.
This step was repeated three times in order to remove the impurities and
unreacted starting materialBhen, 15 mL of dispersing solvent was added to
the AgNPs obtained and the suspensions were sonicated in ordeligparse

the nanoparticles. Finally, the solution was transferred into a sample vial. The
procedure for the synthesis of AgNPs was carried either at room

temperature or in an ice bath. In this studydotlecanethiol (DDT) or
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dodecylamine (DDA) was used as the capping agent to control the particle size

of nanoparticles and prevent the particles from aggregation and agglomeration.

Table 36: The S value corresponds to the amount of DDT and DDA added

S value 1.37 278 556 11.1 16.7 222 27.8
Mole of AQNOs

1.80 180 180 180 180 1.80 1.80
(x 10% mol)
Mole of DDT

- 0.50 1.00 2.00 3.00 - -
(x 103 mol)
Mole of DDA

0.25 - - - 3.00 4.00 5.00
(x 10-3 mol)

3.3.2 Encapsulation of AgNPs into polymeric nanospheres via emulsion

polymerization

3.3.2.1Synthesis of polymeric nanospheres via emulsion polymerization

P(MMA-co-AA-co-TMVS) nanospheres were fabricated through the emulsion
polymerization technique using 95 wt% of methyl methacrylate (MMA) with 5
wt% of acrylic acid (AA) (Lee, et al.,, 202 Sodium dodecyl sulfate (SDS)
was added as an emulsifier to stabilize the polianeanospheres in the
emulsion by forming a stable emulsion system. Potassium persulfate (KPS)
was added to act as a thermal initiator to promote the formation of free radicals
to initiate the polymerization reaction. Different amount of
trimethoxyvinylsiane (TMVS) was incorporated into the polymer molecules to

act as a coupling agent to increase the adhesion strength between the organic
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polymeric nanospheres and the inorganic Si substrates. Table 3.7 shows the

amount of chemical ingredients used in thyperization process.

Table 3.7: Ingredients for emulsion polymerization

Ingredient Quantity (g)

Acrylic acid 5.00

Distilled water 390.00

Methyl methacrylate 95.00

Potassium persulfate 0.70

Sodium dodecyl sulfate 6.00
Trimethoxyvinylsilane Varied from 5.0 to 9.0 wt%

To begin with, 200 mL of water was mixed together with 0.60 g of 30 % SDS
solution in a fiveneck reactor flask. The mixture was stirred at a constant
speed of 600 rpm and heated up to°C5n a water bath. Subsequently, 12.5
mL of the initial monomers and 0.35 g of initiator KPS were added at the same
time. After 15 minutes of continuous stirring, the remaining monomers with
SDS and KPS were added dropwise into the mixture solution inetctor

flask for an hour. The polymerization reaction was allowed to carry on for
another three hours, known as holding process. The copolymer latex was
cooled down to room temperature and then transferred into a plastic bottle for

further use.
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3.3.22 Preparation of metallic-polymer nanocomposites

The AgNPswith a size range between73nm (commercially available) and
10-30 nm (obtained from the synthesis process as described in section 3.3.1)
were embedded inside the P(MM&-AA-co-TMVS) nanospheres during the
emulsion polymerization process. The conceitma of the metallic
nanoparticles entrapped in the polymeric nanospheres varied from 6.25 ppm to

50.0 ppm.

3.3.3 Deposition of nanostructures on glassubstrates

Before coating process, glassbstratesvere cleaned with distilled watender
ultra-sonication for about 15 minutes. This process was repeated by using fresh
distilled water. The piranha solution was prepared by mixing distilled water,
30 % ammonia solution and hydrogen peroxide, with a coitipogatio of

5:1:1. The mixture was heated to ®7. The glass substrates were immersed in
the piranha solution for 30 minutes in ordethialrophilizetheir surface. The
treated glass substratevere then rinsed with distilled water and dried in a

vacuum oven at 65C.

Two types of chemical bath deposition methods based on thasselnbly
coating technique, namely immersion coating and dip coating methods, were
developed to coat the polymeric nanospheres on the surface of cigased
substrates. Tén polymer solutions were diluted with distilled water, with a

dilution factor of 10. The coating process was performed using gongginsion
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single dip coater (Tefini, DP1000C). For the immersion coating method, a
cleanedglasssubstrate was immersed penglicularly into the diluted polymer
solutions using the dip coater, with a down speed of 50.0 mm/min. The
substrate was then drawn out from the solution after 45 minutes of holding
duration with an up speed of 50.0 mm/min. The coated substrates were
subsguently cured in a vacuum oven at 85. For the dipping method, the
cleanedglasssubstrate was dipped perpendicularly into the diluted polymer
solutions using the dip coater, with a down speed of 5.00 mm/min, and drawn
out with an up speed of 0.12 mm/mirhe dwell time was fixed at 60 seconds.
The coated substrates were then cured in a vacuum overf@t Bbe coating
process was repeated by varying the curing temperature from 45 t&C105

with a common difference of 2.

3.3.4 Chemically surface modification of precoatedylasssubstrates

The surface of precoateglasssubstrates was further chemically modified by
immersing the substrates into a dipodal silane, i.ebis@riethoxysilyl)octane
(BTO) solution with a holding tim of 45 minutes. The concentration of the
BTO solution was varied, specifically at 0.1, 0.5, 1.0, 2.0, 3.0, 4.0 and 5.0
viv%, by using water and ethanol with a ratio of 1:9 as the solvent.
Subsequently, the surfaceodified glasssubstrates were drawn ofsom the
silane solution, rinsed with ethanol and subsequently cured in a vacuum oven
at 95°C for 45 minutes. The surface modification process was repeated by
immersing the substrates into a mixture of BTO and fluoroalkyl silane, i.e.

nonafluorohexyltrimthoxysilane (FAS) solution, with a similar solvent ratio.
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The concentration of BTO was fixed at 1.0 v/v% while the concentration of

FAS was varied, specifically at 0.1, 0.25, 0.5, 1.0, 3.0 and 5.0 v/v%.

3.4  Characterization

The fabricated AgNPs were characterized via Ultrawdistble (UV-Vis)
spectroscopy, field emission scanning electron microscopy (FESEM), energy
dispersive Xray (EDX) spectrometry, Fourier transform infrared (FTIR)
spectroscopy and-¥ay diffractometry(XRD) analyses. On the other hand, the
synthesized P(MMACo-AA) nanospheres with the incorporation of TMVS
were characterized by determining the total solids content of the polymer
emulsion, while the nanospheres were analyzed byVisVspectroscopy,
particle size analysis (PSA), FESEM, atomic force microscopy (AFM), EDX,
FTIR, thermogravimetric analysis (TGA), differential scanning calorimetry
(DSC) and XRD. Meanwhile, the prepared polymeric nanospheres with the
encapsulation of AQNPs were characterizediblyzing UV-Vis spectroscopy,
transmission electron microscopy (TEM) and TGA. Nonetheless, the precoated
Si substratewhich were surface modified chemically were characterized using

UV-Vis spectroscopy, AFM, contact angle analysis and water droplgisenal
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3.4.1 Ultraviolet -visible spectroscopy

UV-Vis spectrophotometer is one of the instruments employed for optical
absorption and optical transmission analyses. At the same time, it can also
confirm the formation of nanostructures by detaing theabsorptionpeak of
polymeric nanospheres and the plasmonic peak of AgNPs. The solutions of
AgNPs and P(MMAco-AA-co-TMVS) nanospheres synthesizegre diluted

with the dilution factor of 10 and 25, respectivélee, et al., 2021)The
diluted solutions were sonicated in order to make sure the nanostructures were
dispersed well in the solutions. Subsequently, the solution was subjected to
UV-Vis scanning with the wavelength range of 200 nm to 800 nm to ob&in th

UV-Vis spectrum.

3.4.2 Field emission scanning electron microscopy

Field emission scanning electron microscope is an instrument utilized to study
the surface morphology and composition of a substance. By coating on a clean
glass substrate, the AgNPs and polymeric nanospheres synthesized were
characterized and scanned gsiRESEM at an accelerating voltage of 4 kV.
The sample was sputtered with a thin layer of platinum before analysis. The
particle size and shape of the nanostructures were determined through the

FESEM images captured at different magnification powers.
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3.4.3 Energy dispersive Xray spectroscopy

EDX spectrometer is a useful instrument used in elemental composition
analysis. The metallic nanoparticles solution, as well as the polymeric emulsion,
were dried in an oven at 10Q for two hours to make surkat all the solvent

was totally evaporated. The solid sample of these nanostruatasesubjected

to EDX scanning at an accelerating voltage of 20 kV to determine the elements

present in the sample.

3.4.4 Fourier transform infrared spectroscopy

FTIR spetrometer is an instrument widely utilized for determining the
functional groups present in a sample. Both the AgNPs solution and the
P(MMA-co-AA) emulsion were dried in an oven at 180 for two hours to
completely evaporate the solvent present in the samples. This is because the
presence of solvent or moisture might interfere and affect the performance of
the instrument due to its high sensitivity to the water molecules. The solid
sample obtained was ground into powder form. Then, the powders were
subjected to FTIR analysis at the wavenumbers range between 400éndm

400 cmt. In this study, FTIR analysis was also used to determine the presence

of the capping agent, in AgNPs.
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3.4.5 X-ray diffractometry

XRD analysis is widely conducted to determine the crystallinity and crystal
phase of a sample. Both the AgNPs solution and the P(MMAA-co-

TMVS) emulsion were dried in an oven at 1@for two hours to completely
evaporate the solvent present in the samples. The samples in powder form were
then subjected to XRD scanning in the range ¢ft@B(®, with 0.60 second

time constant at a scan rate of®fin’t. XRD diffraction pattern washtained

withCuKU r adiation at 40 kV and 30 mA.

3.4.6 Total solids content

Total solids content is a quantitative measurement employed to determine the
total amount of solids present in a fixed amount of emulsion polymer sample as
well as the extent ahonomer conversion. About 1.000 g of emulsion polymer
was weighed in a prereighed aluminum dish. The polymer sample was then
dried in an oven at 10 for two hours to evaporate and remove all unreacted
monomers and water molecules completely. Subsélgue¢he sample was
cooled down and the weight of the remaining solids residue was recorded. The
processes were repeated until a constant weight was obtained. The test was

replicated three times for easample to obtain an average value (Goh, 2019).
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34.7 Particle size analysis

Particle size analyzer is a useful instrument that provides the information of the
average particle size and the distribution details of particle size range. In this
study, distilled water was used to dilute the polyrasrulsion. In order to
ensure that the polymeric nanospheres were well dispersed and homogeneous,
the emulsion sample was sonicated for five minutes. The P(MMAA)
nanospheres were then subjected to laser diffraction for particle size analysis.
The refactive indexes of water and the polymer were fixed at 1.33 and 1.49

respectively (Goh, 2019).

3.4.8 Atomic force microscopy

Atomic force microscope is another advanced instrument used in the study of
surface morphology and topology of nanostructure sasngthe P(MMAco-

AA) nanospheres with the incorporation of TMVS were coated on a glass
substrate and characterized using AFM with a-ocomact moddLee, et al.,
2021) The 3dimensional images captured by AFM provide clear magnified
images of the surfacef the sample scanned. Moreover, characteristics of the
surface coverage, packing and distribution of the polymeric nanostructures on

the glass surface can also be analyzed through the images obtained.
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3.4.9 Thermogravimetric analysis

Thermogravimetric analyzer is used to determine the thermal stability of the
samples analyzed. Dried P(MM&o-AA) nanospheres were used for the
analysis. About 10 mg of polymer powder sample was weighed into an
alumina crucible and subjected to TGA anay®r the determination of the
thermal decomposition behaviour and the composition content of the sample
(Lee, et al., 2021). In order to reduce the thermadative degradation of the
sample, nitrogen gas was purged throughout the analysis. The niffogen

rate was fixed at 20 mL/min. The sample was heated frof 26 700°C with

a heating rate of 28 /min (Lee, et al., 2021)

3.4.10 Differential scanning calorimetry

Differential scanning calorimeter is used to determine the dlassition
temperature of the sample analyzed. Dried P(MBA®AA) nanospheres were
used for the analysis. About 10 mg of powder sample was weighed into an
alumina crucible and sealed with an alumina lid using a sealing press. The
sample was then subjectedDSC analysis under an inert atmosphere with the
purging of nitrogen gas. The nitrogen gas flow rate was fixed at 20 mL/min.
The sample was first heated from 25 to 150°C with a heating rate of 10
°C/min (Lee, et al., 2021 Subsequently, the samplas cooled to 28C with a
cooling rate of 50C/min. Finally, the sample was heated with another round

of heating from 25C to 170°C with a heating rate of 1%/min (Goh, 2019).
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3.4.11 Transmission electron microscopy

Transmission electron microseps a much more advanced and powerful
instrument utilized in the study of surface morphology and topology of
nanostructures. First of all, tmeetallicpolymer nanocompositemulsion was
sonicated for 10 minutes to ensure that the nanoparticles werdisyrsed.
Then, the polymer dispersion was spread onto a lacey copper grid and
subjected to TEM scanning. TEM image was then captured and observed to

identify the AQNPs embedded inside the polymeric nanospheres.

3.4.12 Contact angle analysis

A contact angle analyzer is an instrument used for inspecting the water contact
angle (WCA) property of a substrate. In this study, the WCA of the chemically
modified surface ofglasssubstrates was investigated using a contact angle
measurement system at laient conditions. The WCA was measured by fitting
and capturing the image of a deionized water droplet in a contact angle
analyzer (Laplac&oung model) using a software program named Lauda

Surface Analyzer (Lee, et al., 2021).

3.4.13 Water droplet analysis

Water droplet analysis is commonly adopted to examine the wettability of a
coating on the surface of a substrate. A constant volume of 10 pL distilled

water was dropped on the chemically modified surface of the Si substrate. The
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images of the water dropl&irmed on the surface were captured with a camera,

observed and compared.

3.5 Peeling test

A tape test based on ASTM D 3389 is commonly employed to access the
adhesive strength of the coatings on a subs{tate, et al., 2021)in general,
pressuresensitive tape (3 M 600 Scotch transparent tape) was applied and
covered evenly over the coating. The tape was then smoothened into place by
rubbing it firmly using a ruler to ensure good contact between the adhesive
tape and the coated surfaceithhh 2 minutes of application, the tape was
removed by seizing the free end and pulling it off rapidly back upon itself at as
close to an angle of 18@s possible (ASTM D33509, 2009).The output
power of the coated solar modules prior to and after eydle of peeling was

measured using a solar simulafbee, et al., 2021)

3.6  Weathering resistance test

The weathering resistance of the coatings on glass substrate was evaluated via
a natural weathering test which was conducted with the test specimens being
mounted on a rack facing directly south (S 204°) at an angle of about 30°. The
rack was located on ¢hrooftop of the building of Faculty of Science at the
Kampar campus of Universiti Tunku Abdul Rahman in Perak, Malaysia
(4.3085 N, 101.1537 E; relative humidity:-98% and temperature: B24°C).

A set of test specimens were collected every month foratido of 4 months.
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The specimens were rinsed with distilled water and dried. The condition of the

polymer coatings was subsequently examined using AFM (Lee, et al., 2021).

3.7 Electrical measurement of solar modules

The electrical features of the photdtaic modules (Sanyo, AN701CAR,
Pmax = 190 mW) before and after surface treatment and modification were
measured using a Programmable DC electronic load LIV tester. The maximum
normal surface irradiance applied in this work was set at 100 mA/idmile

the solar module was illuminated under an AM1.5 solar simulator. The
measurement was conducted consistently by fixing the solar module
perpendicularly to the light source. Figure 3.1 illustrates the setup of the
apparatus. Each sample was measured thresstio obtain an average value.

By using the current and voltage readings obtained, the electrical output power

of the solar cell was calculated using Equation 3.1 (Tay, et al., 2020).

Power (W) = current (A) x voltage (V) (Equation3.1)

o | ) | /=

—— I
?E/_smar Cel

W

Contacts LCE“ holder

Figure 3.1: Schematic diagram of the experimental setup for solar cell output

power measurement
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CHAPTER 4

FABRICATION AND CHARACTERIZATION OF SILVER
NANOPARTICLES

4.1  Synthesis of silver nanoparticles via the chemical reduction method

4.1.1 Effect of reducing agent on the physical properties of AQNPs

The chemical reduction method of the metal salt is a bettprapproach for
synthesizing metallic nanopatrticles and it has been employed to synthesize the
AgNPs in this study. In this work, NaBHvas used as the reducing agent to
reduce Ag ions (dissociated from the silver metal salt, AgIN® form Ag
particles with either DDT or DDA as the capping agent. The ionic equation of

the chemical reduction process is shown in Equation 4.1.

Ag"+BHs +3H0O VY °AB(OHx+3.5H  (Equation 4.1)

In a previous study, the effect of the concentration of reducing agent on the
formation of AgNPs had been investigated (Tay, et al., 2020). The results
obtained in the study confirm the theory reported bygset al. (2008), which
states that AgNPs with smaller size can be synthesized by increasing the
concentration of the reducing agent. When a small amount of NeBidded,

the AgNPs would aggregate and agglomerate. This is because the boron
hydroxide praluced(Eg. 4.1)will attach to the surface of the nanoparticles. A

low concentration of Bk would result in the reduction of surface electron
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density. However, when an excess amount of NaBHadded, the AgNPs
could be maintained in smaller size owingtt® electrostatic stabilization
attributed to the thick BlHion layer that surrounds the particles (Figure 4.1).
The thick BH ion layer prevents the absorption of boron hydroxide to the
surface of nanoparticles. Thus, the AgNiPs weltdispersed in the solvent. In

this case, NaBH not only acts as a reducing agent but also serves as a
stabilizer to protect the nanoparticles from agglomeration. The results obtained
from this research showed that AgNPs with smaller size and lotfeersion

were obtained by increasing the concentration of Na#din 0.24 to 0.36 M

(Tay, et al., 2020). Therefore, the concentration of NaB&t fixed at 0.36 M

in further study.

(a) By
Eu-l4
BH,; NP BH‘ BH-! BH4
Bty BH4 BH,,
BH4 BH,” BH -
+ NaBH, A
ngw —— BH.;
BH, Bt BH,” BH4 By’ /\ /X,,.Elmuﬁclepu]ﬁm
BH, -
5l 3:4 -— ~——+
4 !
BH,"\._/BH,” ,m::;:;“'“
BHq_- 4

Figure 4.1: Schematic diagrams representing (a) absorption of BH layer
to the surface of AgNPand (b) electrostatic repulsion between nanoparticles
(Singh, et al., 2018)
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4.1.2 Effects of capping agent and reaction temperature on the physical
properties of AgNPs

AgNPs with different structural and physical properties, which include the
partide size and particle shape, were fabricated by manipulating the reaction
parameters, namely the concentration of capping agent, the type of capping
agent utilized and the reaction temperature during the chemical reduction
reaction. The AgNPs synthesized revecharacterized using FESEM for
morphological study; UWIis spectroscopy for optical analysis; EDX
spectroscopy for elemental analysis; XRD for the study of crystallinity and

crystal phase; and FTIR for the determination of functional groups.

As aforemationed, the geometrical and structural properties of the synthesized
metallic nanoparticles are strongly dependent on the concentration of the
capping agentNatsuki and Hashimoto, 2013n this study, the AgNPs were
fabricated in an ice bath () usirg either DDT or DDA as the stabilizer by
varying their concentration, while other reaction parameters were kept constant.

The concentration of the capping agent is represented by the S value which

denotes————  molar ratio. Figures 4.2 an4.3 show the FESEM

images of the synthesized AgNPs which were functionalized by DDT and
DDA, respectively. The range of particle size obtained via FESEM are

tabulated in Table 4.1.
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X10,000 WD 6.7mm

Figure 4.2: FESEM images of AgNPs which were synthesized in an ice bath
(0 °C) with different S value of DDT: (a) 2.78, (b) 5.56, (c) 11.1 and (d),16.7
with a magnification o0k130000,x65000,x15000 anck10000 respectively

Table 4.1: The particle size range of fabricated AgNPs corresponding to the S
value and type of capping agent

Particle size range (nm)

S value

DDT DDA
2.78 5-30 10-30
5.56 1045 -
11.1 > 300 -
16.7 > 800 10-55
22.2 - 10-25
27.8 - 20-70
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Figure 4.3: FESEM images of AgNPs which were synthesized in an ice bath
(0 °C) with different S value of DDA: (a) 2.78, (b) 16.7, (c) 22.2 and (d),27.8
with a magnification 0k80000

Based on the resulsbtained from the FESEMmages, both sets of AgNPs
functionalized by DDT and DDA exhibit a similar trend, where the particle
size and particle size distribution increase and broaden with the concentration
of the capping agent. The particle size of AgNRslsysized utilizing DDT as

a capping agent increased dramatically fror3@0nm to more than 750 nm
when the S value of DDT was increased from 0.278 to 16.7 (Figure 4.2). On
the other hand, for the AgNPs functionalized by DDA, the particle diameter
increagd slightly from 1630 nm to 2670 nm when the S value of DDA was
increased from 0.278 to 27.8 (Figure 4.3). It is obvious that DDA performed
better than DDT as a capping agent to protect the metallic nanostructures from

aggregation during the chemical wetion process. Over a wide range of
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concentration, DDA has constantly yielded AgN#th spherical shape as well

as smaller particle diameter and narrower particle size range, which are mostly
smaller than 100 nm (Figure 4.3). Nonetheless, the AgNPs \ahecktabilized

by DDT grow to a larger scale with irregular structure when the S value of
DDT exceeded the optimum concentration of 5.56 (Table 4.1, Figure 4.2).

Therefore, DDA was used for further study.

Theoretically, metallic nanoparticles with aler size are produced by
increasing the amount of capping agent. This is because with higher
concentration, more capping agent molecules are able to attach to the surface
of metal colloids, thus preventing aggregation between the particles through
steric stabilization (Tay, et al., 2020). As a result, the fabricated AgNPs are
more well dispersed with smaller size. On the other hand, instead of reducing
the particle size, an excessive amount of capping agent will lead to the growth
of nanoparticles to lagy size owing to the formation of bigger micelles. These
larger micelles result in the destabilization of the nanostructures, thus giving
rise to the occurrence of agglomeration, clusterization and enlargement of
nanacolloid (Mirela, 2009). Consequentlyhe bulk particles with irregular
shapes are formed. In view of this, an adequate amount of capping agent
should be added during the synthesis process in order to produce AgNPs with
desirable structural properties (Tay, 2019). In fact, the steric stdioilizaf a
capping agent, which is attributed to long carbon chains, plays a predominant
role in the capping of AgNPs. It prevents the nanoparticles from further growth

in size and maintains them in a smaller size with a spherical shape (Farrell, et
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al., 2aL3). Figure 4.4 demonstrates the schematic diagram of the steric

stabilization effect contributed by a capping agent.

Figure 4.4: A schematic diagram of steric stabilization of AgNBscapping

agent molecules

The morphological features of the fabricated AgNPs would also be
significantly affected by the reaction temperature of the chemical reduction
process. The AgNPs capped with two different concentrations of DDA and
synthesized at room temperature (Z5 were characterized using FESEM
(Figure 4.5). The particle size obtained by using different concentrations of
DDA at the reaction temperature oPO and 25°C are tabulated in Table 4.2.

By comparing the FESEM images obtained (Figure 4.3 (a), (b) and Figire 4

it is obvious that the particle diameter and shape were greatly affected by the
reaction temperature. Contrary to the structural properties of the AgNPs
synthesized in an ice bath, the nanostructures have significantly grown to a
bigger scale with brader size distribution when the reaction temperature was
raised from °C to 25°C. Meanwhile, the spherical nanoparticles (Figure 4.3)

have turned into nanostructures with irregular shapes and sharp edges (Figure
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4.5). Therefore, it can be concluded tAggNPs with smaller particle size,
narrower size distribution and more regular shape were prepared at a lower

temperature.

SEI 40kv  X20,000 WD 6.6mm Tum 2 40KV X20,000 WD 6.fmm 1pm

Figure 4.5 FESEM images of AgNPs which were synthesized at room
temperature (25C) with two S values of DDA: (a) 2.78 and (b) 16with a
magnification 020000

Table 4.2: The particle size of AgNPs obtained by ugsirdifferent

concentrations of DDA at the reaction temperature €@ @nd 25°C

Particle size range (nm)

S value
0°C 25°C
2.78 10-30 > 450
16.7 10-55 > 640

It had been found that the formation of metallic nanoparticles via the chemical
reduction process occurs in the early stagjesynthesis, specifically during the

nucleation and growth process. Nucleation is the initial step of the formation of
a thermodynamic new structure which grows irreversibly into a larger nucleus
within the bog of a metastable parent phase. Nucleation will only take place in

a supersaturated solution which is thermodynamically unstable in order to
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produce small size colloids. After forming stable nuclei from a solution, they

grow through the absorption of solabmolecules onto the stable cluster

surface, which is known as molecular addition. Secondary growth occurs when

smaller unstable nuclei combine with stable particles, namely aggregation

(Pacion

et al ., 2015) . Figurtee 4.6

nucleation and growth process of particles.
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Variation in temperature might influence the reaction kinetic, aggregation and

agglomeration mech&ms, including intrgarticles ripening, oriented

attachment and overgrowth (Pinero, et al., 2017). When the synthesis reaction

is carried out at a high temperature, there is an increase in the reduction kinetic.
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nanoparticles accelerate. Subsequently, the nanopartalésgrow and
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agglomerate during a secondary growth process. High temperature increases
therate of reduction of silver metal salt to form silver colloids due to the high
frequency of effective collision between the particles. However, due to the high
reduction kinetic, the stabilizer molecules are not able to attach to the surface
of the partites immediately and spontaneously. Without the adsorption of the
protective group, the nanoparticles will agglomerate and thus bulk particles
will form. On the other hand, the rate of reduction decreases at a lower
temperature with slower nucleation andwth of the nanoparticles. Hence, the
capping agent molecules are able to attach to the surface of nanoparticles and
maintain their size at the nanoscale by preventing them from aggregation (Tay,

et al., 2020).

Among the nanostructures which have beemi¢abed with different reaction
parameters, the spheriegtaped AgNPs with the size range of3nm were
selected to be embedded inside the polymeric matrix in this study. The AgNPs
were synthesized at®C, using DDA with the S value of 2.7Bistead of using

DDT as the capping agent, DDA is deemed more suitable for this work. This is
because the thiol group present in DDT could possibly act as a chain transfer
agent, which may affect the molecular weight of the polymer produced.
Moreover, DDA has demonstrated its outstanding capping efficiency to
produce AgNPs with smaller particle size, narrower size distribution and
uniform spherical shape during the chemical reduction process (Figure 4.3).
AgNPs with smaller size and spherical in shape asemial for them to be
encapsulated into the polyacrylic nanospheres that are synthesized with an

average particle size of 97 nm. In fact, small spherical nanoparticles are able to

101



scatter the incoming light more effectively, thus improving the lightdsting

efficiency of the nanostructures.

4.1.3 Localized surface plasmon resonanceffect of fabricated AgNPs

Different types of noble metallic nanoparticleghibit the localized surface
plasmon resonance (LSPR) effect at different wavelengths. As a matter of fact,
the LSPR effect of metallic nanopatrticles is highly dependent on their particles
size and shap@etryayeva and Krull, 2011An increase in partie size and
edges of the nanostructures will cause asfé effect in the absorption
spectra, due to the high efficiency in charge separation (Tay, et 20). Zhn

the other hand, a decrease in particle size will lead to asbiftephenomenon

in theabsorption spectra. Nanostructures which are more symmetrical in shape
would enhance the LSPR intensity. According to Petryayeva and Krull (2011),
the number of resonance absorption peak is determined by the number of
modes of a structure that can be pakd by an incident light source. For
instance, spherical nanoparticles have only one absorption peak while non
spherical nanostructures have more than one resonance absorption peak,
depending on their structure (Figure 4.7). Moreover, the wavelengtheof t
plasmon peak of these nanoparticles varies with their size and shape. For
example, the sphericgahaped AgNPs with an average particle size 69@0

nm exhibit a theoretical plasmon peak in the-Uig range of 388180 nm due

to the LSPR effect.
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Figure 4.7: Number of the resonance absorption peak of silver nanoparticles

with different shapes and structures (Petryayeva and Krull, 2011)

From the information obtained via UVis spectroscopy, the bandgap energy
of AgNPs could be determined. The baapdgnergyEng is the energy required

to excite the electrons from the valance band to the conduction bané&yghe
of AgNPs has slightly deviated when their morphological and structural

properties are different. Fredrick and Mangaka (2017) reported tsP4
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exhibit a theoreticdEng of 3.04 eV, but it is somehow dependent on the particle
size and shape of the nanopatrticles. Hence, the shifting of wavelength will

affect the calculated value Bfg.

The Eng of AgQNPs can be calculated directly from the W6 absorption
spectrum using Ei nst diquatios 4.Pwhoe s se ner ¢
the maxi mum absorbance wavelength, h i
speed of light. TheEng of AgNPs synthesized with various S values was

calculated ash®wn in Appendix A.

O — (Equation 4.2)

Table 4.3: The particle size, absorbance, wavelengths with the respective

calculatedEngof the AgNPs corresponding to the S value of DDA

S value Particle size (nm) Absorbance Wavelength (nm) Epg(eV)

2.78 10-30 1.290 409 3.036
16.7 10-55 1.166 415 2.992
27.8 20-70 1.071 422 2.942

Based on the results obtained, the AgN&wicated using DDA with the S

value of 2.78 gave aBng of 3.036, which is close to the theoretical value of
3.04 eV. Indeed, the AgNPs produced were smaller in particle size range (10
30 nm) (Table 4.1) and spherical in shape (Figure 4.3). Smalleclpasize

results in a larger value of the measured absorbance and a higher value of
bandgap energy (Table 4.3). An increase in the bandgap energy and a decrease

in the wavelength of the absorption peak is a phenomenon known as the blue
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shift effect. Accorthg to the quantum confinement theory, the kdhédt
phenomenon is associated with a decrease in particle size. The holes and
electrons are less confined by the potential barriers of the surface. Hence, the
spacing of the electronic level and the bandgragrgy increase with decreasing
particle size (Singh, et al., 2018). The phenomenon that happens in a reversed
condition is known as the reshift effect. From the results shown in Table 4.3,

the wavelength of the plasmon peak shifted from 409 to 422 edskift)

with an increasing particle size range from3Dnm to 2670 nm, while the

calculatedEng decreases from 3.036 to 2.942 eV.

Figure 4.8 shows the UVis spectra of the solutions of AgNPs which were
synthesized with different concentration o€ tbapping agent DDA in an ice
bath.From the spectra obtained, the AgNPs render a plasmon absorption peak
in the range of 40422 nm which well falls within the given theoretical range

of AgNPs. The peak present is corresponding to the characteristicesurfa
plasmon resonance signal of the AgNPs, which has proven that AQNPs were
fabricated successfully (Venkatesham, et al., 2014). The broadening of the
plasmon absorption peak could be a result of the formation of AgNPs with
large particle size distributio®Besides that, the negative band occurs at around
320 nm in all of the AgNPs spectra obtainisdpossibly resulted by the
dielectric constant of the medium and the dielectric factors of the surrounding
environment. On the other hand, the noise bands ditextvthe wavelength
range of 20240 nm in the UWis spectra are mainly due to the DDA
capping agent molecules that are attached to the surface of Agolérids to

serve as a protective layer by preventing the nanoparticles from aggregation

105



and clustazation. This could be consolidated by the absence of other peaks
within the wavelength range of 335 to 560 nm. As reported by Venkatesham et
al. (2014), no peaks located within this particular range evidence the absence of

nanoparticles agglomeration.
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Figure 4.8: UV-Vis spectra of AgNPsvhich were synthesized in an ice bath
with different S values of DDA: (a) 2.78, (b) 16.7, (c) 27.8; and (d) overlay

spectrum

On the other hand, it was found that the absorbance of the plasmon peaks
decreases from 1.290 to 1.071 when the S value of DEr€ases from 2.78 to
27.8(Table 4.3, Figure 4.8). According to the Mie scattering theory, the results
depict the fact that AQNPs with bigger and broader particle size range have
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been synthesized as evinced by the decrease in absorbance. The Rayleigh
scatering theory describes the absorption and scattering of electromagnetic
waves by a homogeneous isotropic colloid with a spherical shape. It suggests
the situation where scattering particle size is much smaller than the wavelength
of the incident light, spfically < 1/10 wavelength (Lin, et al., 2014). As
reported, the smaller the particle size, the greater the light radiation is scattered
by the nanostructures and thus high fraction of incident light is being absorbed.
Hence, a higher value of absorbancdicates that the AgNPs produced are
smaller in size. Moreover, with the increasing amount of capping agent, the
incident light scattered and absorbed by the AgNPs decreases due to the
interference caused by the capping agent (Tay, 2019). As a result, the

plasmonic effect of the AQNPs decreases.

4.1.4 Crystallinity of AQNPs

In this work, XRD was used to study the crystal phase and the degree of
crystallinity of the fabricated AgNPd=igure 4.9 shows the XRD pattern of
AgNPs which were capped by DDA with the S value of 2.78 and synthesized
in an ice bath via the chemical reduction process. The diffraction peaks at
38.12, 44.36, 64.46 and 77.43are assigned to (111), (200), (220)d (311)

planes of Ag, respectively. The data obtained have been phase analyzed using
the instrument software to compare with the reference database from
International Centre for Diffraction Data (ICDD). The outcomes of the
matching analysis illustrate dhthe diffraction peaks of the fabricatAdNPs

match well with the ICDD with the entry number of-017-6577: 38.37° (111),
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44.60° (200), 64.91° (220) and 77.99° (311). Owing to a different type of
capping agent that has been used in the fabricatioegspthe & values of the
diffraction peaks obtained are shifted slightly. The detected peaks shown in the
diffraction pattern are corresponding to faeecentredcubic (FCC) structure

of AgNPsand indicate the crystalline nature of AQNPs. Nonetheless, there are
also other diffraction peaks shown in the XRD pattern which couldderly

due to the presence afpurities of a capping agent (DDAand minorly
attributed to theinreacted starting aterials and byroducts (Tay, et al., 2020).
The capping agent serves as a stabilizer to functionalize AgNPs by preventing
them from aggregation and agglomeration as well as maintaining their particle

size inasmaller scalewhich is not expected to affefinal results significantly
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Figure 4.9: XRD pattern of the AgNPs functionalized by DDA

The results on the degree of crystallinity obtained from the programmable
software of the XRD instrume#atch! From Crystal Impactghowed that the
samplepossesses 50.42% of crystallinity and 49.58% of amorphous content, by

weight.
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Besides that, the average crystallite size of the AgNPs synthesized was
calculated using the Deby&cherrer equation (Equation 4.3), whé&ds the
crystallite diameter, kis he Sc h er r ®is tllesvavelengtts df thenxt ,
ray source (Cu KUradiation),b is the width of diffraction broadening at full

width half maximum (inradianddanddi s t he Braggés di ffra

o — (Equation 4.3)

The crystallite diameter of the nanoparticles at various diffraction angles was
determined and the calculation steps are shown in Appendix B. The average
crystallite size of the AgNPs was 16.44 nm. The calculated diameter of the
AgNPs is consistent with ¢hresults obtained from FESEM analysis, which

showed that the AgNPs produced were in the range-8D1m.

4.1.5 Elemental composition of AGNPs functionalized by a capping agent

The AgNPs fabricated were characterized with elemental analysis using an
EDX spectrometer. Figures 4.10 show the EDX spectra of the AgNPs which
were functionalized with (a) DDT and (b) DDA, and the respective chemical
structure of the capping agents. Both of the EDX spectra illustrate explicitly
the presence of silver (Ag) elemt in the samples. The presence of the sulfur

(S) and carbon (C) peaks in Figure 4.10 (a), and the presence of the nitrogen (N)
and carbon (C) peaks in Figure 4.10 (b) have evinced the fact that the capping
agent molecules were attached to the AgNPs dlfterchemical reduction

process.
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Figure 4.10: EDX spectra of AgNPs stabilized with (a) DDT and (b) DDA,

and the respective chemical structure of the capping agents

4.1.6 Functional groups of DDA-capped AgNPs

FTIR was used to determine the functionadups present in the capping agent
DDA and the DDAfunctionalized AgNPs. Figure 4.11 shows the IR spectra of
(a) pure DDA and (b) the AgNPs synthesized with DDA. The data extracted
from the FTIR spectra are tabulated in Table 4.4. The existenmealfof the
amine functional group-lH) in the AgNPs proved that the fabricated AgNPs

have been functionalized by DDA.
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Table 4.4:FTIR spectrum data of DDA and DD#inctionalized AgNPs

Sample Wavenumber (cn?) Description  Vibration mode
3331, 3260 Very weak N-H stretch
2918, 2851 Very strong C-H stretch
1606 Weak N-H bend
DDA 1464 Medium -CHz bend
1371 Weak -CHz bend
1038 Weak C-N stretch
722 Medium N-H wag
3360 Very strong O-H stretch
1656 Medium N-H bend
DDA-
_ _ 1478 Very strong -CHz bend
functionalized
1384 Very strong -CHz bend
AgNPs ,
1077 Medium C-N stretch
710 Medium N-H wag

For the FTIR spectrum of DDA, the peaks appear at 3331 and 3260 cm
correspond to the asymmetrical and symmetricadl Stretch. Moreover, the
presence of MH bend and\-H wag in the DDA molecule is evinced by the
peaks at a wavenumber of 1606 and 722.cithe peaks shown at 2918 and
2851 cm® indicate the existence of the asymmetrical and symmei@dal
stretch. Whereas the peatkeatoccur at 1464 and 1371 cnare dtributed to

the -CHz bend and-CHs bend. Another important peak exists at 1038'dm

attributed to the &N stretch of the DDA structure.

Comparatively, the important peaks found in the FTIR spectrum of DDA are
also present in the spectrum of the Diuctionalized AgNPs. The peak
appears at 1656 charises from the NH bend, while the peak shown at 710

cmit corresponds to the-N wag. The presence of th€H, bend and-CHs
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bend is indicated by the peaks occurring at 1478 and 1384Moreover, the
peak for the €N stretch, which occurs at 1077 ¢ragrees with the theoretical
range. However, most of the peaks shown in the FTIR spectrum of- DDA
functionalized AgNPs have shifted to higher wavenumbers. @hiscesthat
there is a strongnteraction between DDA and AgNPs. Nonetheless, a strong
peak occurs unexpectedly at 3360 grwhich is attributed to the hydroxyl
group (OH stretch), indicating the presence of moisture in the AgQNPs sample.
The peaks of NH stretch andC-H stretch are wable to be observed in the
FTIR spectrum of DDAcapped AgNPs. This is because they have been
overlapped or covered by the broad absorption pe#kedfydroxyl functional
group. In additionthe absence dhesignificantweakening of thesabsorption
peals indicates the coordination of DDA molecules to the surfaceof
nanoparticlewvia their head groupas reported by Chen and Wang (2008) and

Mo et al (2011)The AgNPs were proven to be protected by DDA.

4.1.7 Optical properties of AgNPs

Figure 4.12 illustrates the solutions of DBénctionalized AgNPs which were
synthesized with various concentration of DDA &C0and 25°C, through the
chemical reduction approach. The solutions of dispersed AgNPs appeared in
different colour tones when the concentration of the capping agenvaried.

This is because the particle size of the nanostructures produced is strongly
dependent onthe concentration of the capping agent and the reaction

temperature.
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Based on the FESEM analysis, with the increase of the concentration of DDA
(S value) and the reaction temperature, the particle size and size distribution of
the nanocolloids increased broaden, while the particle structure transforms

to an irregular shape (Figure 4.3 and 4.5). By comparing the samples in Figure
4.12, the dark brown colour in solution (a) indicates that the AgNPs are smaller
in particle diameter. With the increase iarficle size, the AgNPs solution
turns from dark brown to light brown and even to yellowisbwn [(b)(d)].

The change in the solution colour observed in this study matches the results

reported by Song et al. (2008).
(©

(@) (b)

Figure 4.12: The solutions of DDAcapped AgNPs which were fabricated with
DDA with the S value of (a) 2.78, (b) 16.7 and (c) 27.8 &;0while (d) was
fabricated with DDA with the S value of 16.7 atZ5

The colour of the solution of AQNPs varies from each other according to their
structural and geometrical properties. This is mainly attributed to the localised
surface plasmon resonance (LSPR) eftéanhetallic nanostructures. As stated

by Mavani and Shah (2013), the LSPR effect of metallic nanoparticles exhibits
a strong correlation with their particle size and shape. When the nanostructures

aggregate, the optical properties of the solution wilhgea When the particle
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size increases, the LSPR shifts to lower energy. Meanwhile, the scattering and
absorption peaks of the AgNPs will shift to a longer wavelength. The
conduction electrons which locate closer to the surface of the particles
delocalize ad are shared amongst neighbouring particles. Thus, the AgNPs
with different size and shape will have different oscillation resonance. The
statement explains the dependency of the colour outlook of synthesized AgNPs
by their structural properties. TheredpiAgNPs with the colour of the solution

that varied from dark brown to yellowiglrown were obtained in this work.

4.1.8 Percentage yield of AQNPs

The AgNPs were fabricated by the chemical reduction method, using Ne&BH
the reducing agent with DDAsahe capping agent. The percentage yield of the
AgNPs synthesized was 41.4%. The calculation of percentage yield is shown in
Appendix C. The relatively low yield was mainly due to a significant weight
loss during the transferring and purifying processeshe AgNPs solution.
Subsequently, the AgNPs weredispersed in 15 mL of ethanol and utilized in

further study. The final concentration of the AgNPs was 3.585°1.0
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CHAPTER 5

SYNTHESIS AND CHARACTERIZATION OF P(MMA -CO-AA-CO-
TMVS) NANOSPHERES

5.1 Synthesis of P(MMA-co-AA-co-TMVS) nanospheres

Emulsion polymerization is a radical addition polymerization that proceeds in a
heterogeneous system which is associated with the catien of
hydrophobic building units using an -i-water emulsifier. This
polymerization technique has been adopted to fabricate an emulsion which
consists of P(MMAco-AA) nanostructures. In this work, MMA and AA were
used as the monomers in tlkspersed phase with distilled water as the
continuous phase. The polymerization process was initiated by KPS which is a
watersoluble thermal initiator; while the hydrophobic monomexgre
stabilized by SDS in an aqueous medium. Meanwhile, TMVS was ioicigul

into the polymeric matrix during the polymerization process, with the purpose
to investigate the effect of different amount of TMVS on the adhesion strength
and bond durability of the modified polymer nanostructures on Si substrate
(Lee, et al., 202). Figure 5.1 illustrates the chemical structure of P(MBMA

AA-co-TMVS).
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Figure 5.1: The chemical structure of P(MMA&0-AA-co-TMVS) (Lee, et al.,
2021)

In the P(MMA-co-AA) copolymer, the PMMA components form a matrix with
high optical transparency in the visible range of the electromagstictrum.

The introduction of AA segments into the polymer chain is to improve the
wetting propertiesand stabilityof P(MMA-co-AA) copolymer, which could
enhance the adhesion strength of the polymeric nanostructures on the glass
substrate (Goh, 201%.ee, et al., 2021 The distinctive combination of both

the mechanical and optical characteristics displayed by polyacrylate copolymer
renders the advantages for the copolymer to be fabricated as light harvesting
nanostructures. The polymeric nanoparticées coated as an améflective
nanoarray on the glass surface of the solar module with the intention to
increase the absorption of light into the photoactive (i, et al.,, 2021)

Thus, the PCE of solar modules can be enhanced.
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In addition, in order to improve the adhesion strength and bond durability
between the organic polyacrylate nanostructures and the inorganic surface of
glasssubstratesTMVS was incorporated into the polymer mat(iee, et al.,

2021) By adding TMVS asra SCA that serves as an adhesion promoter, the
covalent bonding between these two dissimilar materials will be strengthened.
Therefore, it is anticipated that the adhesion of the polyacrylate nanostructures
with TMVS on a glass substrate will be more dilgahgainst the weathering

and ageing processes.

The methoxy silane groups (S-CHs) in TMVS can be hydrolyzed by either
water or a suitable solvent to form silanol groups@8&i) which are further
condensed to form siloxane groups-Cs5i) (Liu, et al, 2001; Lee, et al.,
2021). Besides forming covalent bonds via siloxane group®-&) with the
hydroxyl groups on a Si substrate, TMVS can also react with the silanol groups
(Si-OH) present in the copolymeric material. Thus, increases the molecular
weight of the copolymer by forming crosslinked networks. The higher the
network density of siloxane bonds, the stronger will be the cohesion strength as

well as the adhesion durability of such material.

5.1.1 Total solids content and percentage of monomer ceoersion of

P(MMA -co-AA-co-TMVS) copolymer emulsion

The total solids content and the percentage of monomer conversion of the
polymer emulsiorwere determined. The results obtained are tabulated in Table
5.1. The experimental details of the total solidsteohin addition tothe

calculations of the theoretical total solids content of the polymer emulsion and
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the percentage of monomer conversion are shown in Appendix D. The results

showed that the total solids content of the polymer emulsion increaseswith a

increasing amount of TMVS being incorporated int@L#e, et al. 2021)For

instance, the total solids content of the emulsion increased from 19.90% to

21.09% when the amount of TMVS incorporaiadreased from 0 wt% to 9

wt%. This is because more TMVS molecules have been incorporated into the

polyacrylate copolymer. Based on the theoretical total solids content, the

percentages of monomer conversion of all the polymer emulsion obtained were

found satisfactory as more than%f the monomers has been converted to

polymer. This indicates that the polymerization process has been carried out

successfully to produce copolymer products with a reasonably high yield.

Table 5.1: The total solids content and the percentage of mena@onversion
of P(MMA-co-AA) emulsion incorporated with different wt% TMVS

wt% TMVS Total solids content (%) Monomer conversion (%)
0 19.90 99.50
5 20.18 97.06
7 20.98 99.41
9 21.09 98.48

5.1.2 Structural properties of P(MMA -co-AA-co-TMVS)

The particle size of

P(MMACO-AA-cO-TMVS)

nanostructures was

characterised using a laser diffraction particle size analyzer. The analysis is

basedonawek st abl i

normally known as De Broucker mean (Kulshitesh et al., 2010Lee, et al.,

shed

met hod <cal

ed

ivol

202)). Figure 5.2 shows the average particle size of polyacrylate
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nanostructures synthesized with various wt% of TMVS. The detailed
information obtained from the analysis is tabulated in Table 5.2. The PSA
results showhatthe polymeric nanostructures possess an average particle size
of 97 £ 5 nm. It also reveals that the incorporation of TMVS into the P(MMA
co-AA) copolymer has resulted in a slight reduction of the average patrticle size.
The mean patrticle size of the polydate nanostructuredecreased from 102

nm to less than 100 nm (93, 98, 95 nm) after the incorporation of various
amount of TMVS. The slight shrinkage in size indicates that the presence of
TMVS in the polymer chains could have induced some crosslinkirfgrm
networks within the polymer particle (Lee, et al., 2021). In order to control the
particle size of the polymer nanostructures, certain processing parameters were
kept constant during synthesis, which includes the amount of emulsifier used,
the rateof addition of both emulsifier and monomer, and the speed of stirring
during polymerization. The PSA results were further examined by using

FESEM, which is discussed in the following section.
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Figure 5.2: The average particle size of P(MM#&®-AA-co-TMVS)

nanostructures as a function of the amount of TMVS incorporated
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Table 5.2: The mean particle size and particle size distribution of the
polyacrylate nanostructures corresponding to the wt% of TMVS incorporated

Mean particle size Particle size distribution (nm)
Polymer sample

(nm) D1o Dso Do  Span
0 wt% TMVS 102 68 97 144 0.780
5 wt% TMVS 93 54 89 141 0.977
7 wt% TMVS 98 55 93 151 1.031
9 wt% TMVS 95 54 91 145 1.002
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Figure 5.3: Particle size distribution of P(MMA&OAA-co-TMVS)
nanostructures with the incorporation of (a) 0 wt%, (b) 5 wt%, (c) 7 wt% and
(d) 9 wt% of TMVS
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The particle size distributions of P(MMé&o-AA-co-TMVS) nanostuctures
(Figure 5.3) depict that the incorporation of TMVS into the polymeric matrix
has resulted in a slight increase in polydispersity. The pristine P(M&MAA)
nanostructures exhibit a particle size distribution from 68 to 144 nm with a
span value 0D.780. With the incorporation of 7 wt% of TMVS, the particle
size distribution has broadened from 55 to 151 nm with a span value of 1.031.
This indicates that the presence of TMVS during the synthesis might have
influenced the nucleation and growth proesssf polymer chains, thus
interrupting the growth in particle size of the polymer nanoparticles (Lee, et al.,

2021).

In addition, the morphological study of the P(MM&-AA) nanostructures
synthesized with and without TMVS was carried out u§iB§GEM(Lee, et al.,

2021) The FESEM images of the polyacrylate nanostructaresshown in
Figure 5.4. Based on the measurements done on the FESEM images, the
polyacrylate nanostructures hase average particle size of 97 nm, with the
particle size distbution span between 50 to 130 nm. Similar results obtained
from both PSA and FESEM confirmed that the average size of the
nanoparticles is less than 100 nm. The FESEM images also revealed that all the
polyacrylate nanostructures produced, whether witlvihrout TMVS, appear

as uniform spherical structures. The incorporation of TMVS would not affect
the structural property of polyacrylate nanostructures in terms of particle shape.
This result corresponds well with the outcomes of\J¥ spectroscopy, which

are discussed in Section 5.2.3.
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Figure 5.4. FESEM images of the P(MM&0-AA) polymeric nanospheres
incorporated with (a) 0 wt % (b) 5 wt % (c) 7 wt % and (d) 9 wt % of TMVS
with a magnification ok40000

5.1.3 Optical properties of P(MMA -co-AA-co-TMVS)

P(MMA-co-AA) nanospheres incorporated withfferent amount of TMVS

were also characterized by Ws spectroscopy. The UVis spectra obtained

are combined and shown in Figure 5.5. The-\4¥ spectra reveal that the
absorptionpeak of both the P(MMAO0O-AA) and P(MMA-co-AA-co-TMVS)
nanospheres appears within the range7@274 nm(Lee, et al., 2021)This
absorbance band corresponds to the characteristic band of the carbonyl

chromophores which are present in the copolymer sample (Shanti, et al., 2017).
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Moreover, it is obvious that only orabsorptionpeak is present in each of the
UV-Vis spectra of the polyacrylate samples. As discussed edhnleenumber

of resonance absorption peaks is dependent on the number of modes of the
structure that can be polarized by light radiation (Petryayeva and R@dl,).

For nanoparticles which is spherical in shape, there will be only one resonance
absorption peak appearing in the spectrum (Lee, et al., 208#&).UV-Vis

results evince the fact that polymeric nanostructures with spherical shape have

been fabricateduccessfully in this work.

Table 5.3: The absorbance and wavelength of the absorption peak

corresponding to the amount of TMVS incorporated into the polymeric matrix

Polymer sample Wavelength (nm) Absorbance
0 wt% TMVS 271 0.573
5 wt% TMVS 270 0.838
7 wt% TMVS 274 1.305
9 wt% TMVS 270 0.715

Interestingly, the UW:is resultsdepict clearly that the amount of TMVS
incorporated into the copolymer does not influence the wavelength while
affecting the absorbance of thbsorptiorpeak significantlyLee, et al., 2021)

The wavelength and absorbance intensity of the resonance peak corresponding
to the amount of TMVS incorporated in the polymeric matrix are tabulated in
Table 5.3. The polymeric nanospheres with 7 wt% of TMVS yieltted
highest absorbance. The absorbance results correlated well with the percentage
of PCE improvement of the Si solar cell coated with the nanostructures. The
solar module coated with the P(MM&#o-AA-co-TMVS) nanospheres

containing 7 wi of TMVS rendered the highest PCE enhancement, this
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indicates that a significant amount of UV radiation was absorbed and coupled
into the photoactive site of the solar mod(llee, et al., 2021)Further details
on the effect of the polymeric nanospheossthe PCE of Si solar module

coated with it are discussed in Section 5.2.3.
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Figure 5.5: Overlaid UV-Vis spectra of P(MMAco-AA) nanospheres
incorporated with different amounts of TMVS

5.1.4 Elemental composition of P(MMA-co-AA-co-TMVYS)

The elemental composition of both P(MMéo-AA) and P(MMA-co-AA-co-
TMVS) was characterized using EDX spectroscfipge, et al. 2021)Figure
5.6 shows the EDX spectra and the respective chemical structure of (a)
P(MMA-co-AA) and (b) P(MMAco-AA-co-TMVS). As shavn clearly in
Figure 5.6 (b), a distinct Si peak is present in the EpX¥ctrum of P(MMA

co-AA-co-TMVS). This indicates that the SCA (TMVS) has been successfully
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incorporated into the polymeric matrix. On the other hand, the Si peak is absent
in the EDX sgctrum of P(MMAco-AA) (Lee, et al., 2021)The carbon (C)

and oxygen (O) peaks are mainly contributed by the polymer itself; while the
presence of other peaks such as sodium (Na), potassiuam@iSulfur (S) was

due to residual contamination of SDS arfédS<from the emulsion system.

O ,
(Full Scale 31804 cts Cursor: 4,054 (102 cts)

LI R 7 L% P A DL PR R
i y

Figure 5.6: EDX spectra and the respective chemical structure of (a) P(MMA
co-AA) and (b) P(MMA-co-AA-co-TMVS)

127



5.1.5 Functional groups of P(MMA-co-AA-co-TMVS)

FTIR analysis was performed to determine fimgctional groups present in the
monomers, the SCA and the polymer samples. The spectra of the samples were
obtained in the range of 40@@0 cm!. The FTIR spectra of MMA, AA,
TMVS, P(MMA-co-AA) and P(MMA-co-AA-co-TMVS) are illustrated in

Figure 5.7. Tald 5.4 shows the wavenumber and the corresponding vibration

mode of the functional groups in the samples.

AA is a carboxylic acid with the molecular formula of S EHCOOH. The

vinyl group present in the molecule is connected ta#rbonyl carbon (C9),
forming an unsaturated carboxylic acid. The hydroxyl gre@#| attached to

the carbonyl is characterized by a strong and broad peak which occurs at 3045
cmt in the spectrum. This peak is extended and covers the peaks appearing
between 25068300 cmt, thus overlapping with th€-H stretching peak. The
carbonyl group causes the vibration with strong intensity at 1698vaich

falls within the fingerprint region of 1670820 cm! of C=0. Because the C=0
group is part of the acidf has a relatively lower wavenumber. This is because
the carboxylic acid group does not exist in a free state but rather it forms
hydrogen bonding with other carboxylic acids. The peaks that appear at 1634
and 1295 cm with medium intensity are attributéd C=C and @0 stretches,

respectively.
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Table 5.4: Dataextracted from FTIR of AA, MMA, TMVS, P(MMAC0-AA)
and P(MMAco-AA-co-TMVS)

Sample Wavenumber (cnm!) Description Vibration mode
3045 Weak O-H stretch
1698 Very strong C=0 stretch
AR 1634 Medium C=C stretch
1295 Strong C-O stretch
2956 Very weak C-H stretch
1721 Very strong C=0 stretch
MMA 1637 Weak C=C stretch
1377 Very weak -CHz bend
1300 Strong C-O stretch
3448 Medium O-H stretch
(water)
9997 Strong O-H stretch
(carboxylic acid)
P(MMA -co-AA) 2953 Strong C-H stretch
1734 Very strong C=0 stretch
1474 Strong -CH2 bend
1388 Medium -CHs bend
1273 Strong C-O stretch
2950, 2843 Weak C-H stretch
1599 Very weak C=C stretch
TMVS 1189 Medium C-O stretch
1078 Very strong Si-O stretch
803 Strong Si-C stretch
772 Strong Si-O bend
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Table 5.4:Data extracted from FTIR of AA, MMA, TMVS, P(MMA0-AA)
and P(MMAco-AA-co-TMVS) (continued)

Sample Wavenumber (cn?) Description  Vibration mode
O-H stretch
3467 Strong
(water)
O-H stretch
2997 Strong ) )
(carboxylic acid)
2953 Strong C-H stretch
1736 Very strong C=0 stretch
P(MMA -co-
1475 Strong -CHz bend
AA-co .
1388 Medium -CHs bend
TMVS)
1273 Strong C-O stretch
1150 Very strong Si-OH stretch
1063 Medium Si-O stretch
988 Medium Si-O-Si stretch
842 Weak Si-O-Si bend
810 Very weak Si-C stretch

As for MMA, the peak that occurs at 2956°¢tim attributed to th€-H stretch.

The unsaturation of C=C stretch of the monomer contributes to the appearance
of a peak at 1637 ctn The presence of methyl grougCHs) in the MMA
molecule is evinced by the peak that emerges at the wavenumber of 1377 cm
as a result ofCHs bending. The C=0 group of an ester functional group causes
the existence of a peak at 1721 tmhich is within the theoretical range of
17251700 cmt. The peak appears at a higher wavenumber than the C=0
group of AA due to the withdrawing effect of the alenegative oxygen.
Another important peak that exists at 1300canises from the @ single

bond group which proves the presence of an ester group in the molecule.
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The FTIR spectrum of P(MMAO0-AA) copolymer is similar to a combination

of the MMA and AA spectra, except with the absence of the peak of
unsaturated C=C double borid the wavenumber range of 169610 cmt.

This indicates that MMA and AA monomers have been reacted to form
polymer chains in the copolymerization process. The peaksghataat 3448

and 2997 cm are assigned to the-B stretch, where the former is attributed to
the hydroxyl group in the water molecule while the latter is contributed by the
carboxylic acid moiety of AA segments in the polyacrylate chain. Likewise,
the alsorption peaks which occur at 2953, 1734, 1474, 1388 and 12¥3&cm
the FTIR spectrum are attributed to the vibration modeS-Hf stretch, C=0
stretch,-CH. bend,-CHz bend and €0 stretch, respectively, of both the MMA
and AA repeating units in the pwoher chains. Contrary to the individual
monomers, the wavenumbers of these functional groups are slightly shifted,
which could be due to the different chemical environment of the monomers and

the polymer chaingohy, et al., 2017¢Goh, 2019).

For the FTR spectrum of TMVS, the peaks that exist at 2950 and 2848 cm
correspond to the asymmetrical and symmetri@d stretches. Whereas the
stretching of the unsaturated C=C double bond in the TMVS molecule
contributes to the appearance of an absorption aea&99 crtt. The presence

of the GO stretch is indicated by the peak at 1189'crnm addition, the
important peaks of SD that occur at 1078 and 772 ¢mare contributed by the
stretching and bending vibration modes of-Csiof the molecule. The

absorpion peak that exists at 803 ¢nis assigned to the §t stretch. All the
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peaks found in the spectrum correlate weth the functional groups of TMVS

(Figure 1.8).

Obviously, the FTIR spectrum of P(MM£o-AA-co-TMVS) shows additional
peaks as compardd the spectrum of P(MMA&oO-AA). For instance, the Si

OH stretch from TMVS causes the appearance of an absorption peak at 1150
cmt. The existence of the functional group of@3 in the former is a result of

the hydrolysis of SOCH; in TMVS. The peakhat occurs at 1063 chis
resulted by the SD stretch; whereas the peaks at 988 and 842 ame
assigned to the stretching and bending vibration modes-GtSi Siloxane
bonds (SiO-Si) are formed via a condensation reaction between neighbouring
silarol groups (SIOH), with water as a bproduct. This result indicates that

the polymer chains have indeed crbeked with each other via siloxane
bonds. Another important absorption peak that proves the presence of TMVS
in the copolymer is shown at 810 ¢iwhich arises from the stretching ofSi

In addition, the absorption peak of the vinyl group of TMVS is not found in the
FTIR spectrum, which should appear in the range of 2I&&D cm®. Again, it
proves that the vinyl groups have reacted in the pehaation process. The
absence of an unsaturated C=C double bond and the presence of silane
functional groups (i.e. 8D, StO-Si and SiC) evinced that TMVS has been
successfully incorporated into the polymer chain. Moreover, the presence of
the StOH graup indicates that there is still an active site available for
subsequent condensation reaction between the silane moiety in the polymer

chain and the hydroxyl group on a glass substrate.
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5.1.6 Cirystallinity of P(MMA -co-AA-co-TMVS)

P(MMA-co-AA-co-TMVS) nanospheres with various amount of TMVS were
also characterised by XRD to determine the degree of crystallinity and
structural order of the polymeric matrix. Figure 5.8 shows the XRD pattern of
the P(MMA-co-AA) copolymer. The diffractograms obtainetor the
copolymers with and without TMVS exhibit almost the same peaks at similar
2d values. The diffraction peaks occur at 13,80.00, 39.5P and 43.98are
probably contributed by the MMA segments in the polymer chains. According
to Mohy et al. (20I) and Hashem et al. (2017), similar diffraction peaks at
13.80, 30.@, 38.0 and 44.0 were observed in the diffractogram of PMMA
homopolymer. On the other hand, the diffraction pattern of PAA was
characterized by a relatively strong and broad peak.2% &iid a shoulder at
35.¢ (Todica, et al.,, 2014). Therefore, the diffraction peak that appears at
33.68 in the diffractogram could be attributed to the AA components in the
polymer chains. The slight shift in thel 2alues of the diffraction peaks could

be due to the interaction of certain functional groups between the repeating
units in the polymer chains, such as the siloxane and silanol groups from
TMVS, and the carboxylic acid group from AA repeating units (Goh, 2019;

Lee, et al., 2021).
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Figure 5.8: XRD pattern of P(MMAco-AA) polymer nanospheres

Based on Braggds | aw, crystalline mate
a distinct value of the diffraction angle (Todied al., 2014). Nonetheless, the
diffraction peaks of an amorphous system, such as a polymeric material, are
broad and consist of a humber of individual lines. Copolymerization of two
different monomers introduces higher amorphous content as compared to
homopolymerization. The pattern in Figure 5.8 exhibits a typical amorphous
characteristic of a polymeric material with the presence of a broad peak at
13.82. The degree of crystallinity can be further confirmed by employing
programmable software in the XRBnalysis. A summary of the results
obtained from the crystallinity analysis is tabulated in Table 5.5. It was found
that the P(MMAco-AA) copolymer consists of high amorphous content (89.22
wt%) with a low degree of crystallinity (10.78 wt%). The amorghoantent
increased slightly when a higher amount of TMVS was incorporated into the
polymer matrix. This could be due to the presence of siloxane and silanol
groups in the copolymers, which restrict the chain movement and hinder the

packing of polymer chas in the polymer matrix (Lee, et al., 2021).
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Table 5.5: The amorphous content and degree of crystallinity correlated with
the P(MMA-co-AA) nanospheres with the incorporation of various wt% of
TMVS

Amorphous content Degree of crystdlinity
Polymer sample
(Wt%) (Wt%)
0 wt% TMVS 89.22 10.78
5 wt% TMVS 90.54 9.46
7 wt% TMVS 91.61 8.39
9 wt% TMVS 91.96 8.04

5.1.7 Thermal stability of P(MMA -co-AA-co-TMVS)

Exposing a polymer to a high temperature will inevitably cause the polymer to
degrade and change its chemical and physical properties (Lee, et al., 2021).
TGA was conducted to investigate the thermal stability of the P(MIdAA)

and P(MMAco-AA-co-TMVS) copolymers. The TGA thermograms of the
polyacrylate copolymers are illustrateth Figure 5.9. All the TGA
thermograms of the P(MMA&O-AA) variants, whether with or without TMVS,
show a similar degradation pattern. Table 5.6 shows the degradation

temperatureTg) and percentage of residue at 380of the copolymer samples.
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Figure 5.9(a): TGA thermogram of P(MMAco-AA)
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Figure 5.9(b): TGA thermogram of P(MMAco-AA-co-TMVS) with 7 wt% of TMVS(Lee, et al., 2021)
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Table 5.6: Tq and percentage of residue at 5%D of P(MMA-co-AA-co-
TMVS) with different wt% ofTMVS

Degradation temperature, Percentage of residue
Polymer Tq (°C) after degradation (%)
sample First Second First Second

degradation degradation degradation degradation

0 wt% TMVS 193.00 394.00 98.06 9.68
5 wt% TMVS 212.67 395.00 98.19 6.70
7 wt% TMVS 216.33 394.00 98.50 8.54
9 wt% TMVS 200.33 394.33 98.82 9.45

Based on the TGA, it was found that the thermal decomposition of both the
P(MMA-co-AA) and P(MMA-co-AA-co-TMVS) copolymers consists of two
stages(Lee, et al.,, 2021)The first stage of degradation occurred in the
temperature range of 1425 °C with an average inflection temperature of
205.58 + 9.38°C. According to Moharram and Khafagi (2006), the first
degradation stage of PAA homopolymer started at aboufQ5fd ended at

225 °C, with the maximum decomposition rate occurring at 427The first
decomposition stage of PAA is due to the removal of@@OH side group by
dehydration followed by a decarboxylation reaction (Lee, et al., 2021). On the
other hand, PMM homopolymer showed its fir§iy at 180°C, which resulted
from the depolymerization of the hetmhead linkages, as reported by Galka
and his teammates (2014). Therefore, the first degradation stage of the
copolymer is mainly caused by the breakdownr@DOH side groups of the

AA repeating units as well as the depolymerization of the tehead
linkages of the MMA repeating unitdLee, et al., 2021)After the first

degradation stage, an average of 98.39% of residue was left.
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As the temperature increaf a second degradation was observed between 262
and 524°C with an average inflection temperature of 394:3B41°C. For the

PAA homopolymer, the second degradation stage started to occur & 301
and ended at 478C, with a maximum degradation ratmerging at 372C
(Moharram and Khafagi, 2006). This decomposition was the major cause of the
degradation of polyacrylic anhydride (Lee, et al., 2021). On the other hand, the
second degradation stage of PMMA homopolymer began between 350 and 400
°C, whichwas attributed to the chain scission of the backbone bonding of the
polymer chains (Galka, et al., 2013). Therefore, the substantial weight loss of
the second degradation stage is due to the breakdown of the polymer backbone
of carboncarbon bonds (Lee, al., 2021). The average percentage of residue

left after the second stage of decomposition was 8.59% &(550

It was found that the copolymers produced in this study exhibit higher thermal
degradation temperature than the pure homopolymers.niight be owing to

the presence of AA segments in the copolymer chains which have enhanced the
interaction between the polymeric chains. Thus, the thermal stability of the
copolymer chains is improved (Shanti, et al., 2016). Besides that, it can be
perceved from Table 5.6 that the incorporation of TMVS into the polyacrylate
copolymer increased the fir$g slightly but left the secondy unaffected. This
evinces the fact that the presence of TMVS reinforces the interaction between
the polymer chains vialanol groups and siloxane linkages. Nonetheless, the
presence of TMVS in the polymer chain does not influence the thermal

stability of carborcarbon bonding in the polymer backbone (Lee, et al., 2021).
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On the other hand, the glass transition temperdigjeof the P(MMA-Cco-AA)

and P(MMAco-AA-co-TMVS) copolymers was studied by employing the
differential scanning calorimetry (DSClg is defined as the migoint on the
thermal curve corresponding to half of the heat flow difference between the
extrapolagd onset and extrapolated eset temperatures when a polymer
transforms from a glassy state to a rubbery state. The polymer chains gain
larger mobility when a polymer is heated to a specific temperature. Thus, the
polymer becomes soft and flexible. Inghvork, the polymer samples were
subjected to DSC analysis with two heating cycles, of which the first heating
cycle was aimed to remove the thermal history of the polymer. Figure 5.10
shows the DSC thermograms of both P(MM&AA) and P(MMA-co-AA-co-

TMVS). TheTy obtained are presented in Table 5.7.

The thermograms of all the polymer samples exhibit a similar thermal curve
pattern as the ones shown in Figure 5.10. It was found that the P{GOMA)
copolymer has &g value of 111.40°C (Table 5.7), which is slightly higher
than theTyg of PMMA homopolymer which is at 108 (Porter and Blum,
2000). This is mainly attributed to the introduction of AA segments into the
polymer chains. The carboxylic acid group of the AA contributes taylehi
secondary attractive force between the polymer chains, which restricts the free
rotation of the polymer chains. Therefore, the polymer system with lower chain

mobility has resulted in a high&g value.
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Figure 5.10(a): DSC thermogram of P(MMAO-AA)
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Figure 5.10(b): DSC thermogram of P(MM#A0-AA-co-TMVS) with 7 wt% of TMVS
145




Table 5.7:Tg of P(MMA-co-AA-co-TMVS) variants

Polymer sample Glass transition temperature, Tg (°C)
0 wt% TMVS 111.40
5 wt% TMVS 113.95
7 wt% TMVS 115.13
9 wt% TMVS 118.08

Furthermore, the DSC results depict an increasing trend inTg¢haf the
copolymers as the amount of TMVS in the copolymer increasesTgltfethe
P(MMA-co-AA) copolymer has increased from 111%Dto 118.08C, with a
difference of 6.68C, when the amount of TMVS incorporated was increased
from 0 wt% to 9 wt%. Theesults demonstrate that with the presence of TMVS,
the rotation and mobility of the polymer chains have been further restricted
owing to the presence of silanol groups as well as the formation of siloxane
linkages in the polymer network (Lee, et al., 20243 aforementioned, the
silanol groups of TMVS present on the polymer chains will interact with each
other through condensation reaction to form stable siloxane bonds (Arkles, et
al., 2014). An increasing number of silanol groups on the polymer cham lead
to higher crosslink density between the polymer chains. According to Shefer
and Gottlieb (1992), a higher degree of crosslinking in the polymer network
decreases the mobility of the polymer system while increasind ¢halue.
Hence, a higher amount of TMVS increases the number of silanol groups
present in the polymer system and induces a higher crosslink density between

the polymer chains, thus raising thgof the copolymer¢Lee, et al., 2021)
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5.2  Effect of coatingmethod and amount of TMVS incorporated on the
deposition of P(MMA-co-AA-co-TMVS) nanospheres on a glass

substrate

In this part of the research work, two types of chemical bath deposition
techniques based on the sa#isembly coating principle, namely ih@mersion
method and the dip coating method, were designed and implemented. P(MMA
co-AA-co-TMVS) nanospheres synthesized with various amount of TMVS
were deposited on Si glass substrate via these two techniques. In order to
obtain a selassembled struate with excellent quality, the glass substrate
must be cleaned by treating it with a base piranha solution prior to the coating
process. According to Ooij, et al. (2005), the alkaline cleaning exhibited
extraordinary performance as a {breatment for thepplication of an SCA as

an adhesion promoter for an organic polymeric matrix to adhere to a Si
substrate. This treatment is effective in removing contaminants and pollutants
on a glass surface. Besides, it is also able to improve the wettability of glass
substrate with water owing to the adsorption of hydrophilic radical (hydroxyl
group) on the glass surface during the cleaning process (Haugan, 2011; Goh,
2019). As reported by Liu et al. (2001), the adsorption of SCA onto the Si
substrate is strongly depsent on the amount eOH groups available on the
surface. The higher the number-&fH groups, the more effective will be the
adsorption of SCA onto the Si surface; hence a coating with an array of

homogeneous particle distribution can be assembled on it.
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During the coating process, a fireated substrate was either dipped or
immersed perpendicularly into the polyacrylic emulsion. The substrate was
subsequently drawn from the emulsion at a fixed speed. When a substrate is
drawn from an emulsion or atex, a meniscus region is formed on the glass
surface due to capillary force.ig, et al., 200%. The seHassembly process
involves the transfer and accumulation of nanostructures in the meniscus to the
interface formed among air, emulsion and subsiaskar, et al., 2013). The
impact of both of the coating techniques on particle surface distribution,
homogeneity and density was investigated by AFM for morphological and
topological examinations. Concurrently, the effect of the concentration of
TMVS in the polyacrylate copolymer on the distribution of the-asfembled
polymeric nanospheres was also studied using AFM. The influence of these
two deposition approaches on the light trapping efficiency of the polymer
nanostructures coated dhSi solar modws was examined by using a solar
simulator to acquire the details of different photovoltaic parameters. The

results obtained are evaluated and discussed in the following sections.

5.2.1 Surface morphological characteristics of deposited P(MMACo-AA -

co-TMVS) nanoarray

The AFM images of P(MMAco-AA-co-TMVS) nanospheres containing
various amount of TMVS, which had been deposited on a glass surface via
both the immersion and dip coating methods, are shown in Figure 5.11. The
AFM images depict that the mersion coating technique enables the
formation of a polymeric nanoarray with homogeneous particle distribution

and superior surface coverage on the substrate surface. However, the same was
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not obtained by using the dip coating technique. Besides, itouasl fthat the
amount of TMVS incorporated into the polyacrylate would affect the particle
density, surface coverage, particle distribution as well as the thickness of the
nanoarray coated onto a glass surface (Lee, et al., 2021). With increasing
amount of TMVS, a polymeric nanoarray with higher particle density and
better surface coverage was formed. In addition, by coating the glass surface of
a solar module with polymeric nanoarray having good surface distribution, the
solar module attained a remarkabl€H improvement. The output power

measurement of solar modulsdurther discussed in Section 5.2.2.
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Figure 5.11: AFM images of P(MMAco-AA-co-TMVS) nanostructures
deposited on a glass surface via the immersion and dip coating methods

corresponding to the amount of TMVS in the copolymers

150



5.2.2 Electrical measurement of solar modules

The influence of both the coating method and the amount of TMVS in
P(MMA -co-AA-co-TMVS) nanospheresn the light trapping efficiency of the
solar module was investigated via electrical measurement using a solar
simulator. The output power measurements of the solar modules prior to
coating and after coating weesamined using the solar simulafbee, et al.,
2021) Figure 5.12 shows the relative PCE improvement attained by the solar
modules coated withP(MMA-co-AA-co-TMVS) nanospheres containing
various wt% of TMVS by using the immersion and the dip coating oalsth

The photovoltaic parameters of the surfacedified solar modules are

presented in Table 5.8.
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Figure 5.12: Relative enhancement in PCE of solar module coated with
P(MMA-co-AA-co-TMVS) nanospheres containing various wt% of TMVS via

the immersion ahthe dip coating techniques

151



Table 5.8: Photovoltaic parameters of the uncoated and coated solar modules,
with the latter being deposited witA(MMA-co-AA-co-TMVS) nanospheres
containing various wt% of TMVS using (a) the immersion and (b) the dip

coating methods

Amount Solar Relative
Jsc(MA Voc FF PCE
of module enhancement
cm?) (V) (%) (%)
TMVS sample (%)2

(@) Immersion coating method

0 wt% Uncoated 2.050 6.050 0.5845 7.249

TMVS Coated 2519 6.225 0.5734 8.992 24.04
5Wt%  Uncoated 2.172 6.024 0.5485 7.177
TMVS Coated 2.693 6.132 0.5549 9.163 211
7 wt% Uncoated 1.494 6.077 0.7274 6.604 41.90
TMVS Coated 2.259 6.011 0.6901 9.371
9wWt%  Uncoated 1.981 6.084 0.5732 6.908
TMVS  Coated 2.676 6.010 0.5445 8.757 2617
(b) Dip coating method
Owt%  Uncoated 2.068 5.932 0.5865 7.195 05 46
TMVS Coated 2.415 6.097 0.5984 8.811
5 wt% Uncoated 2.207 5.993 0.5376 7.110 16.05
TMVS Coated 2519 6.175 0.5327 8.251
7Wt%  Uncoated 2.102 6.068 0.5061 6.455
TMVS  Coated 2554 6.102 0.5477 8.536 3225
9wt%  Uncoated 2.224 6.008 0.5469 7.308

20.64

TMVS Coated 2.519 6.229 0.5619 8.816

a2 Al ADIEOAT A Al A1-6

Figure 5.12 depicts the relative enhancement in PCE of solar modules coated
with P(MMA-co-AA-co-TMVS) nanospheres. The results show that coating
the glass surface of ddSi solar module with the polyacrylate nanospheres

containing 7 wt% of TMVS via the imersion coating method resulted in the
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highest relative enhancement of about 42%. The prominent enhancement in the
PCE of the solar modules is attributed by the outstandingreftdctive
property of the polyacrylate copolymer nanostructures. The ARC gréttied
refractive index facilitates an efficient light transmission across the interface
with slow transition from air to Si through destructive interference between
incident rays Esmaeilzad, et al., 2020The low surface reflection coupled
with the hidh light transmission is achieved by the destructive interference
between the light reflected from the interfaces of ARC/substrate and air/ARC
(Deng, et al., 2011). In other words, the effects of interference in the coating
have resulted in the occurrenceam outof-phase phenomenon between the
waves reflected from the ARC top surface and the wave reflected from the Si
substrate surface. These -@iphase reflected waves destructively interfere
with one another, leading to zero net reflected energy. Aesualt, the light
transmittance of the polymeoated glass surface of the solar module is
enhanced and thus more photon is absorbed into the active layer of the solar
module(Lee, et al., 2021 Consequently, the generation of electhmbe pairs

is signficantly increased, which subsequently enhances the overall electrical

output power (Tay, et al., 2020).

From the results acquired from electrical measurement, it is obvious that the
solar modules coated witA(MMA-co-AA-co-TMVS) nanospheres containing

7 wt% of TMVS, via both the coating approaches, exhibited the highest current
density as compared to their respective uncoated solar madeleset al.,
2021) It clearly demonstrates that there is a significant improvement in light

trapping efficiency viahe deposited polymeric nanoarray. This could also be
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contributed by a combination of the scattering mechanisms, namely Rayleigh
and Mie scattering, that may reduce the surface reflection and enable a large
fraction of light to be coupled into the actixegion of the solar module (Lee,

et al., 2018). It has been reported that Rayleigh scattering occurs when the
diameter of nanostructures is about-teeath of the incident light wavelength,
whereas nanostructures with a diameter comparative to the wabvetdnidye
incoming light will undergo Mie scattering (Lin, et al., 2014). As such,
Rayleigh scattering and Mie scattering are the dominant mechanisms for light
scattering by nanoparticles with smaller size (<100 nm) and larger size,
respectively. In this wrk, a multilayer of the nanoarray of polyacrylate
copolymeric nanospheres with an average particle size of 97 nm has exhibited
superior light harvesting efficiency. This could be due to gbattering of
incident light predominantly through Mie scatterimgth minor Rayleigh
scattering mechanisms. Hence, it led to the highest PCE improvement of 42%

in this series of study.

The PCE of the solar modulesoated with P(MMA-co-AA-co-TMVS)
nanospheres increased with an increasing amount of TMVS being incorporated
into the copolymer until an optimum amount of 7 wt% of TMVS was added
(Lee, et al., 2021)This is due to the ordered cleggacked arrangement of the
nanoarray of nanospheres, whabuld have acted as an effective intermediate
layer that creates an imperative intermediate refractive index to suppress the
Fresnel reflection and avoid the abrupt transmission of light from the air to the
Si solar module (Shanmugam, et al., 2020). hthre than 7 wt% of TMVS,

the relative PCE enhancement has shown a downward trend, possibly due to
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the formation of a thicker multilayer of nanospheres. A thicker multilayer of
such nanoarrays will certainly block the incident light and thus, reduce kite lig
trapping efficiency of the solar module. Therefore, the solar cell coated with
P(MMA-co-AA-co-TMVS) nanostructures containing 9 wt% of TMVS has
shown a reduction in the PCE improvemehhe results obtained from the
electrical measurement of the solamdnles are found to be consistent with the

UV-Vis absorbance results discussed in Section 5.1.3.

Figure 5.12 also portrays that P(MM#®-AA-co-TMVS) nanospheres
deposited onto the glass surface of the solar module via the immersion coating
method result@ in higher PCE improvement compared to the dip coating
method. Figure 5.13 shows the photograph&-8f solar modules coated with

the polymeric nanospheres via the immersion and the dip deposition techniques
respectively. The images portray that the icmgabbtained with the immersion
technique is more uniform, homogeneous with even surface distribution; while
the coating obtained with the dip coa
which indicates an uneven surface coverage on the surface of thenedlae

(Lee, et al.,2021)The above findings shed light on the superiority of the
immersion method to the dip coating technique. Hence, the immersion coating
method was identified as the preferred technique to attain higher PCE

enhancement for the solaodule.
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Figure 5.13: Theimages ofU-Si solar modulesoated withP(MMA-co-AA -
co-TMVS) nanospherethat were deposited via (left) the immersion technique,

and (right) the dip coating technique

5.3 Effect of amount of TMVS on the surface wettability of P(MMA-
co-AA-co-TMVS) nanoarray

The surface wettability of P(MMA&o-AA-co-TMVS) nanospheres was studied
by WCA analysis. In order to measure the WCA, the image of a water droplet
formed on the surface of a glass substrate that was coated with polyacrylic

nanoarray was captured by a contact angle analyzer as illustrated in Figure 5.14

Figure 5.14: The image of a water droplet formed on the surface of a glass
substrate which was captured by the contact angle analyzer fitted in the

LaplaceYoung model
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Table 5.9 shows the average WCA of a water droplet formed on the surface of
the treated glass substrate, corresponding to the amount of TMVS incorporated
into the P(MMAco-AA-co-TMVS) copolymer. The results in Table 5.9 show
that with a coating of P(MMAO-AA-co-TMVS) nanoarray on the glass
surface, the average WCA has increasamnfr35.4 to more than 42%
Interestingly, the water resistance of the system is further improved with an
increasing amount of TMVS in the copolymer, which is evinced by the
increase of the average WCA value. An increasing amount of TMVS in the
copolymerincreases the film thickness of the coated nanoarray (Lee, et al.,
2021). According to Vidal, et al. (2019), surface roughness and hydrophobicity
increase with the coating thickness. Based on the CBssiter model, a rough
structured coating film with l@ surface energy reduces the accessibility of
water to the surface by means of air entrapment in the grooves and gaps
between the nanostructures, thus giving rise to promising water repellence and
high WCA. Therefore, the coating of P(MMé&o-AA-co-TMVS) nanoarray

with 9 wt% of TMVS renders the highest WCA of 60.@ith superior

hydrophobicity(Lee, et al., 2021)

Table 5.9: The average WCA of a water droplet formed on the surface of the
modified glass substrate, corresponding to the amount of TMV Spioied
into the P(MMAco-AA-co-TMVS) nanostructures

Substrate sample Average WCA ()
Without coating 35.4

0 wt% TMVS 42.6

5 wt% TMVS 49.2

7 wt% TMVS 52.0

9 wt% TMVS 60.2
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5.4  Effect of curing temperature on the adhesive durability of P(MMA:
co-AA-co-TMVS) nanospheres

Curing temperature plays an important role in the efficiency of the coupling
mechanism of SCA. As a result, it influences the formation of the siloxane (Si
O-Si) bonds at the interphase region between an inorganic Si glass substrate

and an organic polymer coating.

In order to study the effect of curing temperature on the adhesion strength of
P(MMA-co-AA-co-TMVS) nanospheres on a glass substrate, the copolymer
synthesized with 7 wt% of TMVS was coated on the glass surface of solar
modules via the immersion coating method, followed by curing it at different
temperatureglLee, et al., 2021)Subsequently, the output power of the suHace
modified solar modules was measd using a solar simulator, before and after
multiple cycles of peeling. The results are tabulated in Table 5.10. Meanwhile,
the relative PCE improvement of the coated solar modules before and after

each cycle of peeling is presented in Figures 5.15.
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Table 5.10: The output power of solar modules with and without a coating of
P(MMA-co-AA-co-TMVS) nanospheres containing 7 %t of TMVS,

corresponding to the curing temperature and the peeling cycle

N Output power of solar module (W)
Conditions of

Curing temperature (°C)

coating
45°C 65°C 85°C 105°C
Without coating 0.199 0.196 0.206 0.207
With coating 0.273 0.284 0.287 0.293
15t peeling 0.287 0.287 0.294 0.294
2" peeling 0.268 0.272 0.271 0.266
3 peeling 0.255 0.260 0.262 0.253
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Figure 5.15: Relative PCE enhancement of solar modules deposited with
P(MMA-co-AA-co-TMVS) nanospheres with 7 wt% of TMVS, which were

subjected to three cycles of peeling process correlating to different curing

temperatures
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The acquired results shown in Table 5.10 and Figure 5.15 support th@t 65
was a suitable curing temperature twmating the P(MMAco-AA-co-TMVS)
nanospheres on the glass surface of a solar module. It induces better adhesive
durability and mechanical stability of polyacrylic nanoarray on the glass
substrate as the best results in relative PCE enhancement of cotded
modules were retained throughout the peeling test. Indeed, the highest relative
PCE improvement of 44.9% with an output power of 0.284 W was attained by
the coated solar module cured at°€5 as relative to the one without coating
with an original atput power of 0.196 W. On the other hand, the relative
enhancement in PCE of all coated solar modules with different curing
temperatures shows a similar trend, where the relative PCE improvement
increases after the first peeling cycle. This may be dtigetelimination of the
detrimental loosely bound physisorbed copolymeric layer from the surface of
the substrate and thus reduces the polymeric film thickness. The thinner
polyacrylic nanoarray performs better as an ARC because it introduces a higher
light transmission by reducing the surface light reflection. As a result, a large
fraction of light radiation is absorbed and coupled into the active region of the

solar modules.

Nonetheless, a gradual decline in PCE enhancement has been observed for all
coded solar modules with different curing temperatures after subjecting to
several cycles of the peeling process. This may be owing to the disruption as
well as the alteration of the order of the nanosphere array caused by the applied
mechanical forces of pressuresensitive tapélLee, et al., 2021)Among them,

the coated solar modules which were cured aP@35llustrated a delighted
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result with the highest relative PCE enhancement of 32.65% with the least
decline in PCE improvement after three peeling leyic According to
Monticelli et al. (2006), a higher curing temperature facilitates the complete
solvent evaporation and promotes more condensation of silanol bonds to form
siloxane bonds at the interphase region. A higher dmdssdensity of the
silanelayer will create a tighter siloxane network with stronger adhesive bond
strength. Therefore, curing at 86 could attain a polyacrylic nanoarray with
high adhesive durability which is able to endure the mechanical stress to a
higher extent. As a resulit, required more effort to peel off the polyacrylic
nanoarray from the substrate. On the contrarguring temperature which is
over an optimum value may result in an adverse effect of bond weakening.
This is evidenced by the coated solar module thatovesd at 105C, which
attained the lowest relative PCE improvement of 22.22% with the largest

decline in PCE enhancement after three cycles of peeling.

The ARC of polyacrylate nanospheres containing 7 wt% of TMVS that was
deposited on the glass surfaoé U-Si solar modules with various curing
temperatures exhibited an average relative PCE improvement of40.88%.

The results obtained are well correlated with the outcomes discussed
previously in Section 5.2.2. This illustrates that this approactiepbsiting
polyacrylate nanospheres on the glass surface of a solar module is feasible and
effective, as it has constantly elevated the PCE of solar modules with

reproducible improvement in the susceptible range.

161



5.5 Effect of natural weathering exposure on the adhesion strength of
P(MMA -co-AA-co-TMVS) nanospheres

The adhesion strength of the coating of P(MMd&AA co-TMVS) nanoarray

on the glass surface of dhSi solar cell, which was coated via either the
immersion or the dip coal§ method, was also investigated by natural
weathering exposur@.ee, et al., 2021)The weathering test demonstrates the
actual working environment of the solar panels which are usually installed
outdoor. In view of this, the solar panels must be abntture and withstand

extreme outdoor weathering processes.

In this study, the effect of outdoor natural weathering on P(MMAA -co-
TMVS) nanoarray deposited on the glass surface was examined with the aid of
AFM for morphological and topological studwhile the output power of the
surfacemodified solar modules was measured utilizing an AM 1.5 solar
simulator (Lee, et al., 2021)The results acquired from AFM and electrical

measurement are presented and discussed in the following sections.

5.5.1 Surface morphological characteristics of deposited P(MMACO-AA -

co-TMVS) nanoarray

The AFM images shown in Figure 5.16 demonstrate the effect of outdoor
natural weathering on the P(MMé&o-AA-co-TMVS) nanoarraycoated on the
glass surface. In contrast to the AFM images of the polymer coatings before
exposure Figure 5.11), it was foundttiadter natural weathering exposure, the

smooth array of the polyacrylic nanospheres with homogeneous distribution
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has been disrupted to a different degree. The degree of disruption was
dependent on the amount of TMVS incorporated into the copolymer, the

coating method and the duration of weathering expdduee, et al., 2021)

The results obtained show that the polymeric nanoarray with less than 7 wt%
of TMVS suffered a higher degree of disruption. After 34 days of natural
weathering exposure, the namag of the polyacrylate nanospheres with no
TMVS incorporation have shown the worst damage in term of surface
coverage and surface distribution. On the other hand, P(MMAA-co-
TMVS) nanospheres with 7 and 9 wt% of TMVS exhibited higher weathering
resigance with a lower degree of disruption on the surface coverage and
distribution of the nanoarrafLee, et al., 2021)The better outcomes of the
latter could be partly due to the lower surface energy and higher water

resistance of the system, as illustchby the larger WCA obtained (Table 5.9).
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Substrate Coating methods

sample Immersion coating Dip coating

(a) 34 days of natural weathering exposure

0 wt% TMVS

5 wt% TMVS

7 wt% TMVS

9 wt% TMVS

Figure 5.16: (a) AFM images of the nanoarray of P(MM#&-AA-co-TMVS)
nanospheres containing various wt% of TMVS, which was deposited on a glass
substrate via the immersion and the dip coating methods after 34 days of

natural weathering exposure
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Substrate Coating methods

sample Immersion coating Dip coating

(b) 130 days of natural weathering exposure

0 wt% TMVS

5 wt% TMVS

7 wt% TMVS

9 wt% TMVS

Figure 5.16: (b) AFM images of the nanoarray of P(MM#&-AA-co-TMVS)
nanospheres containing various wt% of TMVS, which was deposited on a glass
substrate via the immersion and the dip coating methods after 130 days of

natural weathering exposure
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Besides that, the AFM images also demonstrate that the immersiongcoati
method hasesulted in thdhomogeneous surface distribution of EMMA-
co-AA-co-TMVS) nanoarrayn glass surface with better weathering resistance
as compared to the dip coating technique. This is clearly illustrated by the
images of the copolymeric nanostructures with 7 wt% of TMVS, which was
coated via the immersion coating method, that displatterbgurface coverage

with a lower degree of disruption after 34 and 130 days of natural weathering
exposure, respectively. These results again proved that the immersion coating

method is a better choice than the dip coating technique.

In addition, it isobvious that the longer the duration of outdoor exposure a
polymer coating undergoes in the natural weathering process, the higher will be
the degree of disruption and damage of such coating. After 130 days of natural
weathering exposure, the conditiontbé polymeric nanoarray has worsened

with more damages incurrédee, et al., 2021)

From the outcomes of the AFM study, it is anticipated that the light trapping
efficiency of the surfacenodified solar modules and thus their PCE will be
jeopardized dér the natural weathering process. This is because an even and
well-distributed array of nanospheres on the substrate surface is mandatory in
enhancing the light harvesting efficiency of solar modules and thus improving
their PCE. The AFM results are catidated by the electrical output power
results of the solar modules which were coated similarly R{MMA-co-AA -

co-TMVS) nanospheres as in the AFM studlge, et al., 2021)
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5.5.2 Electrical measurementof solar modules

The influence of outdoor naturaveathering onP(MMA-co-AA-co-TMVS)
nanoarray deposited on the glass surface USi solar modules was
investigated by measuring the electrical features of the solar mqteleset

al., 2021) Concurrently, the durability ofP(MMA-co-AA-co-TMVS)
nanostructures was also assessed. Table 5.11 demonstrates the average output
power of the solar modules coated witR(MMA-co-AA-co-TMVS)
nanostructuregontaining various amount of TMVS, over a duratiof 130

days of natural weathering exposure. The average relative PCE enhancement of
the surfacemodified solar modules is illustrated in Figure 5.17. The average
output power of the solar modules was analysed as a function of the amount of
TMVS incorporaed, the coating method and the duration of natural weathering

exposure.

Before the natural weathering exposure (0 days), the solar modules coated with
P(MMA-co-AA-co-TMVS) nanospheres containing 7 wt% of TMVS
demonstrate a higher relative PCE enhancerokd®.0% and 32.4% for the
immersion and dip coating methods, respectively. The improvement in the
relative PCE enhancement of the surfawadified solar modules is mainly
attributed to the promising antflective properties of polyacrylate
nanospheresvhich are with homogeneous surface distribution and uniform
surface coveragé_ee, et al., 2021)The polymeric nanoarray has efficiently
harvested the light radiation and subsequently scattered it into the active region

of photovoltaic cells. Therefore, are electrorhole pairs are generated.
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However, after the outdoor weathering exposure, all the sunfiackfied solar
modules have suffered a decline in relative PCE enhancement. The degree of
degradation increases with the increase of the duration ohereaj exposure.

The acquired results clearly show that the P(MBRAA-co-TMVS)
nanospheres containing 7 wt% of TMVS have again demonstrated a better
performance in light trapping as a higher relative PCE enhancement with a
lower decline in PCE improvemewas retained after the natural weathering
test (Lee, et al., 2021)After 130 days of outdoor weathering exposure, the
higher relative enhancement in PCE of 11.9% and 14.0% were obtained by the
solar modules thus coated via the immersion and dip coatiathods,
respectively, as compared with the initial PCE improvement of 42.0% and 32.4%

before weathering exposure.

Nevertheless, the solar module which was coated with the pristine P{&MA

AA) nanospheres has suffered a huge declination in relative PCE enhancement,
specifically -5.8% as compared to its initial PCE enhancement of 24%. This
was due to the disruption and damage ofggblymeric coating as a result of
prolonged natural weatheg processes. Meanwhile, it was found that with the
incorporation of a suitable amount of TMVS R(MMA-co-AA-co-TMVS)
nanospheres, which was 7 wt% as found in this sfudg, et al., 2021)The
average relative PCE of solar modules was significantly oneat while the
decline in PCE enhancement was effectively reduced as seen over 130 days of
outdoor natural weathering exposure (Table 5.11 and Figure 5.17). The results
of the electrical measuremeot solar modulesorrelate well with the AFM

results of he exposed polyacrylate nanoarrays as discussed in Section 5.5.1.
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Table 5.11: Average output power of uncoated and coated solar modules, with
the latter deposited with P(MMA&o-AA-co-TMVS) nanospheres containing
various wt% of TMVS via (a) the imm&on and (b) the dip coating techniques

as a function of the duration of natural weathering exposure

Amount Solar Average output power of solatmodule (W)

of module Duration of natural weathering exposure (day)
TMVS sample 0 34 64 92 130
Control 0.211 0.191 0.213 0.215 0.216

(a) Immersion coating method

0 wt% Uncoated 0.208 - - - -

TMVS Coated 0.258 0.191 0.197 0.210 0.196
5 wt% Uncoated  0.206 0.206 0.206 0.206 0.206
TMVS Coated 0.263 0.192 0.220 0.213 0.215
7 wt% Uncoated  0.179 0.179 0.179 0.179 0.179
TMVS Coated 0.254 0.224 0.227 0.221 0.200
9 wt% Uncoated  0.198 0.198 0.198 0.198 0.198
TMVS Coated 0.251 0.213 0.219 0.220 0.204

(b) Dip coating method

0 wt% Uncoated 0.207 - - - -

TMVS Coated 0.254 0.189 0.199 0.208 0.207
5 wt% Uncoated 0.205 0.205 0.205 0.205 0.205
TMVS Coated 0.238 0.189 0.216 0.209 0.196
7 wt% Uncoated 0.185 0.185 0.185 0.185 0.185
TMVS Coated 0.245 0.205 0.212 0.213 0.211
9 wt% Uncoated 0.210 0.210 0.210 0.210 0.210
TMVS Coated 0.254 0.220 0.225 0.228 0.207

169



—~
QD
R
(o)
o

I =0 wt% TMVS m5 wt% TMVS 7 wt% TMVS m9O wt% TMVS

40 A

in_ulll u

Average Relative PCE Enhancement (%)

0 34 64 92 130

Duration of Weathering Exposure (day)
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Indeed, TMVS plays a significant role as an adhesion promoter to improve the
adhesion durability by enabling the deposited polyacrylic nanoarray to
withstand extreme weathering processes and harsh environmental conditions
(Lee, et al.,, 2021). The silanolrayps of TMVS incorporated in the
copolymeric chain could form covalent siloxane bonds with the protective
glass surface of solar modules by means of silanation reaction, as illustrated in
Figure 5.18. It was found that with a higher concentration of TMVS
incorporated (7 and 9 wt%), the adhesion strength and bond durability of
P(MMA-co-AA-co-TMVS) nanospheres in the system were significantly
improved and their lifetime was prolonged. This is due to the creation of a
tighter siloxane crosslinked network ¢siine linkage) by a higher amount of

TMVS, which could induce a better weathering resistance.

CHs CHs -

0 o, 0 o ,0 HO, ,0
\( = Copolymeric Chain

—ECH:— C]—[CH;-(" HHCH:—CH]—E CHr— CHCH:‘ C HHCH:— CH}— () MMA
1 b ¢ a b ¢
S (bAA
Si Si\ (¢) TMVS
0/ {)\0 ()/() 0 = Siloxane Linkages

Protective Si Glassy, | ‘ | | ‘ |

Solar Cell ’

Figure 5.18: Schematic diagram of coupling of P(MM#o-AA-co-TMVS) on

the glass surface of solar modules via formation of siloxane linkages
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In addition, an evenly distributed polymeric nanoarray with uniform surface
coverage produced via the immersion coating method was found to be better in
elevating the light harvesting efficiency of ARC of polyacrylic nanoarray.
Overall, the immersion coatingiethod induced better weathering resistance,
compared to the dip coating method. This is evinced by attaining a higher
average relative PCE enhancement for most copolymeric variants, over 130

days of outdoor weathering exposure.

Undoubtedly, natwal weathering leads to the disruption of the polymeric
nanoarray coated on the surface of solar modules and jeopardizes the function
of such polymeric coating as an argflective layer (Lee, et al., 2021). This is
because the formation of siloxane bowr@sthe condensation of silanol groups

of TMVS is a reversible reaction in the presence of water. As a result, the
siloxane bonds that bind tHfe(MMA-co-AA-co-TMVS) nanospheres to the
glass surface are broken when they are hydrolyzed by water molecutes fro
the surroundindLee, et al., 2021)Consequently, the polymeric nanospheres
coated on the surface of solar modules were washed off during rainy days,
which is clearly portrayed by the disrupted polymeric nanoarray in the AFM

images in Figure 5.16.

In fact, the loss in relative PCE enhantent of a solar module is partly caused
by the accumulation of dust or pollutants on its surfaee, et al., 2021)This

is obviously seen after 34 days of natural weathering exposure, during which
the atmosphere in the area where the solar cells weateld was filled with

haze particles emitted from a forest fire which has lasted for about a month.
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The presence of dust and pollutants block the incident light and reduce the
transmittance of the light photons into the active layer of a solar module (Lee
et al., 2021). According to Casanova, et al. (2011), the accumulation of dust on
the surface of photovoltaic devices decreases the incoming irradiance to the
cell and results in power losses of at least 15%. Therefore, it may be necessary
to introduce ahydrophobic protective film with distinctive sedfeaning
properties on the coated surface of solar modules to promote higher water

resistance while reducing dust accumulation.
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CHAPTER 6

FABRICATION AND CHARACTERIZATION OF METALLIC -
POLYMER NANOCOMPOSITES

6.1 Encapsulation of AgNPs into P(MMA -co-AA-co-TMVS)

nanospheres via emulsion polymerization

Nanoencapsulation is a process which involves particle(s) (core) entrapment in
a capsule (shell or matrix) at the nanoscale with a variety of structural
properties, depending on the synthetic route, recipe and ingredients. The
nanoencapsulatiotechnique is categorized into two major classes: (a) a core
being surrounded by a polymer tma shell and (b) a core being embedded
within a polymeric continuous network (CaBarabia and Maspoch, 2015).
Being a class (b) technique, metallic nanostructures with smaller particle size
are generally encapsulated in bigger polymeric nanopartickesigh the
heterogeneous emulsion polymerization process. The advantages of such
process include the impartment of nanocapsules with high purity and
uniformity, dispersibility, small particle size with narrow distribution, readily
scalable and accentuatetiemical homogeneity. By encapsulating metallic
nanoparticles inside polymeric nanospheres, the metallic nanocolloids can be
prevented from aggregation, agglomeration and oxidation under high ionic
strength and extreme oxidation conditions via an effechaeier of the

polymeric shell Ecarabelli, et al., 2019)
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In this study, AgNPs with two patrticle size ranges af Bm and 160 nm

were embedded respectively inside P(MM&AA-co-TMVS) nanospheres,
which were specifically designed to give an average particle size of about 100
nm, via an emulsion polymerization process. Figure 6.1 illustrates the
schematic diagram of a polymeric nanosphere shell encapsulated with
numerous smaller sized AN cores. In view of the anteflective property of

the polymeric nanoarrays in addition to the localized surface plasmon
resonance (LPSR) and surface plasmon polariton effects of the metallic
nanoparticles, it is anticipated that an array of such narmbstes on the glass
surface of solar module could enhance its light trapping efficiency (Lee, et al.,
2021). Such functional nanoarrays have combined the advantageous elements
of light trapping efficiency via effective light scattering mechanisms and LPSR

effect.

Encapsulated AgNPs
(cores)

Polymeric nanospheres (shell)

Figure 6.1: Schematic representation of a polymeric nanosphere shell

encapsulated with AQNP cores
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6.1.1 Topological characteristics ofmetallic-polymer nanocomposites

Figure 6.2: TEM image ofmetallicpolymer nanocomposites

The TEM image of thenetallicpolymer nanocomposités shown in Figure

6.2. As portrayed in the image, a great amount of AgQNPs (orange arrow) are
entrapped in the copolymeric nanospheres (red dotted line circle), with some of
them scatter outside the napberes. The TEM image depicts that the metallic
nanoparticles had been encapsulated successfully inside the polymeric
nanospheres through the emulsion copolymerization process. Besides, no
agglomeration and clustering @&gNPs are observed in the image. As the
AgNPs are entrapped in the polymeric matrix, it is expected that the metallic
nanoparticles will be protected from extreme conditions of the surrounding

environment. Furthermore, the welispersed AgNPs should be abler¢mder
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a high light trapping efficiency through accentuated LSPR effect, surface

plasmon polaritons and light scattering mechanisms.

6.1.2 Crystallinity of metallic-polymer nanocomposites

The metallic-polymer nanocompositesvere characterised using XRDb
determine the degree of crystallinity of the polymer composite. The
diffractogram of P(MMAco-AA-co-TMVS) nanospheres embedded with
AgNPs (Figure 6.3) shows that it is similar to the diffraction pattern of the
copolymer without AgNPs (cf. Figure 5.8)h&@ diffraction peaks that occur at
13.54, 30.20, and 43.8%are mainly attributed to the MMA segments, while
33.78 is contributed by the AA components in the polymer chalite 21
values of the diffraction peaks obtained were slightly shifted, which may be
due to the presence of AgNPs in the polymer matrix that may affect the
interaction between the polymer chains and thus result in some extent of
changes in the nanocompositéevatheless, the presence of AgNPs, which

wasO50 ppm, in the polyacrylate nanospheres could not be detected by XRD.
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Figure 6.3: XRD pattern ofmetallic-polymer nanocompositesith 7 wt% of
TMVS

Moreover, the diffraction sharp peaks with low intensity in the diffractogram
shown in Figure 6.3 also implies that the degree of crystallinity of the
functional polymeric nanocomposite is lower than the polymeric matrix
without AgNPs.This is further condlidated by the analysis of the degree of
crystallinity which was conducted using a programmable software of XRD.
The results obtained show that tmetallicpolymer nanocompositpossesses

a low degree of crystallinity of 7.65% which is 0.74% lower ttienpolymeric
matrix without AgNPs(cf. Section 5.1.6). The slight drop in the degree of
crystallinity of themetallicpolymer nanocomposite is due to the presence of
AgNPs in the polymer matrix that prevents the polymer chains from packing
uniformly. Therdore, the nanocomposite with a loosely packed polymer

structure is highly amorphous.
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6.1.3 Thermal stability of metallic-polymer nanocomposites

In this study, TGA was carried out to investigate the thermal stability of the
metallicpolymer nanocompositdy determining the thermal degradation
temperature g) and the percentage of residue after degraddtiem, et al.,

2021) Figure 6.4 isthe TGA thermogram of the metallipolymer
nanocomposite. It shows a similar degradation pattern with the polyacrylic
nanospheres without AgNPs, where the thermal decomposition process also

occurred in two stages.

The first stage of degradatiatarted atl57.8°C andendedat 220.£C with an
inflection point at 196.7C. The first thermal degradation is mainly due to the
removal of carboxyl side groups of AA building blocks, via the
depolymerization of thdeadto-head linkages of the MMA segments in the
polymer chains (Lee, et al., 2021). The average percentage oferésidafter
this stage of degradationvas 97.38%. On the other hand, the second
degradation stéed at abou823.3°C and ended at 484°C with the maximum
degradation rate emerging at 394@ The second thermal decomposition is
mainly caused by the ain scission of the polymer backbone. After the second
degradation stage, an average of 7.67% residue was left &C58®bmpared

to the TGA thermogram of polyacrylate with 7 wt% of TMVS that was without
AgNPs, as shown in Figure 5.9 (b), only a marginalange in thdy of the
first stage of thermal degradation is observed, while Thef the second
degradation stage remains constant. This reveals that the presence of AgNPs in
the copolymeric nanospheres does not significantly affect the charactenistic

the polymer matrix in terms of its physical and chemical properties.
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Figure 6.4: TGA thermogram ofmetallicpolymer nanocompositgith 7 wi% of TMVS
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6.2 Effect of concentration and particle size of AgNPs entrapped into
P(MMA -co-AA-co-TMVS) nanospheres on the light harvesting

efficiency of nanocomposites

In this study, the impact of the concentration and partide sf AgNPs
encapsulated as well as the amount of TMVS incorporated in the copolymeric
nanospheres on the light trapping efficiency p&nocompositeswas
investigated. The concentration of AQNPs with the particle size ranged of 3
nm and 1680 nm variedbetween 6.25 ppm and 50.0 ppm. Timetallic
polymer nanocompositewere deposited on the glass surfaceUdBi solar
modules via the immersion selésembly coating method. The output power of
solar modules prior to and after surface treatment was dettmging an AM

1.5 solar simulator; while the light transmission of glass substrates with and

without polymeric ARC was accessed using-Mé spectroscopy.

6.2.1 Electrical measurement of solar modules

Figure 6.5 depicts the percentage of relative PCE improvement obtained from
solar modules coated with the nanoarraynetallic-polymer nanocomposites
corresponding to the particle size and concentration of AQNPs. Meanwhile, the
photovoltaic parameters gblar modules before and after surface modification

are summarized in Table 6.1.
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Figure 6.5: Relative PCE enhancement of solar modules coatedmthllic-
polymer nanocompositentaining different sizes of AgNPs, as a function of
the concentratioof AQNPs

It is depicted clearly irigure 6.5 that the solar modules coated with P(MMA
co-AA-co-TMVS) nanospheres containing AgNPs with the size range-8010

nm attained consistently higher relative PCE improvement than those having
AgNPs with 37 nm n size. This is in line with thé-V curves of the solar
modules as shown in Figure 6.6. Th¥ curve of the solar module deposited
with P(MMA-co-AA-co-TMVS) nanospheres containing AgNPs with the size
range of 1830 nm is definitely higher than the onevimg AgNPs with 37 nm

in size. This is basically due to the higloeder modes exhibited by AgNPs
with larger size which increases the scattered light being forwarded into the
solar module (Dai, et al., 2012). Therefore, increase the probability of excito

generation and dissociation and thus a larger current density.
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Table 6.1: Photovoltaic parameters of the uncoated and coated solar modules,
with the latter being coated with P(MMéo-AA-co-TMVS) nanospheres
encapsulated with (a) AgNP$3-7 nm) and (b) AgNPs (B0 nm)

corresponding to AgNP concentration

Solar Relative
AgNP Jsc(MA  Voc FF PCE
. module enhancement
concentration cm?) V) (%) (%)
sample (%)
Without
_ - 2.043 6.000 0.533 6.780 -
coating

Uncoated 1.494 6.077 0.7274 6.604
0 ppm 41.90
Coated 2.259 6.011 0.6901 9.371

(a) AgNPs with a particle size range of-3 nm

Uncoated 1.842 5.920 0.5641 6.151
6.25 ppm 50.28
Coated 2.085 6.329 0.7005 9.244

Uncoated 1.494 6.066 0.6786 6.150
12.5 ppm 51.43
Coated 2502 6.117 0.6085 9.313

Uncoated 1.251 5.710 0.8513 6.081
25.0 ppm 56.55
Coated 2.745 6.017 0.5764 9.520

Uncoated 1.181 6.196 0.8117 5.939
37.5 ppm 49.17
Coated 3.266 6.078 0.4463 8.859

Uncoated 1.633 5.972 0.6342 6.185
50.0 ppm 43.83
Coated 2.363 6.089 0.6183 8.896

(b) AgNPs with a particle size range of 1430 nm

Uncoated 1.668 5.901 0.6425 6.324
6.25 ppm 58.29
Coated 2.988 6.048 0.5537 10.01

Uncoated 1.564 5.923 0.6866 6.360
12.5 ppm 69.97
Coated 2.398 6.356 0.7091 10.81

Uncoated 1.598 6.005 0.6335 6.079
25.0 ppm 68.61
Coated 2536 6.226 0.6491 10.25

Uncoated 1.911 6.021 0.5677 6.532
37.5 ppm 52.66
Coated 2.988 6.152 0.5425 9.972

Uncoated 1.946 5.838 0.5842 6.637
50.0 ppm 46.59
Coated 2.884 6.064 0.5563 9.729
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Figure 6.6: J-V curves of solar modules with and without a coating of
P(MMA-co-AA-co-TMVS) nanospheres with 7 wt% of TMVS, and with the
polyacrylic nanospheres encapsulated W26 ppm of AgNPs (230 nm)and
25.0 ppm of AgNPs (3 nm)

The optimum concentration for the AgNPs with the size range7ohf was

25.0 ppm, and it was 12.5 ppm for the AgNPs with300nm in size. The
higher percentage of PCE improvement achieved was 56.6% and 73.2%,
respectively. Indeed, PCE enhancement hadirect correlation with the
amount of AgNPs encapsulated in a polymeric medium (Yamak, 2013). The
scattering crossection of AgNPs is associated with the concentration of the
metallic nanoparticles entrapped in a polymeric medium. Consequently, this
paraneter is crucial in achieving the maximum quantum efficiency. However,
an excessive amount of AgQNPs has shown to give an adverse effect and it is
detrimental to the light trapping efficiency of the photovoltaic cell. This is
attributed to the fact that witan excessive amount of AgNPs, most of the

incident light is reflected by the AgNPs coated on the surface of solar modules.
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In addition, Derkacs et al. (2006) also reported that an excessive number of
metallic nanoparticles would lead to undesirable optitzsss due to

electromagnetic reflection.

Moreover, Figure 6.6 shows th&tSi solar modules deposited with the
functional nanoarray ometallicpolymer nanocompositesxhibited higher
short circuit current density than the solar modules that were witomith a
coating of P(MMAco-AA-co-TMVS) nanospheres alone. A higher value in
current density indicates that the light trapping efficiency of the solar module
has been elevated by the introductiomtallic-polymer nanocompositesn

the glass surfacef the solar module. Such improvement is attributed to both
Rayleigh and Mie scattering mechanisms. As discussed previously, Mie
scattering is predominant for the pristine polyacrylic nanospheres. Whereas, for
polyacrylic nanospheresncapsulated with AgNPwhich are much smaller in
size than the former, it is expectdtht both the Rayleigh and Mie scattering
mechanisms are triggered and thus lead to a significant increase in light
trapping efficiency. Hence, a large fraction of incident light is scatiatedhe

active region of the solar module thus treated, and higher PCE is obtained.

In addition, the LSPR effect of metallic nanopatrticles also plays a crucial role
in improving the light harvesting efficiency of the solar modules coated with
the functonal nanoarrays ometallic-polymer nanocompositeShe obvious

PCE improvement of these solar modules (Figure 6.6) indicates that the LSPR
effect couples with the forward scattering mechanisms to elevate the light

trapping efficiency (Yamak, 2013). It fidoeen reported that LSPR resonance
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gives rise to a dramatic improvement in the generation of photocurrent via light
scattering mechanisms of metallic nanoparticles and through the intensity
increment of the strong nefeld electromagnetic field as wetls farfield
propagating waves due to plasmon excitation (Guilatt, et al., 2009). When the
natural frequency of incident light matches the oscillation frequency of the
conduction electrons of AgNPs, the light radiation will then be redirected by
the formaion of waveguide mode and preferentially scattered by the metallic
nanoparticles into the active layer of a solar module (Jeng, et al., 2015).
Furthermore, the embedded AgNPs demonstrate a higher radiative efficiency
across the solar spectrum (Temple, et2809). They provide an efficient
radial chargecarrier collection in addition téorwardingscattering effects that
result in the scattering of light radiation into a distribution angle and thus
increase the path length of the light within the absorlaygr (Lee, et al.,
2017). Therefore, the deposition of the functional nanoarraymeifllic
polymer nanocompositen solar modules has contributed to excellent light
trapping efficiency, which subsequently leads to an increase in the generation

of freecarriers, thus improving the PCE of solar modules.

In order to establish a comprehensive study, various amount of TMVS was
incorporated into themetallic-polymer nanocompositesn which a fixed
amount of 12.5 ppm of AgNPs with the particle size range e3Q@m was
encapsulatedSubsequently, the functional polymeric nanocomposites were
coated on the glass surface WSi solar modules. Figure 6.7 illustrates the
relative PCE enhancement of the surfageodified solar modules

corresponding to the amount of TMVS incorporated. The photovoltaic
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parameters of both the uncoated and coated solar modules are summarized in
Table 6.2. The results obtained show a similar trend to P(MMAA-co-
TMVS) nanospheres that were without AgNPs (Figure 5.12) which are

discussed in Chapter 5.
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Figure 6.7: Relative PCE enhancement of solar modules deposited with
P(MMA-co-AA-co-TMVS) nanospheres encapsulated with 12.5 ppm of
AgNPswith the particle size range of -BD nm by varying the wt% of TMVS
in the copolymer

Similarly, the relative PCE enhancement of the surfaodified solar module
increases with the concentration of TMVS incorporated until it reaches the
peak at 73.2% wht 7 wt% of TMVS. As aforementioned, a higher
concentration of SCA enables the generation of an orderlgy which is
closely packed. The array serves as an intermediate layer with a graded
refractive index which is capable in elevating the light trapgfiigiency by

increasing the light transmission and decreasing the light surface reflection of
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the glass panel on the solar cell. Nonetheless, an excessive amount of TMVS
was found detrimental to light transmission. The formation of a thicker layer of
nanarray blocks a fraction of the incident light, and thus reduce the absorption
of photons and generation of free carriers. The relative PCE enhancement of
the solar modules has dropped below 64.0% when they were treated with the

metallic-polymer nanocomposs with 9 and 11 wt% of TMVS.

Table 6.2: Photovoltaic parameters of the uncoated and coated solar modules,
with the latter being deposited with P(MM#&-AA-co-TMVS) nanospheres
containing different wt% of TMVS and encapsulateith 12.5 ppm of AgNPs

with the particle size range of -BD nm

Amount Solar Relative

Jsc(MA Voc FF PCE
of module enhancement

cm?) (V) (%) (%)

TMVS sample (%)

3 wt% Uncoated 2.085 5.877 0.5416 6.636 65.01

TMVS Coated 3.023 6.004 0.6069 11.01 '

5 wt% Uncoated 2.050 b5.770 0.5464 6.463 20.35

TMVS Coated 3.023 6.097 0.5976 11.01 '

7 Wt% Uncoated 1.598 6.005 0.6480 6.218 7391

TMVS Coated 2.954 6.004 0.6074 10.77 '

9 wt% Uncoated 1911 5.784 0.6004 6.636 6395

TMVS Coated 3.197 5.980 0.5689 10.88 '

11 wt% Uncoated 1.911 5.655 0.6302 6.810 63.29

TMVS Coated 3.023 6.039 0.6091 11.12

The results prove that such technique of depositing aneftective functional
nanoarray ofmetallic-polymer nanocompositesn the glass surface &}Si

solar modules to enhance their PCE is a feasible appfbeehet al., 2021)
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6.2.2 Optical transmission of the polyacrylic coating

The enhancement of the light harvesting efficiency is further evidenced and
consolidated by the high UVis light transmittance of thenetallic-polymer
nanocomposites (Figure 6.8 and Table 6.3). Thametallic-polymer
nanocompositesontaining 12.5 ppm of AgNPs with the particle size range of
10-30 nm has attained a remarkable transmittance of 97.13%; while the
polymeric nanospheres encapsulated with 25 ppm of AgNPs with the particle
size range of Inm has aslightly lower transmittance of 96.97%. The
polyacrylic nanospheres without AgNPs demonstrated a lower transmittance of
96.00%, while the uncoated sample has the lowest light transmittance of
91.44%. It can be clearly seen that the trend observed iVig'gpectroscopy

correlatesvell with the PCE results as illustrated in Figure 6.6.

Table 6.3: UV-Vis transmittance of the uncoated and coated glass substrates,
with the latter being coated with P(MM&o-AA-co-TMVS) nanospheres with

7 wt% of TMVS, and withthe polyacrylic nanospheres encapsulated with 12.5
ppm of 1630 nm AgNPs and 25.0 ppm of73nm AgNPs respectively

Sample Transmittance (%)
Without coating 91.44
Polyacrylic nanospheres with 7 wt% TMVS 96.00
Polyacrylic nanospheres encapsulated with 96.97
3-7 nm AgNPs
Polyacrylic nanospheres encapsulated with 9713

10-30 nm AgNPs
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Figure 6.8: UV-Vis spectra of glass substrates with and without a coating of
P(MMA-co-AA-co-TMVS) nanospherewith 7 wt% of TMVS, and with the

polyacrylic nanospheres encapsulated W26 ppm of AgNPs (230 nm)and
25.0 ppm of AgNPs (I nm) respectively
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CHAPTER 7

GENERATION OF A HYDROPHOBIC SURFACE USING A MIXTURE
OF A DIPODAL AND A FLUOROALKYL SILANES

7.1 Elevation of adhesion strength of ARC system utilizing a dipodal

silane

A dipodal silane is a bierganofunctional silane compound that possesses two
organosilanemoieties in the molecule. Based on the equilibrium constant of
dissociation of siloxane (8)-Si) bond to silanol (SOH) bond, dipodal
functional silane acts as a promising adhesion promoter with up to 10000 times
higher hydrolytic stability compared twonventional silane. This is owing to
their capability in forming six covalent bonds to couple with the surface of a
substrate. Therefore, dipodal silane exhibits higher efficiency to form oxane
bonds on a less reactive surface due to its distinctive taby@rof offering

extra points for surface attachment. The hydrolytic stability, shelf life, substrate
bonding durability, as well as mechanical and adhesive strengths of the
coupling system, can significantly improve wettability and crosslink density at
interphase. Dipodal silane demonstrates 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 able to extend from
the surface and thus providingperior resistance to the hydrolysis process

(Singh, et al., 2014).
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In this study, a dipodal silane, namely-bj8(triethoxysilyl)octane (BTO) was
coated on the glass surface ofla8i solar module, which had been jo@ated

with P(MMA-co-AA-co-TMVS) nanospheres containing 7 wt% of TMVS and
12.5 ppm of AgNPs with 280 nm in size. The chemical structure of BTO
silane is shown in Figure 7.1. The dipodal silane is chemically attached to the
surface of the preoated solar module by forming siloxane bomdth free
hydroxyl groups present on the glass surface and with free silanol groups of
TMVS on the polyacrylic nanospheres, by means of silanation reaction. The
silane coating can serve as a protective layer to shield the nanoarray of-AgNPs
polyacrylate anocomposites from the destruction caused by the weathering
processes. The layer of BT@nhances the overall adhesion strength of the
coupling system via improved crosslink density and bond durability, thereby
resulting in higher resistance toward extrezngironmental conditions. Hence,

the lifetime of an array ofmetallicpolymer nanocompositesn a glass

substrate could be extended significantly.

Figure 7.1: The chemical structure of [8s(triethoxysilyl)octane dipodal

silane
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The dipodal sdne was préydrolyzed in an acidic mediurbefore it was
applied on a glass substrate. As reported by Paquet et al (2012), the relative
ratio of solvent composition will influence the reactivity and reaction yield of
the system by altering the rate of hgiysis and seltondensation of silane.

The relative water ratio should be lower than the number of hydrolyzable
groups, with a maximum of 20 w/w%. Therefore, BTO was prepared in a
solvent mixture of ethanol and water with a solvent ratio of 9:1 in teeareh

work. Ethanol was employed to improve the miscibility between silane and
water, while water was used to accelerate the hydrolysis reaction. Moreover,
the pH of the solvent mixture was adjusted to about 4 with acetic acid. This is
because the acidmondition favours the acceleration of the hydrolysis reaction
and prevents precipitation and formation of the larger structures. In addition,
the hydrolyzed silane is protected against condensation as well as against the

formation of silancbearing derivaves in acidic pH.

7.1.1 Effect of concentration of BTOsilane

The prehydrolyzed BTOsilane with various concentrations (0.1 to 5.0 v/v%)
was deposited on the surface of the-guated nanoarray ehetallicpolymer
nanocompositethrough an immersion coating method. The surface that had
been modified chemically was then characterized leyftiiowing analyses:
FESEM for surface morphological study; WXs spectroscopy for light
transmission examination, water contact angle analysis and water droplet test
for surface wettability analysis. pfrogrammable direct circuit electronic load

LIV tester (AM 1.5 solar simulator) was used to determine the electrical
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parameters and the output power of solar modules. Furthermore, a peeling test
was carried out in conjunction with an electrical measurement to assess the
adhesion strength and bond durapilaf the silane protected coating as a

function of the concentration of dipodal functional silane.

7.1.1.1Surface morphological characteristics of the BTO silane coating

After being chemically modified with different concentrations of B3i@ne,

the substrate was subsequently subjected to FESEM scanning. Figure 7.2
illustrates the FESEM images of the treated substrates. It can be observed that
the spherical shapeadetallicpolymer nanocompositeere covered by a thin

layer of BTOwhen the silane conceations were relatively low, i.e. between

0.1 v/iv% and 1.0 v/v%. This amount of BTO was just sufficient to cover all the
polyacrylic nanospheres. This indicates that the hydrolyzed BTO silane has
reacted with the free silanol bonds of TMVS present innie¢allicpolymer
nanocompositand adheres to the surface of the nanospheres. It is believed that
self-condensation between the BTO silane molecules has also occurred as the
silane has seemingly formed a layer of thin film on the polymeric nanospheres

andjoined the nanoparticles together.
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Figure 7.2: FESEM images of glass substrates-qguated with metallic-
polymer nanocompositemd further chemically surface modified with various
concentration of BTO silane: (a) 0.1 viv%, (b) 1.0 v/v%, (c) 3.0 v/iv% and (d)
5.0 viv% with a magnification 0fx40000, x30000, x10000 and x4000

respectively

On the other hand, Figures 7.2 (c) anddig)inctly reveal that the nanoarray of
metallic-polymer nanocompossewas covered underneath a thick silane layer
when the concentration of BT®as increased to 3 v/iv% and above. As a result,
the dipodal silane layer acts as a protective shield forahgaosite nanoarray
to protect them from harsh environmental conditions. The durability of the
ARC will be improved at a higher dipodal silane concentration owing to the

formation of more oxane bonds between the ethoxysilyl functional groups
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