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Over the past few years, water-repelling coatings, especially superhydrophobic
coatings, have gathered remarkable attention of researchers and industrialists
due to their exclusive self-cleaning, anti-reflection, anti-adhesion, anti-icing,
etc. properties. The idea of superhydrophobicity emerges out from the lotus
plant leaves. The lotus leaves have micro-, nano hicrarchical surface roughness
which leads the rolling of water droplet during rain and behaves like a self-
cleaning surface. The mimicking of such surface provides the artificial
superhydrophobic coatings that have contact angle more than 150° and SA less
than 10°. Two important parameters need to address to prepare a
superhydrophobic coating: (1) low surface energy of the coating and (b) nano-
level roughness of the coating. The surface encrgy of the coating can be reduced
using low surface energy materials (Fluoro containing silane groups) deposition
on the surface and the nano-level roughness can be induced by introducing
nanoparticles in the coating material. The development of transparent
superhydrophobic surfaces is quite challenging and very useful of various
energy applications such as anti-dust and anti-icing for photovoltaic cells, etc.
The surface roughness and transparency of the coatings are competitive
properties. If the surface roughness increases transparency decreases due to
scattering of light and vice-versa.

This work 1is focused on the development of transparent
superhydrophobic coatings via sol-gel method. ZnO and SiO: nanoparticles
were functionalized and embedded into polystyrene polymer to develop the
coatings. The roughness of the coatings was optimized with respect to the
concentration of the nanoparticles, functionalizing agents and process
parameters. The ZnO nanoparticles were dual-functionalized using TMCS and
MPMS functionalizing agents and uniformly dispersed in PS to achieve the
surface roughness of ~ 28 nm with a maximum contact angle of 152° and SA of
3°. The transparency close to the transmittance of bare glass has been obtained

for the PS/ZnO based superhydrophobic coatings. However, TOS-
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functionalized SiOz nanoparticles were embedded in PS to prepare transparent
SHC using a simple sol-gel technique. The dip/pull speed and dipping time were
optimized to control the superhydrophobicity and the transparency of the
developed coating, The maximum roughness of 65.39 + 6.7 nm with unique
morphology was obtained, which was found responsible for the high contact
angle of 162 £+ 2° and SA of 3 + 1°. High average transmittance of 91.8 + 0.5%
which was close to the average transmittance of bare glass (92.6 £ 0.2%)
achieved for the superhydrophobic coating.

FESEM images were processed. segmented and applied under wavelet
processing. The machine learning approach based on K-means clustering
estimated the roughness of superhydrophobic coatings using FESEM
images. The MATLAB was used for the FESEM image segmentation, wavelet
processing, analysis and score prediction. The performance of the roughness
estimation using FESEM images was found good as the tool predicted the score
91.70 % against roughness parameter.

The sol-gel method assisted with spin coating and dip/pulling route has
a great potential to prepare transparent superhydrophobic coatings for the self-
cleaning application of the cover glass of commercial solar panels. Additionally,
digital image processing can assist in a great manner to understand the important
features of superhydrophobic coatings. MATLARB is a powerful tool to apply the
K-means clustering on SEM or AFM images to determine the various
parameters of the superhydrophobic surfaces more precisely and quite helpful

for understanding the basic mechanisms of the superhydrophobicity.
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CHAPTER 1. INTRODUCTION

1.1. STATEMENT OF THE PROBLEM

Superhydrophobic surfaces (SHSs) showed a great potential of 'dust-phobicity’ and
low dust adhesion due to their self-cleaning characteristics. The development of
super-hydrophobic surfaces for preventing dust accumulation is an active area of
investigation [1], [2]. Water droplets can easily slide on such surfaces, owing to
low contact angle (CA) hysteresis. Two main parameters desired to design an SHS:
(1) low surface energy and (2) micro- and nano-hierarchical roughness of the solid
substrate. The dust accumulation problem on solid surfaces can be easily dealt by
reducing its surface energy and generating micro-, nano-level roughness which
significantly reduces the adhesion between the solid surface and water droplets and
also favours the adhesion between water droplets and dust particles useful for self-
cleaning of the surface. Nano-structures are an attractive option for creating nano-
scale roughness on the solid surfaces by depositing their layer on the surfaces
because nanomaterials generally have at least one dimension in the range of 1-100
nm [3]. The nano-size of nan‘itructures makes them exhibit unique physical and
chemical properties especially due to their high specific surface area to volume ratio
[3]-[5]. The surface energy of the solid surfaces can be reduced by attaching low
surface encrgy materials on the surface that can be done in two ways either
attaching low surface energy materials directly on the surface in form of the coating
of that material or attaching low surface energy materials on the surface of the
nanostructures and then depositing the layer of those nanomaterials on the solid
surfaces. The latter case is quite useful for developing SHSs because it consists

both the low surface energy and nano-level roughness on the solid surface [6].




1.2, BACKGROUND

This is a well-known concept that the rough surfaces exhibit better hydrophobicity
compared to flat surfaces [7]. [8]. According to Wenzel’ theory [8], better
hydrophobicity of a rough surface is owing to less contact arca between the water
droplet and a solid surface. Cassie and Baxter [9] suggest that low CA hysteresis
and high CA on a porous surface is owing to air trapping in the pores of the structure
which in turn is responsible for diminishing the contact between water droplets and
the solid surface. Further, the trapped air also reduces the bonding between
subsequent layers of deposited dust and thereby prevents the dust deposition more
efficiently. Additionally, superhydrophobic coatings (SHCs) exhibit anti-dust and
anti-ice deposition potential [10], [11]. Polymer-based coatings modified with low
surface energy materials like tetrafluoroethylene and organopolysiloxane
demonstrated a significant reduction in dust deposition. So. these can be considered
as the potential candidates for self-cleaning coatings. A durable and eco-friendly
SHC can be used as the potential coating to sustain the efficiency of a solar panel
by inhibiting the dust deposition. Optical transparency is a must for solar panel
which increases the transmission of solar radiation and thereby increasing the
efficiency. SHCs usually have high surface roughness that results in significant
light scattering which hampers the efficiency of solar panels. Transparency and
superhydrophobicity are contradictory properties so an accurate roughness control

is imperative to fabricate transparent SHCs.

1.3. MOTIVATION/NEED FOR THE RESEARCH

Plenty of reports available on developing SHCs to reduce the dust
deposition on solid surfaces for application in the field of wind power, aviation,
building construction and heat-exchanger. But reports of its application in energy
conversion devices are limited.

Wang et al [12] developed robust SHCs with excellent transparency using
a facile solidification-prompted phase-separation route. The transparency and

superhydrophobicity of the hybrid nanoporous coating based on




Polydimethylsiloxane (PDMS) were obtained by optimizing the roughness of the
coating which was controlled by varying the PDMS viscosity. The developed
coatings exhibited high transparency (an average transmittance > 85% for the
visible light radiations) and superhydrophobicity (CA ~ 155° and SA < 1°).
Furthermore, the SHC revealed worthy mechanical durability and thermal stability
that makes it worthy for real-life applications.

Zhao et al [13] demonstrated the fabrication of highly transparent SHC via
a facile casting method. Polycarbonate in solution form was casted on a micro-level
roughness possessing solid substrate. Additionally, the SHC demonstrated heat-
resistance and revealed the stability up to 390 °C. Such transparent and SHCs are
highly desired for advanced technology and in electronics industries.

Cao et al [14] demonstrated the fabrication of nanoparticle-reinforced
polymer nanocomposites. The polymer nanocomposites exhibited the anti-icing
property due to their superhydrophobic character. It was demonstrated that the
superhydrophobic polymer nanocomposite coatings avert ice-deposition in
presence of supercooled water at laboratory scale and in ordinary surroundings
outside the laboratory.

Similarly, Bahadur et al [15] and Jung et al. [16], [17] demonstrated the
mechanisms of SHCs responsible for anti-icing property considering various
parameters such as heterogeneous ice nucleation, heat transfer and water-droplet
impact dynamics.

In another study, Mishchenko et al [18] focused on the study on droplet-
impact dynamics onto micro- and nano-level roughness possessing surfaces. The
nucleation classical theory was clubbed with wetting-dynamics and heat transfer
theory to fabricate anti-dust coatings by considering the contributing factors such
as water droplet deposition, pinning and retraction. Some researchers reported non-
transparent SHCs with a very high CA.

Satyaprasad et.al [19] demonstrated a unique strategy to prepare the SHS

on stainless steel analogous to nano-structured Teflon coating via plasma arc




method. The synthesized coating exhibit 80-200 nm nanostructural features with
very high water CA ~ 165°,

In another study, Mahendra et. al [20] obtained superhydrophobic methyl-
trimethoxysilane based silica coating by utilizing polymethylmethacrylate through
simple dip-coating method instead of using silylating reagents. The synthesized
SHC exhibit water CA about 171°.

However, Yu et al. [21] developed superhydrophobic nano ZnO consisting

of self-cleaning coatings onto Indium tin oxide (ITO) coated glass substrate by
growing polystyrene spheres supported ZnO nanoarrays. The developed coating
revealed CA ~ 152°,
For solar panel application, Perkas et al. [22] developed a highly hydrophobic film
of GaAs material consisting of ZnO nanostructures via ultrasound aided technique.
The developed coating presented the CA more than 141° to get-rid off dew-
deposition on the solar panel.

However, Jiang et al. [23] described a simplistic approach to synthesize
micro-nano feature consisting of Co030O4 coatings with outstanding
superhydrophobicity and anti-icing character. The synthesized coatings exhibited
maximum CA > 169° with SA <3°

Dudem et al. [24] described the fabrication of SHCs based on nano titania
via a combination of self-assembly and photosensitive sol-gel approach. The
maximum water CA of more than 162° was achieved. Additionally, the
superhydrophobic character of the coating could be transformed into the

superhydrophilic by exposing the coating to ultraviolet radiation.

1.4. OBJECTIVES
e To prepare the nanoparticle filled polymer-based transparent SHCs
e To characterize the developed transparent SHCs
e To analyze the surface pattern of developed coatings using image

processing and machine learning tools




1.5. SCHEME OF THE CHAPTERS

The chapter-wise summary of the thesis is given below:

Chapter 1 introduces the statement of the problem, background information.
motivation/ need for the research objectives and scheme of chapters for the
development of nanoparticles filled polymer-based transparent SHCs.

Chapter 2 presents a comprehensive literature review on the fundamentals of
superhydrophobicity concept, theoretical wetting models required to understand the
wetting theory of surfaces, most commonly used preparation techniques for the
development of transparent SHCs and challenges in fabrication of transparent SHSs
based on polymer nanocomposites including a glimpse of potential applications of
SHCs.

Chapter 3 portrays the detailed methodology of synthesis of nanoparticles and
preparation of nanoparticles embedded polymer-based transparent SHCs. It also
consists of detailed information about the materials used for the development of the
coatings. This chapter describes the characterization techniques including XRD,
FESEM, FTIR, Zeta Sizer, AFM, Drop Shape Analyzer, UV/VIS spectrometer
used to obtain the data form transparent SHCs. It also presents the pattern analysis
approach using K-means clustering to obtain the roughness data from the FESEM
images of the developed coatings.

Chapter 4 describes the synthesis of nano-textured polystyrene/ZnO coatings with
excellent transparency and superhydrophobicity. It explains how the transparent
superhydrophobic polystyrene/ZnO nanocoating, possessing an average roughness
of 28 nm and high CA more than 150° has been synthesized through a modified
facile sol-gel route. It explains how to control hierarchical roughness of the coating
using dual functionalization of ZnO nanoparticles. The effect of experimental
parameters on transparency and superhydrophobicity of developed coatings was
examined to obtain optimum conditions.

Chapter 5: describes a facile approach to develop modified nano-silica embedded
polystyrene-based transparent SHC. It describes how the triethoxyoctylsilane

modified nano-silica embedded polystyrene-based transparent SHC has been




synthesized on a glass substrate via a facile sol-gel method. It describes the
optimization of dip-pulling process to synthesize the coating. It explains the role of
unique morphology of the coating to obtain the static water CA more than 162°
with a SA of 3° including the high average transmittance of 91.8%, which is close
to close to the average transmittance of the bare glass.

Chapter 6: describes the pattern analysis and machine learning approach. It also
illustrates the detailed approach for the pattern analysis data collection based on the
roughness of the FESEM images. It portrays the results and discussions on Pattern
Analysis and Machine Learning,

Chapter 7: describes the conclusions and future scope of transparent SHCs and
their pattern analysis using machine learning approach.

Chapter 8: comprises the references.




CHAPTER 2. LITERATURE SURVEY

2.1. RUDIMENTS OF SUPERHYDROPHOBICITY

2.1.1. SURFACE TENSION

Superhydrophobicity is based on surface tension and surface free energy. Surface
tension is related to the surface of a liquid. The lower number of liquid molecules
lies at the surface compared to the molecules in the bulk. The variation in the
number of molecules at the surface and in the bulk is responsible for the generation
of surface tension (y;y) in the liquid. The surface tension is a force that stems from
the attractive forces among the neighbouring molecules of a liquid within the
surface layer so that the liquid layer can act as an elastic sheet. The surface tension
aids the small insects to float on the surface of water. Conventionally, surface
tension is force/unit length (Nm ') or energy/unit area (Jm2) [25]. A small drop of
any liquid can change its shape in order to reduce its surface free energy in form of
a sphere because spherical shape of a liquid drop attributed to the minimum surface
free energy, the most stable state of a liquid drop. However, comparatively larger
water drops are non-spherical in nature; the gravitational force distorted the shape
of water drops especially when the water drops encounter any solid surface. For
small sizes of liquid drops, the surface tension dominates whereas, for large sizes,
the gravitational force dominates. The surface tension depends on the length (L)
whereas the gravity depends on the mass of the liquid drop, in other words, it is a
function of cube of the length and the density of the drop (p). The gravity to surface
tension ratio for a liquid drop is equal to pgL3/y;,L ~ L? (where g is acc. due to
gravity). This ratio indicates that when the length of the liquid drop is large; its
shape will be distorted due to the dominance of gravitational force over surface
tension, whereas when the length of the drop is small, its shape will be spherical

due to the dominance of surface tension over the gravity.




If the surface tension and gravitational forces are plotted against each other for the
size of water droplets (Fig. 2.1), then both the plots will intersect at 2.73 mm that
is known as the capillary length of the water droplet. The droplets smaller than 2.73
mm will exhibit spherical shape due to the dominance of surface tension while the
drops equal and larger than 2.73 mm will exhibit non-spherical shape because of
the dominance of the gravitational force. The dominance transition of gravitational
force to surface tension can be easily understood by gently dropping a paper clip in
water (Fig. 2.1). A heavy and large paper clip when putting into water that breaks
the elastic water surface layer easily and sinks, however a lightweight small paper
clip floats on the water surface due to elastic layer of water produced by the surface
tension. Many tiny insects exist in nature those have the ability to play with the
surface tension of a liquid and can easily float and sink in water, for example, water
spider (Argyroneta Aquatica) [26], [27].
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Fig. 2.1 Gravitational force v/s surface tension for the water droplets, a water spider

floating on the water film and a paper clip floating on the water [26], [27].

2.1.2. SURFACE FREE ENERGY

Surface free energy is one of the essential parameters of a surface or interface.
Generally, in substance chemical bonds occur among the molecules. A particular
amount of energy is required to break such bonds in the substance. The molecules,
which do not involve in chemical bonding because of their exposure especially at
the outer sides of the surface, exhibit high potential energy compared to the
molecules that are involved in chemical bonding inside the bulk of the substance.
The exposed molecules at the sides of the surface with higher energy are

responsible for generation of surface free energy. In other words, the additional




energy of such molecules is known as the surface free energy. Such surface/
interface free energy is usually represented by energy/ unit areca (Jm?) [28].
Thermodynamically, all the terms such as surface free energy, surface tension
force, surface energy density, surface tension are different [29], [30]. In the study
of SHSs especially at thermodynamic equilibrium 1.e., at constant temperature and
pressure, all such terms become almost equal [31]. In an ideal situation, when
adsorption is almost negligible (or zero) at the interfaces then the surface tension
can be considered same as the surface free energy. Usually, the dry surface has
lesser surface energy compared to the wet surface. Due to the low surface energy
of an SHS, a water drop on such surface become spherical in order to reduce its
energy so that the preferred liquid-air interface is obtained. Additionally, the
roughness of a surface can alter the surface energy by reducing it. Thus, a water
drop exhibits a higher CA on a rough surface (low surface energy) and lower CA

on a smooth surface (high surface energy) [32].

2.1.3. INTERACTIONS WITH SURFACES

Interfacial tension is the expansion of work (a form of energy) to enhance the
interface size between two neighbouring phases that do not blend entirely with each
other. In other words, the interfacial tension belongs to the liquid-solid and liquid-
liquid phases. However, the liquid-gas interface is attributed to the surface
tension (y;y) and the solid-gas interface corresponds to the surface free energy.
The y,y is related with the liquid-vapour interface. Another two interfaces such as
solid-vapour and solid-liquid turn out to be appropriate when a water drop lies on
a solid substrate and found responsible for interfacial tensions (ysy). (¥s.)
respectively. The combined effect of all three interfacial tensions yg; . ¥y and ygy
decides whether a water drop on a solid substrate will turn out into a film or that
will persist as a spherical drop. On a plane (or even) and dry surface interaction-
energy/ unit area is indicated by ygy. however if the surface is coated with thin layer

of water then two interfaces will come into picture with a joint interaction energy/




unit area in form of yg; + y5, and overall surface energy will be lowered and the

modified condition will be given by equation (1) [33], [34].

Ps =ys,+Vw —Vsy >0 2.0

where Ps is spreading power. For an uneven rough surface, the water drops will
convert into non-spherical shapes to reduce their surface free energy by changing
the comparative arcas of all three interfaces and keeping volume constant [35]. The
size of water drop will decide that up to what extent gravitational force is a
manipulating parameter. Generally, a small water drop on a smooth surface will try
to remain in form of a spherical shape, while comparatively a larger water drop will

try to flatten on the surface due to the gravitational force.

Once the water drop does not flatten on a surface and rests on the surface in a semi-
wetting form, then an equilibrium CA (6,) forms at the edges of the water drop.
The 6, is a tangent angle at the liquid-vapour interface involving three phases such
as solid-liquid, liquid-vapour, and solid-vapour as shown in Fig. 2.2, The
equilibrium CA generally does not dependent on the size of the liquid droplet and
can be casily defined using Young’s equation [25],

cos f, = L= 22
Lv

YLy

Ys / Vsv

ig. 2.2 Schemﬁic diagram of the formation of an equilibrium CA (8,) at the edges
of a water drop on a solid surface involving three phases such as solid-liquid, liquid-

vapour, and solid-vapour.
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2.1.4. HYDROPHILICITY, HYDROPHOBICITY AND SUPER-
HYDROPHOBICITY

When liquid drops fall on a solid surface and turn up immediately into a flat liquid
film on the surface and exhibit the spreading power, S = 0 (Equation 2.1). The
threshold for such surface corresponds to equilibrium CA, 8,= 0° (iquation 2.2).
Such surface is known as an ideal hydrophilic surface.d-lowe\-'er. when a liquid
drops fall on a solid surface and remain in the form of a spherical liquid droplet
without converting into a flat liquid film on the surface, which is energetically
uncomplimentary condition for a liquid drop having any contact with the solid
surface leading to 8,= 180°. Such surface is known as an ideal hydrophobic surface.
The Young’s equation is quite useful to identify whether the surface is hydrophilic
or hydrophobic. If ygy 1s less than yg;, then the liquid droplet CA will reduce to <
90° so that the surface can be designated as hydrophilic in nature. While if ygy is
greater than y; . then the liquid droplet CA will increase to > 90° so that the surface
can be designated as hydrophobic in nature [36].

When If ygy is equal to yg; then the liquid droplet CA becomes 90°, which is
considered as a boundary between a hydrophilic and hydrophobic surface.
Generally, it is assumed by the scientific community that if the CA is lying between
150° to 180° then that surface is superhydrophobic in nature. There is a great
possibility to convert a hydrophobic surface to the superhydrophobic one by
developing a unique type of topography. The topography of a solid surface can be
altered by introducing a typical type of roughness on it by various means that will
be discussed in detail in the following sections [37]. The increase in CA can be
obtained up to 180° under certain circumstances by increasing the surface
roughness which is beyond the surface chemistry of the surface alone. The CA can
be reduced to 0° which is not possible if we consider the surface chemistry alone

of the surface.
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2.1.5. THEORETICAL WETTING MODELS
Three theoretical models are well-known to understand the wetting properties of a
solid surface. The first and most basic theoretical wetting model is suggested by

Young’s equation.

2.1.5.1. Young’s wetting model

This model is based on certain assumptions such as a steady liquid droplet, a perfect
inelastic, uniform, smooth and passive surface. There is a contact line between the
liquid droplet and solid substrate consisting of all three phases such as solid-liquid,
liquid-vapour, and solid-vapour as shown in Fig. 2.2, The droplet touches the rigid
substrate at an angle 0. All the three interfaces draw a contact line in order to reduce
the surface area in each case, harmonizing the surface tension of the droplet motion
in order to produce a mathematical relation which corresponds to Young’s equation
(Young’s wetting model) as depicted in Equation 2.2. However, Young's
publication [38] does not reveal clearly such type of equation. The Young’s model
explicitly establishes the relation between CA and the interfacial energies. Though
practically, the surfaces are not uniform and characteristics of such surfaces usually
based on the various parameters during the preparation of a surface and Young’s
model is based on ideal surfaces so this model is not accurate enough to describe
the wetting behaviour of practical surfaces. Then another model comes into the

picture named as Wenzel's wetting model.

2.1.5.2. Wenzel’s wetting model

Wenzel's wetting model is much better than Young’s model because this model
establishes relation among the CA, surface energies and the surface roughness [39],
[40]. The additional parameter surface roughness is one of the important parameters
to study the wetting behaviour of a surface having uniform roughness. Wenzel's

equation is:

Tr (Ysv — ¥s1) = Yv cos By (2.3)
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where 6y, is Wenzel's CA that determines the CA affected by the roughness of the
surfaces. 77 is attributed to the “roughness factor”. The improved Wenzel's

equation is:
cos By, = rycos 6 2.4

The Wenzel’s model is based on the assumption of a uniform wetting system that
allows the piercing of water droplets into the grooves of the rough surface. The CAs
can show random values for a surface if one considers its bulk surface or the surface
at molecular/atomic dimensions. Practically, it is quite possible to classify smooth
and rough surfaces. According to Wenzel’s model, a hydrophilic surface can be
converted to more hydrophilic one by increasing the roughness of a hydrophilic
surface. However, the hydrophobicity of a hydrophobic surface can be significantly
improved by increasing the roughness of that surface [46]. Generally, the wetting
states can be classified into three categories: (i) stable homogeneous wetting state,
(i1) stable heterogeneous wetting state, and (iii) the metastable state (a state between
homogeneous and heterogeneous state). The Wenzel’s wetting model is valid only
for a homogencous state, while some additional wetting models are required to

understand the wetting behaviour of other two types of states.

2.1.5.3. Cassie—Baxter’s wetting model

Cassic—Baxter’s wetting model is applicable to the heterogeneous wetting state.
The schematic diagrams of rough surfaces are illustrated in Fig. 2.3. This infers that
for a homogeneous wetting state. the droplet touches the surface of a solid substrate
and pierces into the trenches due to the lumps on the surface (Fig. 2.3a) and
Wenzel's theoretical model is applicable. However, for a heterogeneous state, the
droplet touches only the top of the lumps of the solid surface and traps air below
into the trenches (Fig. 2.3b) and Cassie—Baxter’s theoretical wetting model is

applicable.
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(a) (b)

Fig. 2.3 (a) Homogeneous and (b) heterogeneous wetting states. In a homogeneous
wetting state, the droplet touches the surface of a solid substrate and pierces into
the trenches due to the lumps on the surface whereas, in a heterogeneous wetting
state, the droplet touches only the top of the lumps of the solid surface and traps air

below into the trenches [41].

When a liquid drop touches only the top of the lumps of a solid surface instead of
the complete surface coisisling trenches (heterogeneous surface) then a fraction
term (@4) [38] can be defined as the ratio of the whole area of a solid-liquid
interface and the entire area of liquid-air and solid-liquid interfaces considering
total area equivalent to unity for an uneven surface. The presence of air between
solid and liquid phase can result the maximum CA such as 180°. Such CA can be

defined by an equation given below [38]:

cos@" = -1+ 04(cos6@ +1) =@y.cos0+0,—1 (2.5)

If one considers the ratio of the real drenched area and the expected drenched area,

then a revised Cassie—Baxter’s equation is obtained [42] as mentioned below:

cos@* = rf.Q)A.cosﬂ +0,-1 (2.6)

where, 75 is the roughness ratio of the fraction. When @, = 1 and 1y = r then the
transition of Cassie—Baxter’s equation into Wenzel's equation happens. The
equation 2.6 suggests that a multilayered roughness is more appropriate for a

hierarchical surface that is morphologically similar to the natural SHSs [43]. This
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confers that both the roughness and morphology of a surface are possibly
responsible for controlling the wetting properties of a solid surface.

Thus, all the theoretical wetting models are correct up to a certain extent but not
appropriate for exclusively reciting the wetting behaviour of solid surfaces. To have
thorough knowledge about the wetting of solid surfaces further investigation is

required.

2.1.6. CONTACT ANGLE HYSTERESIS

To define an SHS, the accurate measurement of both the static CA and CA
hysteresis is required. A steady SHS must exhibit highest possible immobile CA
with smallest possible CA hysteresis, otherwise the attained wetting state can
transfer to another state. The procedure espoused for the measurement of CA also
responsible for different values of CA [44]. Some most commonly used methods
for the CA measurement are Laplace-Young fitting, circle fitting, ellipse fitting and
tangent fitting etc (Fig. 2.4). Thus, to compare the CA and to realize the actual

wetting scenario of a surface, the CA measurement method must be clearly stated.

00
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Fig. 2.4 Different CAs measured by different fitting approaches for the same

waterdrop such as (a) ellipse (b). circle (c), tangent and (d) Laplace—Young fitting
[44].
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Generally, the CA hysteresis is described by two means. Firstly, the water droplet
will move toward the lower side and regress toward the upper side (Fig. 2.5), if the
solid surface is inclined at an angle &, known as the tilting or slipping or SA [45].
For rolling off a water drop, the solid surface should be inclined at some angle
known as the tilting angle. In such a situation, the water droplet wets the solid
surface towards the advancement of the droplet and de-wets the surfie at the
regressing side. Therefore, 8, is defined as the advancing angle and 0 is defined
as the receding angle. Both the advancing and receding CAs remain unchanged
throughout the sliding of liquid droplet until the no variation in surrounding

conditions,

ﬂ Static Contact Angle
E Slip Angle

Adwvancing Contact Angle
Receding Contact Angle
Direction of Drop Motion

im[o]o]

(a) (b)

Fig. 2.5 (a) A schematic illustration of uniform sliding of a liquid drop at a
declination angle of 8 with an advancing angle of 8, and a receding angle of Bg.

(b) The graphic representation of static and dynamic CAs [45].

Secondly, if water from the droplet lying on a solid substrate is sucked slowly via
asyringe then the volume of water drop and its contact will reduce without affecting
its contact area on the substrate until it starts to regress (Fig. 2.6). Correspondingly,
if the water is added slowly to the liquid droplet via a syringe then the volume of
water drop and its contact will increase without affecting its contact area on the

substrate until it starts to advance (Fig. 2.6). Therefore, when the liquid drop
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advances, the CA is known as the advancing angle (8,) and when liquid droplet

regresses, the CA is known as the receding angle (6g).

2200202000

Fig. 2.6 The optical images of the growth and shrinkage of a liquid drop on a solid
substrate [46].

Therefore. the difference between 84 and 6 angles are defined as the CA hysteresis
[46]. According to some reports, the CA hysteresis lies within 5° [47] that hardly
affect the superhydrophobic properties of a solid substrate. But, but in some cases
the CA hysteresis is quite high such as 40° [48], that can significantly alter the
superhydrophobic properties of a solid substrate. Thus, it can be inferred that both
the immobile CA and CA hysteresis are equally important to describe the wetting

behaviour of a solid substrate.

2.2. CONSTRAINTS OF SUPERHYDROPHOBIC SURFACES

Over the past few decades, many researchers have been describing
the astounding water repellent nature of SHSs as well as materials. However, at
present, there are many concerns need to address to develop commercial products

based on the SHCs or SHS [49]. The major concerns are described below:

1. Expensive superhydrophobic materials: The starting materials required for the
synthesis of SHCs and surfaces are quite expensive. The process obligatory for the
growth of micro as well as nanostructural features on a surface to convert it
superhydrophobic are expensive. For instance, in early times, photolithography
process and the process employed to produce superhydrophobic micro and

nanostructure surfaces were very costly [50]. Eventually, the overall amount and
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performance can be excessively high, if we combine the fact that photolithography

process produces small chip dies at nanoscale for covering significant area.

2. Nano feature durability: For achieving an exceptional SHC, high water CA
mandatory. Therefore, it is necessary to have a low energy surface based on the
water-repelling chemistry consisting durable micron as well as nano-sized
topographical features. Usually, it is little tricky to achieve all these difficult
experimental parameters simultancously. For example at nano-scale, some
polymers consisting nano-textural feature behave like “wet noodles’. Such polymer
strings i.e. ‘wet noodles” entangled down with ease and therefore stop behaving like
an SHS [51]. Therefore, the durability of the developed micron as well as nano-
sized topographical features to obtain superhydrophobicity of a surface is one of
the major concerns.

3. Coating stability: The utilization of a good quality superhydrophobic material
such as nano-silica (nano SiOz) does not pledge that during its chemical or physical
bonding with the solid substrate it will not lose its superhydrophobic properties.
Because a strong bonding between the superhydrophobic nanoparticle and the
substrate leads the detoriation of the superhydrophobicity of the nanomaterial. Such
situation signifies that an appropriate balance is required to develop a stable SHC
because both the superhydrophobicity and stability of that coating are
complementary to each other [52].

4. Precipitation/condensation problem: It is well-known that the SHCs and
surfaces are water repellent, instead of this feature they are not water vapour
repellent. The SHC in such an environment where the temperature is well below
the dew point then condensation happen on the coating. Due to the condensation, a
significant wetting of SHC happens to force the coating to lose its water-repellent
behaviour [53].

5. Impact problem: The trapped layer of air generated while fabricating SHSs can
be casily decreased and also eradicated by confined high-pressure water jets. The

above operation usually performed via two approaches ecither using a confined
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creek of water or using surface erosion underwater. Since the superhydrophobicity
of a surface has been simply a surface effect and any crucial surface impingement
fabricate faulty superhydrophobicity at the impact site [54].

6. Emulsifier/oil wetting problem: Superhydrophobicity of a surface is the
outcome of amplified surface tension of a water droplet. When the surface tension
of a water droplet is significantly abridged using an emulsifier or oil then the solid
surface can be casily wetted because of the ecradication of superhydrophobic

behaviour of the surface [55].

2.3. SUPERHYDROPHOBIC COATINGS: FABRICATION TECHNIQUES
Usually, water repellent surfaces are recognized by two things, first by micro or
nano roughness and second by complicated morphology. The other important
feature is repeating of multi-scaled roughness. pin down as nano projections of
micro-level morphology. Therefore, for the development of the above mentioned
facets on pseudo surfaces, the following fabrication techniques can be utilized. In
the following sub-sections, some most commonly used SHS fabrication techniques

are described along with their advantages and disadvantages.

2.3.1. ELECTROCHEMICAL DEPOSITION

Various methods were used in the past to tune the roughness and morphology of
surfaces. However, the electrochemical deposition method is one of the most
promising methods because it purposes a facile control over the surface feature
growth-kinetics and provides an easy way to create various morphologies over large
size surfaces. Actually, the electrochemical processes are facile, fast and
reproducible. Additionally, these processes can be used to produce a variety of
morphological objects such as tubes, needles, dendrites, fibres, sheets etc [56].
Numerous processing techniques come under electrochemical deposition such as
anodic oxidation, deposition using galvanic cells, polymerization and
electrochemical anodization etc. which are commonly utilized for the production

of SHSs/coatings [56]. However, such methods are costly and cannot provide
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transparent SHCs due to the involvement of metals and generally produce SHCs
for corrosion resistance of metals and alloys. A typical schematic diagram based on
an electrodeposition process to produce SHC is shown in Fig. 2.7 [57]. Zhang et al.
[57] reported the use of one-step electrodeposition process to generate corrosion-

resistant SHC on Al metal substrate.

One-step

Electropolished
Al substrate

Anti-corrosion
Corrosion Media

Fig. 2.7 Schematic diagram of an electrodeposition process to produce SHC [57].

He et al. [58] reported a method named as electrochemical anodization route to
synthesize different types of ZnO nanostructures on the large area by employing
chemicals like methanol electrolyte and the mixed hydrofluoric acid. Within one
hour, according to their experimental, they obtained different types of
nanostructures like ZnO nanoflowers, nanodots and nanowires. They obtained
these nano-structures by having good control on reaction times and also on
concentration of the electrolyte. They further reported that after applying the

electric field on the fabricated ZnO nano-structure coatings, there will be a change

20




in the wettability of the surface, and this change is responsible for generating
surface defective sites on the coating.

Meng et al. [59] succeeded in producing fascinating extremely repellent to water
and oil SHSs. They have used metals like aluminium, iron, zinc, and nickel and
their alloys like brass and Zn-Fe alloy. They obtained textured rough surface on
different substrates via an electrochemical reaction using perfluoro-carboxylic acid
solutions. To obtain SHSs of varying roughness, they controlled the concentration,
chain length, as well as the reaction process time of perfluoro-carboxylic acid
solutions. The developed surfaces reveal superamphiphobicity owing to the
synergetic role of surface configuration and morphological features. The SEM
micrographs of electrochemical process derived superamphiphobic coatings
revealed petal-kind nanosheets spreading all-over the surface (Fig. 2.8a). The petal-
kind structures having a thickness varying from 30 nm to a few hundreds of
nanometers with micron-level height and length. The inset of Fig. 2.8(a) shows the
magnified image of petal-kind structures. Optical images of the CA scenario of
water droplets and oil drops sitting on the fabricated coatings (Fig. 2.8b and c)

exhibited outstanding water as well as oil repellency.

Fig. 2.8 (a) SEM micrograph of the fabricated petal-kind structure surface and the
inset is showing a high-magnification micrograph. (b) Optical images of the CA
scenario of water droplets and oil drops sitting on the fabricated coatings (¢) CA of

water drop (left side) and oil drop (right side) [59].
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2.3.2. ELECTRO-SPINNING AND ELECTRO-SPRAYING

Electro-spinning is one of the simplest and most useful technique to yield
continuous polymeric strings with diameters lying in the range of micrometres to
nanometers [60] that can be accumulated to develop surfaces having characteristic
surface roughness [61]. Electro-spinning is a protrusion technique in which
electrical biasing is provided through the protrusion nozzle and a stranded gathering
plate. Though electro-spraying technique is analogous to electro-spinning and used
to produce films ranging between globules and strings. Usually, electro-spinning is
related to fibres and electro-spraying is related to globules [62]. These methods are
not very expensive but it is difficult to develop large scale SHCs. However,
transparent SHCs can be obtained using electro-spraying route instead of electro-
spinninimethod. Thfichematic diagrams of electro-spinning and electro-spraying

process are shown in Fig. 2.9 and Fig. 2.10 respectively.
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Fig. 2.9 Schematic illustration of an electro-spinning system [63].
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Fig. 2.10 Schematic illustration of an electro-spraying system [64].

Ding et al. described the construction of SHS via electro-spinning technique [65].
They prepared the SHS based on nanofibrous ZnO. They developed the SHS by
electro-spinning the poly(vinyl alcohol) and poly(vinyl alcohol)/zinc acetate
solutions followed by the calcination process which yields fibrous zinc oxide
superhydrophobic films. The wetting properties of the fibrous films were further
altered by applying a coating of a low surface energy material fluoroalkylsilane
using hexane. They claimed that the super-hydrophilic ZnO fibrous films (CA ~ 0°)
were transformed into super-hydrophobic films (CA ~ 165°) due to the surface
functionalizing agent coating onto the fibrous films. Fig. 2.11 shows the FESEM
micrographs of the super-hydrophilic ZnO fibrous films with CA ~ 0° and super-
hydrophobic ZnO fibrous films with CA ~ 165°.
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Fig. 2.11 FESEM micrographs of (a) the super-hydrophilic ZnO fibrous films with
CA ~ 0° and (b) super-hydrophobic films ZnO fibrous films with CA ~ 165° [65].

Burkarter et al. [7] reported the preparation of polytetrafluoroethylene based SHCs
on F-doped tin oxide deposited glass substrate via an electro-spraying method. The
results indicate that during the heating of the glass substrate up to 150 °C, the
solvent used for the synthesis of SHC assist the evaporation of water when it comes
in close contact with the substrate. Different times varying from 30 s to 20 min
were ftried for the coating deposition based on a specific configuration. The
polytetrafluorocthylene based coating on the F-doped tin oxide deposited glass
substrates reveal hydrophilicity. Due to the hydrophilic character, the substrates can
wet effortlessly and leads the floating of the coating on substrate because of the
wetting. The heating of the coated substrates in open atmosphere at 265 °C removed
all the wetting agents and finally results in the highest CA of ~160° with a
sliding/rolling off angle about ~ 2°. Fig. 2.12 shows the SEM image of electro-
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sprayed polytetrafluoroethylene with a deposition time of 20 min and the inset on

the top left of the image is showing the optical image of water droplet on the SHC.

Fig. 2.12 SEM image of electro-sprayed polytetrafluorocthylene with a deposition
time of 20 min and the inset on the top left of the image is showing the optical

image of the water droplet on the SHC [7].

2.3.3. CHEMICAL VAPOR DEPOSITION (CVD)

CVD is a well-known highly effective technique to fabricate SHCs. In this
technique, gaseous substances or clements usually deposited onto a solid substrate
to fabricate non-volatile solid coatings/films. CVD is a highly competent and
frequently used method to grow variety of nanostructures such nanotubes,
nanoparticles, nanofibers, nanocombs, nanorods. nanobeads etc. But, the major
problem with CVD is that large size samples difficult to obtain and also it is an
expensive synthesis process.

Cai et al. [66] demonstrated the fabrication of transparent and hollow
superhydrophobic films/coatings with advantageous features such as excellent
thermal stability and good moisture inhibition. They prepared superhydrophobic
films utilizing a template (candle soot) and CVD of methyltrimethoxysilane
followed by calcination at 450 °C. They optimized the deposition time with respect
to the transparency and superhydrophobicity of the films. They obtained the high
transmittance about 90% with CA more than 165° and SA about 2° for the

developed superhydrophobic films. Additionally, the films demonstrated excellent
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thermal stability and good moisture inhibition even after calcination up to 500 °C.
The schematic diagram for the synthesis of transparent superhydrophobic hollow
films by CVD is shown in Fig. 2.13.
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Fig. 213 The schematic illustration of the synthesis of transparent
superhydrophobic hollow films by CVD [66].

Hozumi et al. [67] reported the modification of active wetting behaviour of an
oxidized Al and Ti surface via CVD of 1.3.5.7-tetramethylcyclotetrasiloxane. By
changing the control temperature of CVD process, the hydrophilic Al and Ti
surfaces were converted to the SHSs. Water droplets on the developed
superhydrophobic surfaces roll off quite easily when the specimen surfaces were
tilted gently.

Hsich et al. [68] synthesized fabricated a highly water repellant carbon fabric
containing micro and nano-scaled roughness. To synthesize superhydrophobic
carbon fabric, carbon nanotubes were deposited onto micron-sized carbon fibres
via a catalyst based CVD method followed by fluorination of the surface. The
average size of carbon nanotubes about 20-40 nm was deposited onto arranged
carbon fibres having diameter in the range of 8-10 um. The water CA considerably
enhanced from ~ 148° to ~ 170° due to the presence of carbon nanotubes over the

arranged carbon fibres. Fig. 2.14 shows the optical images of water drops scenario
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for (a) the pristine carbon fabric, (b) fluorine treated fabric and (c) fluorine treated

fabric consisting combination of micro and nano-scale roughness.

Fig. 2.14 Optical images of water drop scenario for (a) the pristine carbon fabric,
(b) fluorine treated fabric and (c) fluorine treated fabric consisting combination of

micro and nano-scale roughness.

2.34. LAYER-BY-LAYER (LBL) DEPOSITION

The LBL method is one of the preferred methods to produce a variety of micro-
scale, nano-scale structures and SHCs [56]. The LBL is a periodic technique that
creates a fine layer of a charged material by adsorbing it onto a solid/semi-solid
substrate. Successive layers can be deposited on the top of another layer consisting
opposite charge material and lead to the formation of a multilayer consisting single
structure having thickness of the nano-level. The repetition of layer-by-layer
deposition can be done periodically to obtain the anticipated thickness of the
coating. To control the wetting behaviour of LBL deposited coatings,
nanostructures can be introduced during the deposition to enhance the roughness of
the coatings. The main merit of LBL technique is the perfect thickness control of

the film/coating as well as its perfectness over the synthesis of highly transparent

27




coatings/films especially on odd/complex surfaces [56]. The major disadvantage of

this technique is time-consuming and applicable for limited materials.

Syed et al. [69] reported the fabrication of corrosion-resistant SHCs by LBL
deposition technique. They used an LBL and spin coating method jointly to produce
polyaniline-tetramethylsilane modified silica nanoparticles based
superhydrophobic corrosion-resistant coating. The specimens with odd surface
were found hydrophobic whereas, the specimens with even surface revealed
hydrophilicity. The maximum water CA was about 153° with a SA about 6° with a
variation about + 2°, The anti-corrosion status of the fabricated coatings was found
stable up to 240 h. Fig. 2.15 illustrates the schematic diagram of the fabrication of
polyaniline-silica composite (PSC) and functionalization of silica nanoparticles by
tetramethylsilane (TMS-SiO2) and the synthesis of Poly-diallyl-dimethyl-
ammoniumchloride (PDDA)/PSC and PSC/ TMS-SiO; composite multi-layers.
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Fig. 2.15 Schematic diagram of the fabrication of polyaniline-silica composite
(PSC) and functionalization of silica nanoparticles by tetramethylsilane (TMS-
Si02) and the synthesis of Poly-diallyl-dimethyl-ammoniumchloride (PDDA)/PSC
and PSC/ TMS-SiO; composite multi-layers [69].

Zao et al. [70] produced superhydrophobic cotton fabrics using electro-static LBL
approach by assembling polyelectrolyte and nano-size SiO: particle multi-layers
onto cotton fabrics and later on treated the fibres with fluoroalkylsilane (Fig. 2.16).
The morphological features of coated fabrics were modified by varying the multi-
layers number during LBL deposition. Though a high CA about more than 150°
was achieved using 1-3 multi-layers, the coated fabrics revealed tacky behaviour
due to the SA more than 45°. However, the 5 multi-layers of polyelectrolyte and
nano-size SiO: particle on cotton fabrics exhibit smooth superhydrophobic

character with a SA <10°.

Fig. 2.16 Optical images of water droplets on (a) pristine cotton fabrics, (b)
superhydrophobic fabrics coated with nanoparticles consisting multi-layers and (¢)
pristine (left side) and superhydrophobic (right side) cotton-fabric engrossed in
water |70].
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2.3.5. WET-CHEMICAL METHOD

Wet-chemical coating is one of the simplest industrially espousal method because
it offers the use of multiple materials for large-level production of ordered SHCs.
But, the major issue with this method is the use of harmful surface etching
chemicals.

Qi et al. [71] reported the fabrication of a wafer-level chemical etching assisted
superhydrophobic and anti-reflective silicon-based surface. They used KOH and
silver-catalytic etching to fabricate pyramid-like ordered nanostructures on a
silicon wafer followed by fluorination of the surface that presents
superhydrophobicity along with anti-reflection character, Maximum water CA of
169 with a roll-off angle < 3° was obtained. On similar track, monoalkyl-
phosphonic acid was utilized to generate reliable SHS on Ni metal using a wet
chemical route [72]. Flower-like micron-level structures were steadily generated
owing to a chemical reaction leading to an incessant slipcover. Fig. 2.17 shows the
cross-sectional view of SEM image of (a) silicon wafer revealing pyramid-like
structure due to etching by KOH and (b) ordered structures on silicon wafer created

by Ag-derived etching,

Fig. 2.17 Cross-sectional view of SEM image of (a) silicon wafer revealing
pyramid-like structure due to etching by KOH and (b) ordered structures on silicon
wafer created by Ag-derived etching [71].
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Wang et al. [73] produced a flower-kind SHC on pristine Mg metal via chemical
etching using H20,, H2SO4, ethanol and stearic acid. They obtained the highest CA
of 154° with a roll-off angle of 3°. The developed coating also exhibits 4 times
enhancement in the resistance of SHS compared to pristine Mg when immersed for
1 h in sodium chloride solution.

Pan et al. [74] fabricated a stable superhydrophobic rough surface by HNO3 and
cetyltrimethyl ammonium bromide etching of copper wafer followed by
ultrasonication  functionalization of the surface by 1H,1H,2H.2H-
perfluorodecyltricthoxysilane. Etching action caused the generation of spherical
micro-pits on the surface due which the rough surface not only showed the

superhydrophobicity towards water but also for corrosive liquid.

2.3.6. PHASE SEPARATION TECHNIQUE

Phase separation technique is one of the facile and cheap routes to fabricate
superhydrophobic mesoporous polymer membranes. It is useful for only limited
materials. Khoo et al. [75] reported the fabrication of nanostructures of different
shape, size and morphology via phase separation technique. They used
methyltrichlorosilane for phase separation and created nanostructures on silica and
glass substrates. Morphological features of the synthesized nanostructures mainly
governed by the concentration of methyltrichlorosilane, humidity, temperature and
reaction time. Because of the controlled reaction conditions the nano-architectures
in form of nano-fibres and nano-spheres of varying diameter evolved, which
exhibits superhydrophobicity.

Yang ct al. [76] reported a facile phase separation route to produce anti-corrosion
superhydrophobic polyvinyl-chloride coatings for an Mg alloy (AZ91D). They
obtained a low surface energy rough surface using simple phase separation route.
Maximum CA > 150° with outstanding corrosion resistance as well as good
adhesion of the coating was obtained. A schematic illustration of synthesis of
superhydrophobic polyvinyl-chloride coatings for Mg alloy (AZ91D) is shown in

Fig. 2.18. Ethanol content was varied in polyvinyl-chloride and tetrahydrofuran
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solution mixture in order to control roughness, structure and superhydrophobicity
of the coating. In the final stage of processing, ethanol and tetrahydrofuran were
evaporated and resulted in the creation of pores into the coating and it was realized
that the pore size and their distribution changed the surface roughness and
hydrophobicity of the developed surface.
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Fig. 2.18 Schematic illustration of the synthesis of superhydrophobic polyvinyl-
chloride coatings for Mg alloy (AZ91D) [76].

Song et al. [77] reported the advanced method of fabrication 3,6-O- di-
tertbutyldimethyl silyl chitosan polymer. Additionally, they used the same polymer
to synthesize robust SHCs via a facile and cost-effective phase separation
technique. They produced excellent hydrophobicity for the complete range of pH

by generating three-level arranged roughness on the surface of the films.

2.3.7. IMPRINTING TECHNIQUE

Traditional imprinting method can be utilized to generate SHSs that generally
consists of a master and a replica as is the case of lithography as well as templating
techniques. These techniques can be used in two ways, one as an individual and
another including some other processing technique to reduce the intricacy of the
synthesis technique. Pozzato et al. [78] reported the synthesis of SHSs on silicon
via a nano-imprint lithography technique followed by wet chemical etching. Glass

made shapes were utilized to imprint a photoresist coating. The remaining
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unwanted portion of the coating after imprinting was detached via exposing it to
UV-light and following the fabrication of the photoresist. Then protected
hydrofluoric acid etching was performed on the synthesized pattern to shift it to a
reedy SiO: layer followed by anisotropic etching by wet chemical method using
KOH and shifting the layer to silicon. Subsequently., hydrophobic
octadecyltriclorosilane coating was deposited to obtain the superhydrophobic
properties. They achieved a maximum CA of 167°. The synthesis of SHSs on
silicon via a nano-imprint lithography technique followed by wet chemical etching

is schematically shown in Fig. 2.19.
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Fig. 2.19 The schematic diagram of the synthesis of SHSs on silicon via a nano-

imprint lithography technique followed by wet chemical etching [78].

2.3.8. LITHOGRAPHY TECHNIQUE

Lithography technique is based on the replication of master information. This
technique can provide a precise replica contingent on the desired product. Such
techniques basically classified into subclasses based on the type of the system

utilized such as type of substrate and power source etc. The main types of
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lithography techniques are photolithography or optical lithography, soft
lithography, X-rays lithography, electron-beam lithography and nano lithography
etc. Each lithography technique has certain merits and demerits.

Yang et al. [79] reported the fabrication a strong, light and flexible
superhydrophobic polyvinyl butyral/SiO: coatings for a wood substrate including
the concept of petals of a red rose. SHCs were prepared using a combination of
nanoimprint lithography and solvothermal routes. The fabricated coatings revealed
vigorous superhydrophobicity with a high water CA of about 160° including
outstanding thermal stability and durability. Morcover, the fabricated coating
exhibited high buoyancy. Fig. 2.20 shows the schematic diagram of the
reproduction route of polydimethylsiloxane impression of petals of a red rose and

synthesis method of superhydrophobic polyvinyl butyral/SiO: coatings for wood.
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Fig. 2.20 Schematic diagram of (a) the reproduction route of polydimethylsiloxane
impression of petals of a red rose and (b) synthesis method of superhydrophobic

polyvinyl butyral/SiO: coatings for wood [79].
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2.3.9. TEMPLATING TECHNIQUE

Fundamentally, the templating method is analogous to the moulding method of
fabrication. This method uses a master template then using molds, a replica can be
prepared and later on it can be detached from the molds to obtain the desired
surfaces. This technique is economical but time-consuming and applicable for
limited materials.

Chen et al. [80] reported the synthesis of transparent SHC consisting of hollow SiOz
spherical particles via carbon templating method. The schematic diagram of the
synthesis route of transparent SHC is shown in Fig. 2.21. The developed coating
was further treated by 3-aminopropyldiethoxymethylsilane to lower down the
surface energy of the coating. The raspberry kind structure of silica porous capsules
leads to the superhydrophobic character of the coating and further calcination of

that coating results in the high transparency.
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Fig. 2.21 The schematic diagram of the synthesis route of transparent SHC [80].

2.310. HYDROTHERMAL METHOD
Hydrothermal technique is a cost-effective, reproducible and eco-friendly
technique for the production of nonstructural feature on variety of metal substrates

via in-situ synthesis process. The growth of nanostructures on metal substrates via
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such method is very effective for trapping the air by increasing the surface
roughness at nano-level.

Yuan et al. [81] reported the synthesis of an SHC on electroless Ni—P coated AZ61
Mg-alloy using hydrothermal technique followed by immersion of the coating in
stearic acid to enhance self-cleaning and corrosion-resistant properties of it. The
coated Ni-P substrate alone was hydrophilic in nature, however, the substrate was
transformed into superhydrophobic one via hydrothermal method. The control
parameters of hydrothermal technique such as time and temperature significantly
affected the surface morphology and superhydrophobicity of the substrates, At high
temperature during hydrothermal process created the petal-like nanofilms which
exhibited better wetting properties than the lemongrass-kind nanofilms at low
temperature during the processing. The maximum water CA of ~ 155.6° with a roll-
off angle of 2° were obtained for the developed SHCs at controlled temperature for
a specific time-oriented hydrothermal reaction. Additionally, the coatings exhibited
superior corrosion-resistant performance. The schematic illustration of synthesis of
an SHC on electroless Ni—P coated AZ61 Mg-alloy using hydrothermal technique
is shown in Fig. 2.22.
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Fig. 2.22 The schematic illustration of the synthesis of an SHC on electroless Ni—
P coated AZ61 Mg-alloy using hydrothermal technique [81].
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2.3.11. SOL-GEL ROUTE

The sol-gel route is a facile, cost-effective, commercially acceptable, fast, low
temperature operated and eco-friendly technique for the production of a variety of
nanostructure with numerous morphological features, bulk nanomaterials and
SHCs/films. It is one of the most preferred methods to develop good quality
coatings/films with thickness of the order of few microns and it is analogous to the
physical-deposition routes up to certain extent. The sol-gel route have some
demerits like precise thickness control and cracking issue with the deposited films
due to heat-treatments of the films. To deposit a film or coating of a sol-gel
processed material on various substrates, generally three routes have been followed
such as spray-coating, spin-coating and dip-coating,

Singh et al. [82] reported the synthesis of superhydrophobic and photocatalytic
active coating on cotton fabrics using a sol-gel route followed by dip-coating. The
SHCs were synthesized using in-situ prepared poly-triethoxyvinylsilane and
polydimethylsiloxane followed by AgBr coating/film to obtain the photocatalytic
activity. The coated fabrics revealed self-cleaning, superhydrophobicity and
superoleophilicity respectively. The maximum water CA about 154° with a water
roll-off angle of about 8° along with lubricant CA of about 0° were obtained for the
coated fabrics. Additionally, the coated fabrics revealed its effectiveness for the
separation of mixtures of oil and water even up to ten filtration cycles. Furthermore,
the coated fabrics revealed its durability in various acids, alkalines, salt-solutions,
etc. Fig. 2.23 shows the schematic diagram of the synthesis of superhydrophobic
fabrics i sol-gel route.

Zhang et al. [83] reported the use of a sol-gel technique to fabricate thin
coatings/films of organically altered silicates (SiO. nanoparticles with an average
size¢ of 24 nm). The condensation of tetracthylorthosilicate and
dimethyldiethoxysilane leads the attachment of methyl groups of hydrophobic
nature with the deposited films followed by further treatment of the surface with
variety of silane groups to obtain the superhydrophobicity. The small size of

nanoparticles found quite useful for developing anti-reflective coatings because of
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negligible light scattering. Additionally, the developed SHCs exhibited a high
transmittance of about 99.5% with outstanding environmental resistance. Fig. 2.24
shows a graphic illustration of (a) synthesis method of SiO: nanoparticles (b)
organically altered silicates nanoparticles from tetracthylorthosilicate and

dimethyldiethoxysilane and (¢ and d) hexamethylisilazane altered nanoparticles.

2.4, APPLICATIONS OF SUPERHYDROPHOBIC COATINGS

The SHCs/films/surfaces exhibit tremendous applications in different sectors,
especially in energy-related fields. Some potential applications of SHSs such as
anti-corrosion, anti-freezing, anti-frosting, anti-icing for photovoltaic cells,
aeroplanes, ships, power lines, anti-friction for submarines, self-cleaning of solar

panels, glass windows etc. are shown in Fig. 2.25 [84].
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Fig. 2.25 The potential applications of SHCs/films/surfaces [84].
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2.5. DIGITAL IMAGE PROCESSING

Digital image processing practices commenced at the starting of 1970. Image
processing in its starting was found useful in various sectors such as astronomy,
remote Earth resources interpretations and medical imaging, Itis a way to transform
an image into digital information that can be operated according to the requirement
such as to obtain an improved image and extraction of valuable information. In this
technique, the image act as the input and image characteristics acts as an output
[85]. It treats images as 2D (2-dimensional) signals or inputs to process them using
well-known signal dispensing routes. An arithmetical tactic designates a surface
through image-statistics that reveal non-deterministic characteristics of three-
dimensional dissemination of image signal. The features of an image are denoted
as pixels. Even a grey colour image is not just black and white image but it consists
of various shades of a gray colour. MATLAB is a powerful tool for image
processing because it consists of an image processing toolbox that encompasses a
broad range of customary algorithms. Using MATLAB, one can casily perform
various things such as image segmentation, image enhancement, image analysis,
geometric transformations noise reduction, and image registration, etc. Pattern
analysis is a sub-domain of image processing technique [85]. The basic stages of

an image processing method are shown in Fig.2.26.

Fig. 2.26 Image processing method [85].
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2.6. PATTERN ANALYSIS
Pattern recognition (or analysis) is a division of machine learning applied directly

to recognize the regularities and pattern of the data. The idea of machine learning
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is employed for statistical pattern recognition and regulates in the data. The
machine learning approach is classified in two approaches: (1) supervised learning,
which trains a model on identified input and output data so that it can expect future
outputs, and (2) unsupervised learning, which finds hidden patterns to develop
predictive model based on input and output data or intrinsic structures in input data

[86]. [87].

2.6.1. SUPERVISED LEARNING

In supervised learning, the prior information is available about the class of subset
of data. The pattern recognition systems are trained from labelled training data. It
builds the model to make the predictions based on the evidence available for
uncertainty. The supervised learning algorithms are applied for known set of input-
output data, which we are trying to predict and get the response of new data.
Supervised learning follows classification and regression methods to develop

predictive models.

2.6.2. UNSUPERVISED LEARNING

The unsupervised learning is based on the unlabeled instances, and all the classes
are inferred from the unstructured input dataset. The learning technique is
applicable to find out hidden patterns in data of unlabeled input data and draw the
inferences from datasets consisting of unknown values. The method follows the
clustering technique to set the unlabeled samples constructed on similar distance
measurement. This technique is explicitly for data analysis to get groupings or
hidden patterns in data. The general algorithms for clustering methods are K-means
or K- Medoids, Fuzzy C means Gaussian Matrix Model, Neural networks, Hidden

Markov models and self-organizing maps etc [88], [89].
2.7. K-MEANS CLUSTERING

K-means clustering is known to the society since 1970 and works much better

compared to other well-known clustering-algorithms such as expectation-
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maximization based on density algorithm. K-means clustering is facile route for
image processing including image-segmentation as well as image-annotation. K-
means clustering is used for clustering of minor pixel spots of images and then
epitomize those images in form of cluster-centres and replicate this process much
time to create a “deep” linkage of image-features. Based on this concept. it provides
much better results compared to other clustering algorithms. It is at present the
inbuilt part of various standard software’s. It needs the fixing of cluster number
prior to the analysis and it depends on the starting parameters including the selected
distance. It can be started by selecting random K values of the images.

In a very recent study, Maw et al. [90] reported the image grouping by uniting K-
means clustering algorithm plus deep learning method. Initially, the K-means
clustering algorithm was applied for the image processing to deal with numerous
disparitics in forefront as well as background images acting as inputs. This
preprocessing of the images promotes the accomplishment of better accuracy. Then
to categorize, colour, size, shape and image location in the standard database, 2D
(2-dimensional) deep learning method was applied to obtain outstanding outputs.
Hameed et al. [91] reported the estimation of surface roughness utilizing large scale
SEM (scanning clectron microscopy) images via image processing route. The
surface roughness study based on SEM images (large scale) was performed with
the help of AFM (atomic force microscopy) images (small scale) of Tin oxide
(SnOz) coatings of different thickness such as 450 nm, 525 nm and 600 nm
deposited onto glass slides prepared by a thermal evaporation method. Various
scales 1 to 50 pm zoomed SEM images of the coatings were selected for the
analysis. First the surface roughness of the coatings was determined using AFM
images and then SEM images were used for the determination of the surface
roughness which was validated with the AFM data.

Similarly, many other researchers reported the importance of image processing for
analyzing various parameters or features of different materials by utilizing SEM
and AFM images. Arzate-Vazquez et al. [92] described the estimation of porosity

of calcified chicken-eggshells utilizing AFM images via an image processing
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technique. Zhao et al. [93] in a very recent study described the study of coal as well
as shale pore structure including surface roughness utilizing AFM images via image
processing method. In another study Zhang et al. [94] reported the image processing
of SEM images of PP/rice-husk composite via MATLAB. Fig. 2.27 shows the SEM
image of PP/rice-husk composite (left image) and MATLAB processed image of

the same composite (right image).

Fig. 2.27 SEM image of PP/rice-husk composite (left image) and MATLAB

processed image of the same composite (right image) [94].

2.8. SUMMARY

In this work, the fundamentals of superhydrophobicity are described in detail.
Surface tension and surface free energy arc the key parameters to control the
wetting properties of a material. To develop transparent SHCs or films nano-
roughness due to the introduction of nanoparticles must lie in the range of 1-100
nm to avoid the scattering of the incident light. For SHCs, the water CA must lie in
the range of 150-180° with a sliding or roll off angle as small as possible up to 0°.
All over the world, plenty of methods by choosing a variety of nanomaterials have
been tried out to obtain SHCs due to their tremendous applications in various
industrial sectors. The major constraints to the development of SHCs have been
also described in detail. Further, the SHCs are highly desired for energy
applications such as sclf-cleaning, anti-icing, anti-fogging applications for solar
panels. The best-identified practices for the development of transparent SHCs are

based on nanoparticles (e.g., ZnO, SiOz, TiO2, etc.) embedded polymer coatings
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prepared via an industrial scale acceptable techniques such as sol-gel method.
Additionally, digital image processing can assist in a great manner to understand
the important features of SHCs. In image processing, the pattern analysis approach
via unsupervised learning using K-means clustering technique is a powerful method
to study the surface features of SHCs. MATLAB is a powerful tool to apply the K-
means clustering on SEM or AFM images to determine the various parameters of
the SHSs more precisely and quite helpful for understanding the basic mechanisms

of the superhydrophobicity.
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CHAPTER 3. EXPERIMENTAL

3.1. RESEARCH METHODOLOGY

3.1.1. SOL-GEL

Sol-gel route was employed to synthesize nanoparticles that consist of
transformation of precursors (starting material) into a sol (colloidal suspension).
The sol then after slow heating at low temperature converted into a gel-like network
comprising particles and polymer networks. This route mainly consists of four steps
such as hydrolysis, condensation, nucleation (or growth) and gel formation. The
key benefits of this method are low-temperature processing, precise control
overgrown nanoparticle size, easy to cast in complex forms of specimens . easy to
control quality of the final product with minimal impurities. The sol-gel route is a
facile, robust, cost-effective, less toxic and eco-friendly technique to produce
various nanostructures as well as SHCs.

The surface of the synthesized nanoparticles was then modified using various
functionalizing agents and then introduced in the host matrix to develop transparent
SHCs. The transparency and superhydrophobicity of the prepared coatings were
optimized by controlling the various parameters including nanoparticle
concentration, size and type as well as process control parameters.

For the preparation of SHCs on glass substrates (or slides), two well-known routes

were employed such as spin-coating and dip-coating.
3.1.2. SPIN-COATING

In the spin-coating method, surface-functionalized nanoparticle embedded host

polymer was dissolved in a solution.
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Only a few drops of that solution was deliberately poured on the vacuum stuck glass
substrate for its rotation at high speed for a specified time to uniformly spread the
solution by centrifugal force as shown in Fig. 3.1. By keeping the sample at room
temperature for few minutes the evaporation of the solvent can be accomplished so
that a thin and uniform coating is obtained. The control parameters of the spin-
coating route such as rotation speed, viscosity of the solvent, rotation time, etc.

were optimized prior to the preparation of transparent SHCs.

3.1.3. DIP-COATING

In the dip-coating method, surface-functionalized nanoparticle embedded host
polymer was dissolved in a solution. Then the glass substrate on which coating is
desired gradually dipped into the solution and removed from the solution at a
controlled rate as shown in Fig. 3.2. Then the coated substrate was allowed to dry
at room temperature by solvent evaporation and a thin and uniform coating was
obtained. These steps can be repeated several times to increase the thickness of the
coating. Again the transparency and superhydrophobicity of the coatings were
optimized by controlling the thickness of deposited coatings, nanoparticle
concentration, type and functionalizing agent type and concentration including the
dipping and withdrawal speed of the substrate from the solution. Generally, dip-
coating method based coating thickness is higher than the thickness of the coating

obtained by spin-coating method with same solution.
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Fig. 3.1 Schematic diagram of the spin-coating method.
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Fig. 3.2 Schematic diagram of the dip-coating method.

3.2. MATERIALS

The following materials were used for the preparation of transparent SHCs.
¢ Polystyrene (PS, Mw ~ 35,000)
¢ Chlorotrimethylsilane (TMCS, molecular weight, Mw ~ 108.64)
¢ 3-mercaptopropyltrimethoxysilane (MPMS, Mw ~ 196.34)
e Triethoxyoctylsilane (TEOS)
e SiO2 nanoparticles (APS ~ 25 nm)*
e ZnO nanoparticles (APS ~ 50 nm) synthesized by Zinc acctate
(Zn(0=CCHs)2).
¢ Ethanol
e Tetrahydrofuran (THF, Mw ~ 72.11)

e (lass substrate
All the chemicals were obtained from Sigma Aldrich Company Branch,

India.

*Procured from Reinste Nano Ventures, Pvt. Ltd., India.
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3.3. CHARACTERIZATION TECHNIQUES

3.3.1. XRD

X-ray diffraction (XRD) is a powerful advanced instrument that uses characteristics
X-rays to obtain the diffraction pattern of a material that can be interpreted to
identify a particular phase of a material that is based on the crystallography of the
material. XRD can reveal the difference between amorphous and crystalline
materials, but meaningful information can be extracted from the crystalline
materials. The XRD spectra of the crystalline materials generate sharp peaks, the
peak position against 2 theta angle and their intensity are used to extract the data of

the materials. The X-ray diffraction follows on the well-known principle of Bragg’s
law. Phase identification of the nano-powders can be made easily using Cu-Ka

radiation source having wavelength of 1.54 A. Usually, slow scanning of the
samples performed for the accuracy in results. A typical XRD instrument is shown
in Fig. 3.3.

Fig. 3.3 A typical XRD instrument
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3.3.2. FESEM

FESEM is abbreviated as Field Emission Scanning Electron Microscope. It works
with electrons which are liberated by a field emission source as compared to light.
Finally, the desired Object scanned by electrons in a zig-zag pattern, It visualizes
extremely small (nearly 1 nanometer or 1 billion of a millimetre) topographic
details on the surface. It can be used for studying like nanostructures, synthetic
polymers, thin-film or coating on microchips and organelles and many more.
FESEM employs a focused beam of electrons to produce an image and also to
analyze the specimen. A typical FESEM instrument with accessories is shown in
Fig. 3.4.

T
I
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-

Fig. 3.4 A typical FESEM instrument with accessories.

The principle of electron microscope is similar to light microscope but the
difference is light microscope using visible light as a source and electron
microscope using very energetic electrons as a source. Nevertheless, in optical
microscope, the resolution is limited by its wavelength as compared to energetic or
accelerated electrons having very short wavelength. Due to this reason it’s possible

to see very small features at very high magnification with a great resolution.
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3.3.3. FTIR

FTIR abbreviated as Fourier Transform Infra-Red, preferable technique of IR
spectroscopy (infrared spectroscopy). Since seven decades Infrared spectroscopy
has been a magnificent method to analyze materials in laboratory. Infrared
spectroscopy technique represents a fingerprint or distinguished identifying
characteristic of a sample in the form of absorption peaks. The IR peaks appear
because of the vibrational frequencies of typical bonds of atoms or molecules of a
material. As every material is made up of atoms/molecules so no two compounds
generate exactly similar IR spectrum, Hence, IR results qualitative identification or
analysis of any type of material and the size of the peak demonstrates the amount
of material present. In present software algorithm, IR becomes a high-quality tool
for positive identification or quantitative analysis. A typical FTIR instrument with

accessories is shown in Fig. 3.5.

Fig. 3.5 A typical FTIR instrument with accessories.

3.3.4. ZETA SIZER

Zeta sizer is an advanced instrument that can characterize a broad range of particles
from nano-level to micron-level. The condition is the particles must be in almost
spherical in shape. For the characterization of particles, initially particles are
dispersed in aqueous or non-aqueous solutions and then using dynamic light
scattering concept the average size of the particles can be estimated.

The Zetasizer instrument is capable to measure some important attributes of
molecules or particles in liquid medium such as molecular weight, Zeta potential

and particle size. These parameters can be measured over a wide range of




concentration by employing the technology within Zeta-sizer system. A typical

Nano-Zeta sizer or particle sizer is shown Fig. 3.6.

Fig. 3.6 A typical Nano-Zeta sizer or particle sizer.

3.3.5. AFM

It is abbreviated as Atomic force microscope (AFM). It is one kind of scanning
probe microscope. Scanning probe microscopes are designed for measuring
properties like friction, height as well as magnetism with the help of a probe. For
acquiring topographical images of samples, the SPM raster scans the probe over the
sample and simultancously measure its properties. Resolution of a typical AFM is
of the order few nanometers. The advantage of AFM is it can take images of various
surfaces like polymers, composites, ceramics, biological samples, glass and many
more. The AFM broadly works in three modes such as contact mode, non-contact
mode and tapping mode. Van der Wall’s forces play a major role in the working of
an AFM. For delicate materials such as polvmers or polymer coatings, the most
preferred operating mode of AFM is the tapping mode in which the AFM tip

vibrates close to the sample surface or taps the sample surface gently without
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degrading it and helps in acquiring the images using standard image processing
tools. AFM provides 3 D topographical images of the samples with a high
resolution via raster scanning of the sample surface. A table-top AFM instrument

is shown in Fig. 3.7.

Fig. 3.7 A table-top AFM instrument.

3.3.6. DROP SHAPE ANALYZER

The wetting properties of a material can be studied using CA goniometry or drop
shape analyzer. Drop shape analyzer can measure the following important
parameters such as wettability of any solid materials (e.g.. plastic, glass, ceramic,
paper, wood, etc.). The drop shape analyzer can measure the static, advancing and
receding CAs, roll-off angles on hydrophobic and SHSs. It can measure the surface
tension and liquid-liquid interfacial tension using the Pendant drop method. The
wetting properties depends on the CA between the solid surface ind the liquid
droplet. Along with the CA, CA hysteresis study is also required due to the presence
of physical and chemical inhomogeneity on the surface for the complete
understanding of the wetting properties of a material. A typical drop shape analyzer

instrument is shown in Fig. 3.8.
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Fig. 3.8 A typical drop shape analyzer instrument.

3.3.7. UV/VIS SPECTROMETER

Ultraviolet-visible (UV/VIS) spectroscopy is an absorption or transmission
spectroscopy in the ultraviolet partial and the complete visible-light regions. It
implies that light is used in the visible as well as in adjacent ranges. In recognition
of the colour of the chemicals involved in the process are greatly affected by the
absorption or reflectance. In this range of the electromagnetic spectrum, molecules
and atoms go through electronic transitions. Absorption spectroscopy and
fluorescence spectroscopy are complementary to each other. The absorption
spectroscopy determines ground-state to the excited-state transitions whereas
fluorescence spectroscopy estimates excited-state to ground-state transitions. The
UV/VIS spectroscopy needs an excitation wavelength to characterize a material. It
can characterize the materials in liquid form as well as solid form such as coatings.
This is very useful technique for determination of the transmittance of the coatings.

A UV/VIS spectroscopy instrument is shown in Fig. 3.9.
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Fig. 3.9 An UV/VIS spectroscopy instrument.

3.4. PATTERN ANALYSIS

FESEM images were used for extracting the surface roughness information using
pattern analysis via machine learning tools. Various FESEM images of the SHCs
were selected for the pattern analysis. The average surface roughness and exact
surface roughness of the FESEM images were estimated using supervised and
unsupervised machine learning methods. The methodology of the pattern analysis
was based on the steps starting process of the FESEM images, image pre-
processing. image segmentation, image feature extraction, image analysis and score
prediction via machine learning approach. The image analysis was performed using
K-means clustering approach. The FESEM images provided exaggeration in three
dimensions: x, y and z. The FESEM images always need image processing before
optimal inspection of the surface structures. The inbuilt libraries of MATLAB tool
were used to process the FESEM images and different constructs of all levels of
image processing to score prediction. The image segmentation was performed
using inbuilt 2D and 3D HAAR (square-shaped function) Discrete Wavelet
Transform (DWT) processing tools. Initially, the images were loaded into the
library. changed to a grey level image, resized. segmented and processed using

wavelets. The MATLAB mathematical morphology-based algorithm was applied
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for carrying the image sub-operations like closing, opening, erosion and dilation.
The MATLAB tool predicted the roughness of the SHSs via K-means algorithm

including % error, simulation time and total simulation time parameters, etc.




CHAPTER 4. SYNTHESIS OF NANO-TEXTURED
POLYSTYRENE/ZNO COATINGS WITH EXCELLENT
TRANSPARENCY AND SUPERHYDROPHOBICITY

4.1. ABSTRACT

Transparent superhydrophobic polystyrene/ZnO nanocoating, possessing an
average roughness of 28 nm and high CA (> 150°) has been synthesized through a
modified facile sol-gel route. The anticipated hierarchical roughness of the coating
was obtained using dual functionalized ZnO nanoparticles. Chlorotrimethylsilane
and 3-mercaptopropyltrimethoxy silane were espoused as nanoparticle surface
functionalizing agents to generate SHC. The effect of experimental parameters on
transparency and superhydrophobicity of developed coatings was examined to
obtain optimum conditions. Such developed coatings can prove to have substantial

industrial applications.

4.2. INTRODUCTION

Transparency of a substrate is a vital feature for coating in industrial
applications. Transparent substrates with numerous surface characteristics like
superhydrophilic (CA, CA < 5°), hydrophilic (5°<CA <90°), hydrophobic (90° <
CA < 150°) and superhydrophobic (CA = 150°), surfaces have been fabricated by
organic and inorganic hybrid materials [95]. These substrates have been used
extensively for various applications like solar cells, self-cleaning, anti-icing and
anti-fogging coatings [23], [95], [96]. Various coating methods like spraying, spin
coating, dip-coating, physical/chemical vapour deposition, etc. have been used for

the preparation of transparent substrates [95], [97]-[99].
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As the transparency and surface roughness of thin films are competitive, it is quite
difficult to simultaneously synthesize superhydrophobic and transparent surfaces.
Surface roughness is obligatory for SHSs which results in the scattering of light
[100]. This scattering of light is responsible for blurring of SHSs [100]. Recent
research on nanostructures filled polymer composites shows momentous potential
in fabricating transparent and SHSs [101], [102]. Karunakaran et al. reported the
synthesis of transparent superhydrophobic thin films SiO2 nanoparticles [100].
Budunoglu et al. reported fabrication of highly transparent, flexible and thermally
stable superhydrophobic films using functionalized silica aerogel materials [103].
Nakajima et al. fabricated transparent SHSs using titanium acetylacetonate and
fluoro silane [104]. Xu et al. reported 95% of transparency with
superhydrophobicity using fluorinated SiO; nanoparticles on silica wafer [105].
Fluorine based silane precursors have been extensively used to produce SHSs
[106], [107]. As the polymers have better thermal and mechanical properties than
the small molecule surfactants or functionalizing agents, thus they are generally
chosen for SHS applications [108]. Polystyrene is a well-known commercially
available transparent and hydrophobic polymer (water CA ~ 93°) [108], [109] with
a glass transition temperature of ~ 100 °C.

ZnO nanomaterial has gained significant research interest due to its low
cost, abundance, wide bandgap semiconductor, eco-friendliness, chemical stability
and thermal stability properties, which are used substantially for its catalytic, photo-
electrochemical, optoelectronic properties etc. [110]. Recent reports indicate the
possibility of conversion of intrinsically hydrophilic ZnO [111] surface into SHS
[112]. Gongping et al. reported synthesis of hydrophobic nanoneedles and
nanonails using hierarchical nanostructures of ZnO [113]. Fabrication of SHSs
using ZnO nanomaterial is also reported from researches conducted by other groups
[114].

The high cost of deposition techniques and various complex processing
factors makes the fabrication of SHSs challenging. In the current study, a facile,

low cost, modified sol-gel method has been employed to produce highly transparent
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and superhydrophobic polystyrene/ZnO coating. This approach significantly
reduces the processing parameters and deposition complexities compared to other

deposition methods.

4.3. EXPERIMENTAL

ZnO nanoparticles were synthesized by sol-gel route. The detailed process
has been described and discussed in our previously reported work [110]. The
nanoparticles were initially functionalized by chlorotrimethylsilane (TMCS.
molecular weight, Mw ~108.64) and later on functionalized using 3-
mercaptopropyltrimethoxy silane (MPMS, Mw ~196.34). ZnO (1 g) was mixed
with TMCS (0.025 mol) and then added to Ethanol (100 ml). The mixture was
stirred with glass rod for five min followed by magnetic stirring for 15 min at 60
°C. The mixture was filtered and dried in vacuum at 30 °C for 24 h to obtain TMCS
functionalized ZnO. The functionalized ZnO was further modified using 3-
mercaptopropyltrimethoxy silane (MPMS) by following the work of Bach et. al
[115]. The amount of MPMS was varied from 49 to 25 wt% for modification of
TMCS functionalized ZnO as shown in Table 4.2. The resulting dual functionalized
ZnO (1 to 25 wt%) was added to PS (50 wt%, Mw ~35,000) and tetrahydrofuran
(THF, Mw ~72.11) followed by stirring of 30 min. The final mixture was spin-
coated on glass substrate using 4000 rpm for 1 min to produce transparent and
SHCs. All the reagents and chemicals were procured from Sigma Aldrich, India.
The detailed procedure for dual functionalization of ZnO nanoparticles and
fabrication of transparent and SHCs is illustrated in Fig. 4.1.
The morphology of nanopowder and deposited coatings was characterized by high-
resolution scanning electron microscopy (FESEM, Quanta 200F, FEI, USA). X-ray
diffraction (XRD) analysis was performed by Bruker D8 Advance Diffractometer
(Germany) with Cu-Ka radiation. The size of nanoparticles before and after
functionalization was measured by Zeta Sizer, (Nano-ZS, Malvern Inst. Inc., UK).
Perkin Elmer Lambda 35 UV/VIS spectrometer was used to determine the

transparency of coated substrates. Fourier transform infrared (FTIR) spectra of ZnO
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and TMCS coated ZnO nanoparticles were recorded on Thermonicolet (Anexus)
1600 series. The morphology and root-mean-square (Rms) roughness of
ZnO/Polystyrene nanocomposite coatings were characterized by atomic force
microscopy (AFM, NT-MDT, Ntegra) with tapping mode. The surface wettability
of the coatings was investigated by drop shape analyzer (DSA 100, Kriiss GmbH,

Germany) at ambient conditions.
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Fig. 4.1 (1) TMCS and MPMS-functionalization of ZnO nanoparticles and (2)

fabrication of transparent and SHC.

4.4. RESULTS AND DISCUSSION

X-ray diffraction pattern of the ZnO nanopowder revealed the wurtzite structure
(JCPDS: 21-1486) as shown in Fig. 4.2(a). The planes (hkil) were designated on
intense diffraction peaks. The average size of ZnO nanoparticle was determined

using the Scherrer formula [110]. The Scherrer formula is given in equation (4.1).

D= (K1)/B’ x COS(®) x 10 @.1)
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where f3is the FWHM., K is a constant having value 0.9 & 2 is the wavelength of
radiation which is equal to 1.5418 Angstrom and D is the particle size in nanometer.
The calculation of particle size along with (hkil) planes for the ZnQ is illustrated in
Table 4.1. It is noticed from Table 4.1 that there is not much variation in the particle
size. The average ZnO particle size measured using Scherrer formula was about 36

nm.

Table 4.1. Calculation of ZnO particle size using Scherrer relation

S. [ 20 0 6 | COS| Bin| P D d
No. | (Deg) | (Deg) | (Rad.) | (©) | (Deg.) | (Rad.) | (nm) | (hkil)
. |31.695 | 15.848 | 0.277 | 0962 | 0.224 | 0.0039 | 37 1010
2. [34309 [ 17.155 [0.299 | 0.955 [0.202 | 0.0035 | 41 0002
3. 36302 | 18.151 | 0317 | 0950 | 0.228 | 0.0039 | 37 1011
4. 47.519 | 23.759 | 0.418 | 0915 | 0.239 |[0.0042 | 36 1012
5. 55.577 | 27.789 | 0.485 0.885 | 0.279 | 0.0049 | 32 1110
6. | 62.834 |31.417 |0.549 | 0.853 |0.271 |0.0047 |34 1013
7. 66351 | 33.176 | 0.579 | 0.837 [0.191 | 0.0033 | 50 2020
8 |67.928 |33.964 [0.593 |0.829 | 0315 |0.0055 |30 1122
9. | 69.058 |34.529 | 0.603 | 0.824 | 0321 |0.0056 |30 2021
10. | 76.931 |38.466 | 0.672 | 0.783 | 0.334 | 0.0058 | 30 2020

Zeta sizer analysis indicated 50 nm for pristine, 65 nm for TMCS-functionalized
and 48 nm for MPMS-functionalized ZnO particles (Fig. 4.2b). Generally, the
functionalization of the nanoparticle by any silane agent leads to increase in particle
size few to tens of nanometer depending on the grafting density and molecular
weight of the employed silane molecules [116], [117]. The increased size of
functionalized nanoparticles is attributed to the adsorption of silane groups on the
surface of ZnO nanoparticles. However, the size of MPMS-functionalized ZnO

particles is less than the pristine nanoparticles. This may be because of significant
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breaking of the clusters of nanoparticles due to dual functionalization. FESEM
images of pristine ZnO and TMCS functionalized ZnO nanoparticles are shown in
Fig. 4.2(c) and 4.2(d). FESEM images demonstrated the smooth surface of wheat
like and round-shaped highly clustered nanoparticles. The average size of pristine
ZnO nanoparticles estimated by FESEM images was about 45 nm. However, the
TMCS functionalization reduced the degree of clustering of nanoparticles. The
average size of functionalized nanoparticles estimated by FESEM images was
about 62 nm. The average size of pristine and functionalized ZnO nanoparticles

measured by FESEM and Zeta sizer found in good agreement.
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Fig. 4.2(a) X-ray diffraction pattern of pristine ZnQO, (b) Zeta sizer curves of pristine
and functionalized ZnO. FESEM images of (c) pristine ZnO and (d) TMCS

functionalized ZnO.
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In the present study, ZnO nanoparticles were reacted with TMCS in ethanol to
replace hydroxyl groups on the nanoparticle surface by hydrophobic hydrocarbon
chains. The surface modifying layer can efficiently avoid the uncontrolled
agglomeration of particles [116], [117]. Additionally, the chances of enhancement
in surface hydrophobicity of nanocomposites can be promoted [114]. Fig. 4.3
shows the FTIR spectra of chlorotrimethylsilane, pristine ZnO and TMCS modified
ZnO nanoparticles. The small peak at 1611 cm ' and the broadband at 3423 cm !
are because of the ZnO—OH groups [118]. But, after the reaction with TMCS, very
small peak at 2951 cm ' appear, representing the existence of CHz groups [118],
[119], Another absorption peak at 848 cm™! is attributed to the Si-O vibration [120],
which is found slightly shifted in case of TMCS functionalized nanoparticles. Thus,
it confirms the presence of TMCS on the surface of modified ZnO nanoparticles.
The appearance of an absorption peak around 2330 cm ! corresponds to the COx.

While a significant characteristic peak around 510 cm ™' corresponds to the ZnO

structure.
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Fig. 4.3 FTIR spectra of pristine ZnO nanoparticles and TMCS functionalized ZnO

nanoparticles.
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Optimization of water CA with dual functionalized ZnO nanoparticles is

summarized in Table 4.2,

Table 4.2 Optimization of water CA with ZnO and MPMS.

Sample PS ZnO | MPMS CA SA

Name (Wt%) | (wt%) | (wt%) ) )
PS/ZnO-1 50 1 49 123 n" 20
PS/Zn0-5 50 5 45 129 'I 18
PS/ZnO-10 | 50 10 40 137 =‘ 15
PS/ZnO-15 | 50 15 35 148 ': 8
PS/Zn0O-20 | 50 20 30 152 .ﬂ. 3
PS/Zn0O-25 | 50 25 25 150 - 5

Initially, the concentration of MPMS was varied with respect to the nanoparticle
content and then dual functionalized nanoparticle content was varied to yield
polystyrene/ZnO coatings. The idea behind the selection of another surface
functionalizing agent MPMS was to stop the further agglomeration of some
unmodified ZnO nanoparticles. Because the FESEM images show that even after
the functionalization of ZnO by TMCS, some clusters are still present (Fig. 4.2d).
With the increase in chain length of the MPMS compared to TMCS, the possibility
of the functionalization of unmodified ZnO nanoparticles can be increased. The
more reactive Sulphur atom in the MPMS can further modify the surface of
unmodified nanoparticles [121], which is also supported by the Zeta sizer results

(Fig. 4.2b). A monotonic increase in CA was realized for the increase in
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concentration of nanoparticles up to 20 wt.%. That is attributed to the uniform
increase in surface roughness of coating with the increase in nanoparticle content,
Furthermore, the increase in nanoparticle content beyond 20 wt.% reduced the CA,
which may be attributed to non-uniform increase in the surface roughness of the
coating.

FESEM images of synthesized coatings including nanoparticle content 1, 20 and
25 wt.% revealed reasonably different morphologies (Fig. 4.4a-c). Sample PS/ZnO-
1 revealed smooth nanoporous morphology with uniform particle distribution
throughout the surface. The presence of nanopores with nanoparticles acts as
secondary texture and thus helps to construct the micro-nano structure. The main
cause of this is the evaporation of THF [108]. Parts of air can be entrapped in the
nanopores and generate a layer of air pad to reduce liquid-solid contact area
between water droplet and the coating, which can increase the hydrophobicity [23].
Moreover, PS/Zn0O-20 showed quite rough morphology with uniform distribution
of tightly packed small agglomerates of the nanoparticles. However, PS/ZnO-25
revealed the combination of rough and smooth morphology due to significant

clustering and non-uniform distribution of the nanoparticles.

« 500 im
—_—

Fig. 4.4 FESEM images of nanocoatings: (a) PS/ZnO-1. (b) PS/Zn0-20 and (c)
PS/Zn0-25. (d) 2D and (¢) 3D AFM images of PS/ZnO-20 coating.
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AFM image of PS/ZnO-20 (Fig. 4.4d) confirmed the formation of nanostructure
coating comprising the uniform distribution of tightly packed small agglomerates
of the nanoparticles. 3D AFM image revealed an adequate rough surface with a
large number of sharp bumps stand on the coating (Fig. 4.4¢), indicating the
hierarchical roughness of PS/ZnO-20 coating. Fig. 4.5 exhibited the variation in
roughness and CA with respect to the nanoparticle concentration. The Ryns
roughness and CA monotonically increase with the increase in nanoparticle
concentration up to 20 wt.% and beyond this limit, they slightly decline. The
surface properties mainly rely on the Rins roughness of a coated surface. The rough
surfaces can be either hydrophobic or hydrophilic until the surface is not properly
treated with a low surface energy material. Thus, the increase in Ryys value of a low
surface energy treated surface can increase the CA but up to a certain limit [122].
The high hydrophobicity was also observed by Perkas et al. for layered deposition
of ZnO nanoparticles (70-90 nm) on glass substrate. However, the maximum CA
obtained by the sol-gel method followed by thermal decomposition was only 141°
[22]. Thus, it can be inferred that the dual-functionalized nanoparticles reinforced

PS coatings are accountable for the hierarchical roughness, and the

superhydrophobicity.
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Fig. 4.5 Variation of Roughness and CA with respect to nanoparticle concentration.
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The transmittance of PS/ZnO-20 nanocomposite coated glass and bare glass were
investigated and shown in Fig, 4.6. It was observed that the transparency of coated
glass slightly lower than that of the bare glass. The transparency in case of bare
glass was 93.8% to 91.4% from 400 nm to 800 nm. However, the transparency in
the case of nanocomposite coated glass was 91.9% to 89.8% from 400 nm to 800
nm. Thus, the transmittance of coated sample is close to the transmittance of bare
glass, which shows that the dual-functionalized nanoparticles reinforced PS

coatings are responsible for the hierarchical roughness, transparency and the

superhydrophobicity.
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Fig. 4.6 The transmittance % versus wavelength for bare glass and PS/ZnO-20

nanocomposite coated glass.

4.5. CONCLUSIONS
Transparent superhydrophobic polystyrene/ZnO nanocoating, possessing average
roughness of 28 nm, a high CA > 150° has been successfully synthesized by a

modified facile sol-gel route. The transparency close to transmittance of bare glass
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has been obtained for the nanocoating. Thus, the reported method has inordinate

potential to develop transparent and SHSs for various industrial applications.
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CHAPTER 5. A FACILE APPROACH TO DEVELOP
MODIFIED NANO-SILICA EMBEDDED POLYSTYRENE
BASED TRANSPARENT SUPERHYDROPHOBIC COATING

5.1. ABSTRACT

Triethoxyoctylsilane modified nano-silica (TOS-Si02) embedded polystyrene (PS)
based transparent SHC has been synthesized on a glass substrate via a facile sol-gel
method. A dip-pulling process was employed to synthesize the coating. The
morphology of the PS/TOS-SiOz coating revealed V-shape dyads like porous
structure. The static water CA of 162 + 2° with a SA of 3 = 1° was obtained for the
synthesized coating. The thin coating showed a high average transmittance of 91.8
+ 0.5% close to the average transmittance of bare glass (92.6 £ 0.2%). An
appropriate amount of TOS-SiO2 embedded PS with unique morphology and
average roughness of 65.39 £ 6.7 nm provided a transparent SHC. The transparency
and roughness of the SHC were optimized by controlling the dip/pull speed and
time. The developed transparent SHC can be utilized for self-cleaning application

of the cover glass of solar panels.

5.2. INTRODUCTION

An SHS with a water droplet must show a CA > 150° and SA < 10°[123]. An SHS
can be developed using low surface energy base materials and by generating
nanoroughness on it [124]. Nanoroughness on a surface plays a vital role in
developing SHSs. Slight tilting of the SHS make the water droplet to roll-off
thereby collecting and confiscating the dust particles on it due to the small contact

area between the SHS and the water droplet and thus
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representing the self-cleaning effect. To utilize the self-cleaning effect of SHSs for
solar panels, their optical transparency is highly desired. However, for an SHS,
transparency and roughness are competitive properties [124]. If the roughness
increases, transparency decreases and vice-versa [125]. Hence, the synthesis of
transparent SHSs is a challenging task. Thus, it is obligatory to optimize the
roughness to maintain the desired transparency of the SHCs (SHCs) for solar
panels. Nakajima et al. [126] reported that the scattering of light is negligible for
surface roughness < 100 nm. Worldwide, several techniques such as sol-gel, spin-
coating, dip coating, spray coating, chemical vapour deposition (CVD), etc. have
been employed for the synthesis of transparent SHCs [95], [97], [98]. Numerous
nanoparticles such as nano-silica, alumina, titania, zinc oxide etc. have been widely
deposited on the glass substrates for the development of SHCs [123], [127]-[129].
Silica nanoparticles are one of the most commonly used oxides in developing SHCs
due to their low cost, minimal toxicity, thermal and mechanical stability, etc. [124],
[130].

In the present study. a simplistic economical sol-gel route has been used to
synthesize a transparent superhydrophobic TOS-SiO2 embedded PS coating on a
glass substrate. An economical, transparent hydrophobic polymer PS is chosen as
the base material for the coating due to its superior thermal and mechanical stability
compared to the silane-based functionalizing agents | 108]. The dip-pulling process
has been optimized to set up the balance between competitive superhydrophobicity

and transparency of the PS/TOS-Si0; coatings.

5.3. EXPERIMENTAL

SiO2 nanoparticles (size ~ 25 nm, Reinste Nano Ventures, Pvt. Ltd., India) were
functionalized by a facile hydrothermal reaction [131]. Initially, 1 g TOS was added
into 100 ml ethanol and continuously stirred for 3 h at 55 °C to hydrolyze the silane
completely. Then 5 g SiO2 nanoparticles added into the hydrolyzed silane solution
and stirred for 3 h under ambient conditions. Then, the nanoparticle consisting

solution dried at 110 °C for 3 h to obtain TOS functionalized superhydrophobic
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nanoparticles. The PS with average M, ~35,000 was used to provide good adhesion
between the glass substrate and the nanoparticles [123]. The functionalized 5 g SiO2
nanoparticles added to 1 g PS containing 50 ml tetrahydrofuran (THF, My ~72.11)
and continuously stirred for 1 h. The transparent SHC was prepared on a glass
substrate by dip-pulling method followed by heating at 70 °C for 2 h. The sequential
steps for the preparation of transparent SHC and the possible mechanism of

synthesis of superhydrophobic Si0O: nanoparticles are illustrated in Fig, 5.1.
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Fig. 5.1 (a) Sequential steps for the preparation of transparent SHC, and (b) the

possible mechanism of synthesis of superhydrophobic SiO2 nanoparticles.
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The transparency and superhydrophobicity of the coating were optimized by
varying the dip/pull speed and time as mentioned in Table 5.1, All the chemicals
were purchased from Sigma Aldrich, USA. The surface functionalization of the
nanoparticles was characterized by a Fourier transform infrared (FTIR)
spectroscopy (Perkin Elmer FTIR/FIR Frontier, Spectrometer, USA). A 5 MP
digital camera was used to capture the optical images of the coatings. The
morphology, CA and transmittance of the coatings were characterized by a field
emission scanning electron microscope (FESEM, Quanta 200F, FEI, USA), drop
shape analyzer (DSA 100, Kriiss GmbH, Germany) and UV-Visible spectrometer
(Perkin Elmer Lambda 35 UV/VIS, USA), respectively. The roughness of the
coating was determined using an atomic force microscope (AFM, NaioAFM,

Nanosurf, Switzerland).

Table 5.1 Optimization of transparency and roughness of the SHC by changing the

dip/pull speed and time.
Sample | Dip/Pull | Dipping | Transparency | Roughness, R | CA | SA
No. Speed | Time (“0) (nm) @] O
(mm/s) (s) Rave | Rrms

1 10 30 92.4 27.11 | 3934 | 132 |12«
+3 1

2 20 60 92.1 56.54 | 77.68 | 145 | 7+
£3 2

3 30 90 91.8 6539 | 8496 | 162 | 3+
+2 1

4 40 120 90.5 77.89 | 102.06 | 159 | 4+
+1 2

5 50 180 88.2 9576 | 113.19 | 153 | 4+
+2 1
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5.4. RESULTS AND DISCUSSION

FTIR spectra of pristine and functionalized SiO2 nanoparticles is shown in Fig. 5.2
The strong absorption peaks at 799 and 1106 cm™' correspond to Si-O-Si symmetric
and asymmetric bands, respectively [132]. The peaks around 620 and 473 cm™ also
belongs to the Si-O-Si network [133]. The absorption peaks around 1634 and 3454
cm’' corresponds to carboxyl and hydroxyl groups respectively [133]. The weak
peaks at 2850 and 2919 cm™! corresponds to the stretching vibrations of C-H bonds
[132]. The adsorption peak at 965 cm™' corresponds to Si-O stretching vibration of
Si-OH bond [133]. After the modification of SiO: nanoparticles by TOS, the
increase in the transmittance of weak peaks at 2850 and 2919 cm™' and the
disappearance of the peak at 965 cm™ along with the shifting of a strong peak
position from 799 cm™! to 808 cm™! indicate the successful surface modification of

the SiOz nanoparticles.
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Fig. 5.2 (a) FTIR spectra of pristine and functionalized SiO. nanoparticles with (b)

enlarged view.

The optical images of the front view (Fig. 5.3a) and side view (Fig. 5.3b) of the
developed coatings with water droplets clearly revealing their high transparency
and superhydrophobicity. Fig. 5.3(c) shows the static water CA of 162 + 2° with a
SA of 3 + 1° for PS/TOS-Si0: coating (leftmost water droplet). The CA for three
droplets in a row appears different because of change in the viewing angle. FESEM

image of PS/TOS-SiO: coating revealed V-shape dyads (indicated by dotted white
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lines) like porous structure (Fig. 5.3d). It seems that the V-shape dyads grew on the
surface. It may have happened because of the dip/pulling of the glass slides in the
resulting solution at an optimized speed of 30 mm/s and dipping time of 90 s. The
grown structure makes the surface quite rough (Rave ~ 65.39 nm and Ris ~ 84.96)
as confirmed by the AFM image of the coating (Fig. 5.3¢), which is crucial for the
SHSs. The presence of nanopores in the microstructure of the coating is due to the
evaporation of THF [108]. Air can trap easily in such a structure and can create a
film of air pad to decrease the contact arca between water drops and the coated
surface. The reduced contact area can improve the hydrophobicity of the coating
[23]. A very thin coating showed a high average transmittance of 91.8 + 0.5% close
to the average transmittance of bare glass 92.6 + 0.2% (Fig. 5.3f). An appropriate
amount of TOS-SiOz embedded PS with unique morphology is responsible for
transparent SHC.
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Fig. 5.3 The optical images of the (a) front view, (b) side view of the coatings with
water droplets, (c) static water CA, (d) FESEM image and (¢) AFM image of the
coating. (f) The transmittance % versus wavelength curves for a bare glass and

coated glass.




5.5. CONCLUSIONS

TOS-S10; embedded PS based transparent SHC was obtained via a facile sol-gel
method. Dip/pull speed of 30 mm/s and dipping time of 90 s found responsible for
unique morphology with an average roughness of 65.39 &+ 6.7 nm of the transparent
SHC. The static water CA of 162 + 2° with a SA of 3 = 1° and high average
transmittance of 91.8 + 0.5% which is close to the average transmittance of bare
glass (92.6 + 0.2%) was achieved for the developed coating. The developed
transparent SHC can be utilized for self-cleaning application of the cover glass of

solar panels.
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CHAPTER 6. PATTERN ANALYSIS AND MACHINE
LEARNING

This chapter details the pattern analysis and machine learning approach used on
FESEM images to predict the score as outcome of the MATLAB image processing
tool [86], [134], [135]. The K-means clustering approach is used for the same and
MATLAB simulation time is also estimated [136]—[138].

6.1. PATTERN ANALYSIS

Pattern recognition is a division of machine learning applied directly to recognize
the regularities and pattern of the data. Pattern recognition is one of the important
attributes of living things and human beings. It is the method to identify the objects
in our daily routine. The objects are recognized using different patterns. The pattern
distinguishes one object from others of several types. The pattern is defined as the
attribute to distinguish interrelation of events, concepts or data. Human follows the
pattern recognition task in our daily life. We recognize our known person by
hearing his/her voice, recognition of face handwriting, signature, questers etc. After
recognition human takes, some decision based on the experience and observations
with the recognized object.

The greater number of experiences and operations help the human to make better
decisions. In the same way, the computer takes the decision about pattern
recognition. The human brain is considered as the supercomputer has the superior
ability to recognize patterns. The human does not have this ability right from birth.
A newly born baby learns solely to recognize his mother, father and other objects

and patterns available in surroundings.
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The fundamental step is to get the ability to make a difference in objects. This
ability comes by psychophysiological processes that stores patterns in memory
cells. As the age grows of child, he tries to identify some of them as different entity
and by experience, he comes to know that different objects belong to different
category called class. The child refines the recognition methods by storing the
replica of each category. This ability is called learning process. Every individual
new object is associated with existing statistical populations of the brain,

The objective of the pattern recognition is regarded as one of discriminating the
input data and populations. All these populations belong to the newly reached
objects with their features and attributes. The population is called as clusters and
the objects are presented by machine in the form of a feature vector. The idea of
machine learning is employed for statistical pattern recognition and regulates in the
data. The machine learning approach is classified in two approaches: supervised
learning, which trains a model on identified input and output data so that it can
expect future outputs, and unsupervised learning, which finds hidden patterns to
develop predictive model based on input and output data or intrinsic structures in
input data [86]. [87], [134], [136].

6.1.1, SUPERVISED LEARNING

In supervised learning, the prior information is available about the class of subset
of data. The pattern analysis-based systems are provided with the training from
characterized training data. It builds the model to make the predictions based on the
evidence available for uncertainty. The supervised learning algorithms are applied
for known set of input-output data, which we are trying to predict and get the
response of new data values. The supervised learning follows regression and
classification techniques to develop analytical and prediction models.

Fig. 6.1 presents the machine learning approach and Classification techniques. The
techniques are based on the prediction on distinct responses - for example, to know
whether an e-mail is actual or spam, or whether a tumour detection is benign or

cancerous. The dataset applied for junk mails filtering would have junk messages
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and “ham” (= not-junk) messages. In the supervised knowledge problem., it is
required to distinguish the message in the trained data set is junk or ham, We should
be able to process this data to train our classical system in the way that it can classify
new invisible messages. Classification models organize input data into categories.
Some of the applications of classification are speech recognition, medical imaging,
and credit scoring. The technique is employed, if the data can be categorized into
groups, tagged, categorized or distributed in the groups of classes. The general
algorithms used for classification are support vector machine (SVM). discriminant
analysis, naive Bayes, K nearest neighbour, neural networks, boosted and bagged
decision trees and logistic regression. The different learning models are presented
with the help of Fig. 6.2.

Regression techniques are used in which the prediction is experienced as
continuous responses. The examples of regression are the changes in temperature,
pressure, level or fluctuations in electricity demand etc. It is good to apply when
the response in real numbers. The regression method models are based on the
investigation of associations between variables and leanings to create expectations
about constant variables. In case of regression model, the pattern organization is
done against discrete class tags to specific comments as the output of the
predictions. The temperature regression in weather forecasting can predict that the
day is sunny, snowy or rainy. The general algorithms used for regression are linear
model, nonlinear model, decision trees, ensemble methods, regularization, stepwise
regression, Support vector regression (SVR), Gaussian process regression (GPR),

Generalized Linear Model (GLM) and adaptive neuro-fuzzy learning [88].
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6.1.2, UNSUPERVISED LEARNING

This learning approach is based on the unlabeled examples, and all the modules are
incidental from the unorganized input dataset values. The learning technique is
applicable to find out hidden patterns in data of unlabeled input data and draw the
inferences from datasets consisting of unknown values. The method follows the
clustering technique to set the unlabeled samples constructed on similar distance
measurement. This technique is explicitly for data analysis to get groupings or
hidden patterns in data. The general techniques for clustering approaches are K-
Medoids algorithm or K-means mathematical algorithm, Fuzzy based C-means
algorithms, Gaussian matrix model, Neural networks, Hidden Markov models and

self-organizing maps etc [88], [89].

6.2. K-MEANS CLUSTERING

The k means clustering technique is a method based on the iterative technique
applied for clustering a set of "N’ vector points into 'k’ number of groups, refereed
as clusters of points. The clustering is the procedure of separating a collection of
data set points into insignificant size of groups.

A numerical approach is applied to quantify certain attributes of the goods, such as
the percentage of milk products and others, and foods with greater ratio of milk
would be composed. Cluster, in a general way, it can be understood for ‘n” data
points (Xi), where 1 = 1, 2.......n, that essentially be subdivided in ‘k’ number
of clusters. The objective is to allocate a bunch against individual data point. The
K-means algorithm is a clustering technique, used to determine the locations i,
where, 1 = 1, 2,.. k of the bunches that diminish the least distance from the data set

points to the cluster or bunch. The K-means clustering solves

arg. min Ty Tree, d(x 1) = arg.min T, T llx = will3 ©.1)

Here, ¢i = set points that have its place to cluster “i’. The partitioning in the K-
means clustering technique follows the concept of Euclidean distance calculation

based on square distance.
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d(e, ) = llx — will3 (6.2)

The situation is not trivial as it is N-P, hard in statistics. The K-means process only
anticipates determining the universal minimum, probably getting trapped into a
different result [134], [137]. [139].

6.2.1. K-MEANS ALGORITHM
The K- means the process was suggested by Lloyd's, to obtain the k-means groups
and its behaviour is given stepwise. In the beginning, choose the number of clusters
‘k” and follow the following steps.
Step-1: Begin the midpoint as the centre of the clusters

Ui = somevalue,i = 1,2, ...,k

Step-2: Feature the neighbouring cluster against each data point

= {j:d(xqm) < dlgm)l #ij=12,...,1} (5=

Step-3: Fix the location of an individual cluster for the means of all set data-points

associated with that group,

1 .
Ui = C_EZjeq x, Vi (6.4)

Step-4: Replicate the step-2 and step-3 until convergence is obtained

|c] = Count of present elements in ¢

The procedure ultimately meets to a point, even though it is not essential to maintain
the least distance of the summation of squares. It is for the fact that the algorithm
is based on heuristic approach, meeting to a local minimum. The method is also
discontinued when the coursework is not transformed from one repetition to the
next. This approach is depicted in Fig. 6.3 [134], [137]
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6.3. PROCEDURE FOR IMAGE ANALYSIS

The procedure for image processing and analysis is depicted in Fig. 6.4 . The
general steps for the processing are input the FESEM image, image preprocessing,
image segmentation, image feature extraction, image analysis and score prediction

using machine learning approach.

FESEM Image

\Z

Image Preprocessing

\Z

Image Segmentation

N\

Image Feature Extraction

N

Image Analysis

N\

Score Prediction

Fig. 6.4 FESEM image processing and analysis.

Step-1 FESEM Images: FESEM images of the SHC material is selected for the
estimation of surface roughness. The FESEM images provide exaggeration in three
dimensions: x,y and z. The FESEM images always need image processing before
optimal inspection of the surface structures.

Step-2 Preprocessing: Preprocessing is the step which is necessary and applied
before the image analysis and involves all the processes used for the abstraction of
the essential information for the geometric structures and perfection of the original
image. The anomalies of the image data are enhanced with the removal of noise,

atmospheric noise and unwanted regions. The process highlights the specific
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portions, decreases the image noise and shows the significant regions of the digital
image.

Step-3 Image Segmentation: Image segmentation is the method in which the
digital image is divided into several segments called superpixels. If trails the
position of objects such as lines, curves and allocates a label to each pixel for the
image that the same label can follow some certain characteristics. There are several
different algorithms available that can be used for image segmentation of the
images such as 2 D greyscale FESEM images. There is not any predefined
algorithm that can generate the best results for all type of FESEM images. The
popular segmentation methods are based on Otsu’s method, region growing
segmentation, thresholding, Sobel operator, support vector machine (SVM),
artificial neural network, level set method, wavelet-based processing, watershed
algorithms, texture-based segmentation, genetic algorithm and mathematical
morphological etc. The image enhancement methods also improve the quality of
digital image without the degradation of the data of the source images. The image
enhancement methods are referred as direct methods and indirect methods. In the
direct segmentation method, the image distinction is improved based on the source
of previous information of contrast. In the indirect process, the contrast
development is not essential but filtering procedures are used for the image
processing.

Step-4 Feature Extraction: The digital image feature extraction is the procedure
that starts from a preliminary set of measured statistics and descends the
topographies or figure values which are non-redundant and revealing. The
extraction is also related to the reduction of image dimensionality instead of
completion of full data.

Step-5 Image Analysis: The evocative information of the image is extracted by the
image analysis. The progression of image analysis is analogous to bar-coded tags
reading and the people reorganization by their face. In the image analysis, the

original shape and size of the image are pre-requisites.
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Step- 6 Score Prediction: The machine learning-based supervised and
unsupervised learning techniques are used for the score prediction of the images.
The pattern analysis technique with K-means clustering is used to predict the score

based on the test data and training data.

6.4. HAAR DWT WAVELET

Discrete Wavelet transform (DWT) is the wavelet transform in which the wavelets
are discretely sampled [140]-[142]. In Fourier Transform of a signal., we simply
multiply that signal by an analyzing function, which is a sum of sinusoidal signal.
Similarly, in wavelet transform we multiply the signal by a wavelet analyzing
function as shown in the mathematical definition of the two transforms. Both
transform the given signal, which is a function of time. However, the difference is
that the output coefficients of Fourier transform correspond to frequency whereas
for wavelet transform the output is a two-dimensional matrix of coefficients which

are identified by scale and translation.

Fourier Transform: X (F) = [ x(t) e /2"tdt from - to + (6.5)
Wavelet Transform: X (a, b) = [ x(t) ¢y, (D)dt from - to +, (6.6)

Where “a’ corresponds to scale and “b’ corresponds to translation. The DWT is used
in many applications of image processing such as cryptographic security.
watermarking, ultra-wideband (UWB) wireless communications, authentication
and biomedical signal processing applications such as design of low-power
pacemakers and many more. DWT is preferred in many applications of image
processing because DWT provides multi-resolution and image compression can be
carried out for different stages of resolution as per required and high robustness to
signal to process. The Wavelet coefficients distribution remains centred around
zero, it means that the major part of the image information is concentrated within a
small fraction of coefficients, as a result, it is easy to compress the image efficiently
and computations take less time. As far as the application of DWT on images is

concerned we apply one-dimensional filters first along the rows of image and the
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along the column vice-versa because images are two-dimensional (Fig. 6.5 and Fig.
6.6). In Fig. 6.5, °j refers to scale, ‘r’ refers to row and ‘¢’ refers to column,

It is well-known that a low pass filter does the approximation and a high pass filter
extract the features of the original image. So, if we examine the output side, the
approximation of the input image is given by the output I;;. The output I;; has
passed through a high pass filter which has operated on the rows of the image, so it
will give the horizontal properties or features of an input image. Similarly, the
vertical features of the input image are given by the output /; and the output Iy
gives the diagonal edges. This was first level decomposition of the input image. If
we make the approximation output of the image as input and do the same operation
to this input image. then we will get the second level decomposition of the original

image.
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-_- |—+ L(1,r,0)|
[or (% “—l
I(j#1,5,c) \*2 P LwGor0)

original image ﬁ—ﬂ g [/ | | LPF _b'\\h /’M
Column | H L *‘2)__" Iy (1)
| i
Fig. 6.5 DWT Filtering
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Fig. 6.6 HAAR DWT Processing.
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Fig. 6.7 HAAR DWT decomposition of an image.

The wavelet transform decomposes the input image into a set of diverse resolution
sub-image, against different frequency regions (Fig. 6.7). The sub-band coding is
followed in which the input image is subdivided into different frequency bands.
The filter bank is used to perform the sub-band coding. The filter bank is a
collection of filters following either a common input or common output. When the
filters are having a common input, they form an investigation bank and sharing a
common output, to form a fusion bank.

The straightforward use of a filter bank is to divide a signal enthusiastically
at the frequency domain. The foremost analysis in the seamless reconstruction
measures low filter bank for input signal, and the identical perception is followed
for 2D and 3D images. The process of the filter bank operation is given in Figs. 6.8
and 6.9.
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Fig. 6.9 Level processing of DWT.
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The filter channel bank is consisting of two sections, first is an analysis section and
second is synthesis section, The analysis segment decomposes the input image into
a set of sub-band components and the synthesis section is used to reconstruct the
original signal from its modules. The sub-band analysis and synthesis filters must
design to be free from aliasing and meet to satisfy the perfect signal reconstruction
property. The real-time termination of aliasing as well as phase distortion and
amplitude should lead to perfect reconstruction of these filter banks which are more
appropriate for classification of sub-band coding and decomposition of multi-

resolution signal.

The operation of filter bank divides the original image signal into two equal
frequency bands. In the DWT these filters banks are low-pass filters Hy[z] and
high-pass filters Hy [z]. After filtering, these signal outputs at level-1 and level- 2
are given in Eqn. (6.7) and (6.8) respectively.

Atlevel (1) :-X[z]Hg[2] (6.7)
At level (2) :-X[z]H;[z] (6.8)

After this filtering operation, the sampling frequency of the signal is too high.
Hence, half the samples are rejected by the down-sampling operation. After this,

the Z-transform is given in Eqn. (6.8) and (6.9) respectively.

Atlevel 3):- Y[z] = g{x [z‘fz] “H, [21/2] +X [—21/2] “H, [—21/2]} (6.8)

At level (4):-Y[z] = %{x [21/2] “H, [21/2] +X [—21/2] “H, [—21/2]} (6.9)

The synthesis filter bank restructures the signal based on two filtered and decimated
signals. This synthesis technique includes spending the signals in each branch by
two which is called expansion or interpolation. This interpolation is attained by
introducing zeros between consecutive samples. After the interpolation, the Z-
transform of the signal at level- 5 and level-6 are given in Eqn. (6.10) and (6.11)

respectively.

88




Atlevel (5):-X[z] = %{X[z] *Ho[z] + X[—2z] - Ho[—2]} (6.10)
At level (6):-X[z] = %{X[z] “H, [z] + X[—2z] - Hy[-2]} (6.11)

The above Eqn. (6.10) and (6.11) are written in the form of a matrix and given

below as
1 [Holz] Hol[-z HX[Z]
=X 6.12
Hy[z] H,[~2]lIX[~2] 52
At level 7 and level-8
1 X[z]
=X [Golz ] [ 6.13
2 [ 0[ ] 1[ ] Hl[ ] 1[ Z] X[_Z] ( )
1 Ho[z] Ho[—Z] X[z]
=X [Golz] Gqlz . . 6.14
2 [ ﬂ[ ] 1[ ]]1><2 Hl[Z] Hl[_Z] - X[—Z] e ( )
Combination of both G and H matrices followed by matrix multiplication:
[co|ziﬂu|zi+cilziﬂl|z|co|z|Ho|—zi+cj|z|H1|—zi X[Z] ] ©.15)
2 2 1x2 =z]L,,4

FO[Z] = GQIZIHDIZIZG.'IIZIH.'[IZI (6‘16)

F,[z] = G0|Z|Hu|—2|‘;’G1|Z|H1|—Z| (6.17)
So that

[ Xlz]

[Folz]Fy[z]],, 2l (6.18)
Folz]X[z] + Fy[z]X[-Z] (6.19)

In the above equation, X[—2z] denotes to the aliasing constituent. This aliasing will
destroy the signal. So, it is required to select the filter coefficients to decrease the
aliasing effect of sample, that’s will make the F,[z] as zero to negligence the

aliasing effect. Let,
Ho[z] = H[z];
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Hy[z] = H[-z];
Golz] = 2H[z];
G,[z] = 2H[-2z];

The above equations and discussions provide that the four filters designs based on
single filter co-efficient. This is the main feature of sub-band coding. After
substituting the above assumptions

Go[z]Ho[—2] + Gy [z]H, [—2]

F]_[Z] = 2 =>0

o[z]Ho[z] + Gy [z]H4[Z]
2

Folz] = -

_ 2H|[z]H[z] + (—2H[-z])H|z]
B 2

= H?[z]+ H?*[-2z]
So, in the last level-9

(H*[z] + H?[-z])-X[z] (6.20)

When the image or the signal is transmitted from one place to another, the delay
con not be neglected through the process it may be in milliseconds. So, the

reconstructed signal is having the delay and the delayed signal is given as

(H?[z] + H?*[-z]) - X[z] = z 7% - X[z] (6.21)
(H?[z)+ H?[-z]) =z7F

=)

That is, H[z] = A[z] -z~ (2
Then the signal value at level-9 is given by
A%[z] -z~ WD — A%[—z] - (—2) WD = =&

AZ[Z] . Z—(N—l) _ AZ[_Z] . (_1)—(!\’—1) . (Z)—(N—l) = 7k
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A2[z] .z~ (N-1) _ A?[-z] - (z)—(N—l) ; (_1)—(N—1) =gk
If the value of k= N-1 (as the delay is followed by the filter co-efficient)
A%[z] - z—(N=1) _ A%[-z] - (z)—(N-l) . (_1)—(N—1) = z—WN-1)
A?[z] - (A%[-2]- (D)~ D) =1

If N is even in that condition
A%[z] + A%[-z] =1
H%[z] + H?[-z] =1

Then the condition for perfect reconstruction is given by

H?[z] + H?[-z] =1 (6.22)

6.5. RESULTS AND DISCUSSION

K-Means clustering Algorithm is used on FESEM images. The machine learning
approach using K-means clustering is applied on PS/TOS-Si0; coating-Sample 1,
PS/TOS-Si02 coating-Sample 2, PS/TOS-SiO2 coating-Sample 3, PS/TOS-SiO:
coating-Sample 4, PS/TOS-SiO: coating-Sample 5, PS/ZnO-1 Coating, PS/Zn0O-5
Coating, PS/ZnO-10 Coating, PS/ZnO-15 Coating, PS/Zn0O-20 Coating, and
PS/Zn0O-25 Coating. The learning process is shown in Fig. 6.4 in which are
observed over the trained data and test data. The MATLAB tool predicts the score
when the cluster size is varying. The predicted score is taken when the error is

minimum [137].
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Fig. 6.10 Machine learning approach with FESEM images

The MATLAB simulation of all the images is depicted in Fig. 6.11 to Fig. 6.21
respectively. The MATLAB tool provides the total simulation time and K- means

simulation time. Table 6.1 list the simulated results and predicted score against each

image.
a
Fie Eot View Wment Tooh Destop Wiedow Helg
Udda & S503¥L-2 08 =3
[ L B ceacseal e

Fig. 6.11 MATLAB simulation of FESEM image of PS/TOS-SiO; coating-Sample
1.
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Fig. 6.12 MATLAB simulation of FESEM image of PS/TOS-SiO; coating-Sample
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Fig. 6.13 MATLAB simulation of FESEM image of PS/TOS-SiO; coating-Sample
3
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Fig. 6.14 MATLAB simulation of FESEM image of PS/TOS-SiO: coating-Sample
4.

e o1 View st Tooh Destiop Wiados Hep

Udde @ R503dL£- Q08 =0

Elo oo
Fig. 6.15 MATLAB simulation of FESEM image of PS/TOS-SiO: coating-Sample
3
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Fig. 6.16 MATLAB simulation of FESEM image of PS/Zn0O-1 Coating.
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Fig. 6.17 MATLAB simulation of FESEM image of PS/ZnO-5 Coating.

95




= et a
Fie ES1 Vew bmet Tooh Desitop Wodow Hels -

Jdde kAR 09EL- A 08/ =0

no S — e
Fig. 6.18 MATLAB simulation of FESEM image of PS/Zn0O-10 Coating.
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Fig. 6.19 MATLAB simulation of FESEM image of PS/ZnO-15 Coating.
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Fig. 6.20 MATLAB simulation of FESEM image of PS/Zn0-20 Coating.
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Fig. 6.21 MATLAB simulation of FESEM image of PS/Zn0-25 Coating.
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Table 6.1 MATLAB simulation time predicted a score

S. Image Total K-Means | Cluster | Error | Score
No. Simulation | simulation | Size %
Time (s) time (s)

1 | PS/TOS-SiO: 2.555 2.272 128 7.885 | 0.921
coating-Sample 1

2 | PS/TOS-SiO; 4.240 3.927 128 | 10.700 | 0.893
coating-Sample 2

3 | PS/TOS-SiO: 2.501 2.205 128 | 9.292 | 0.907
coating-Sample 3

4 | PS/TOS-SiO2 4.269 3.931 128 8.840 | 0911
coating-Sample 4

5 | PS/TOS-SiO; 4.358 4.043 128 | 10.404 | 0.895
coating-Sample 5

6 | PS/ZnO-1 Coating 3.130 2.828 128 | 10.858 | 0.891

7 | PS/ZnO-5 Coating 4204 3.883 128 8922 [ 0910

8 | PS/ZnO-10 4,291 4.004 128 5329 | 0946
Coating

9 | PS/ZnO-15 4.395 4.075 128 7.870 | 0921
Coating

10 | PS/ZnO-20 1.876 1.605 128 5773 | 0942
Coating

11 | PS/ZnO-25 1.933 1.652 128 484 | 0951
Coating
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Fig. 6.22 Simulation time graph for FESEM images of SiO; and ZnQO embedded PS
based transparent SHCs.

The Fig. 6.22 Simulation time graph for FESEM images. The machine learning
approach for Sample No. 1 to 11 predicts that the score values against samples are
0.921, 0.893, 0.907, 0.911, 0.895, 0.891, 0.910, 0.946, 0.921, 0.942 and 0.951 for
PS/TOS-Si0: coating-Sample 1, PS/TOS-Si0: coating-Sample 2, PS/TOS-Si0:
coating-Sample 3, PS/TOS-Si0: coating-Sample 4, PS/TOS-SiO; coating-Sample
5, PS/ZnO-1 Coating, PS/ZnO-5 Coating. PS/Zn0O-10 Coating, PS/ZnO-15
Coating, PS/Zn0O-20 Coating. and PS/ZnO-25 Coating, respectively. This score
estimates the accuracy of the results in terms of roughness. The roughness is also
analyzed with MATLAB Image processing tool based Machine learning K means
clustering model [86], [89]. [134], [143]. [144]. The experimental results and
machine-learning model based predicated results are closer. The machine learning
approach predicates that the achieved results are having 91.70 % accuracy against

roughness. The performance of the superhydrophobic coated material is good [89].
6.6. CONCLUSIONS

The pattern recognition and image analysis tools are helpful to handle the large

volumes of image data in short time. FESEM images were processed, segmented
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and applied under wavelet processing. The machine learning approach based on
K-means clustering estimated the roughness of SHCs using FESEM images. The
MATLAB tool inbuilt features were used for the FESEM image segmentation,
wavelet processing, analysis and score prediction. The computational statistical
techniques-based image segmentation follows HAAR DWT sub-band processing
in which the images were divided in LL, LH, HL and HH bands with 128 pixels as
the common cluster size for all the FESEM images of the SHCs. The performance
of the roughness estimation using FESEM images was found good as the tool

predicted the score 91.70 % against roughness parameter.
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CHAPTER 7. CONCLUSIONS AND FUTURE SCOPE

7.1. CONCLUSIONS

Surface functionalized nanoparticles filled polymer-based transparent
SHCs were successfully prepared using a facile sol-gel route. Polystyrene
polymer was used as the host matrix and nano-size ZnO and SiOz were used
as the fillers to develop the coatings on glass substrates. The roughness of
the coatings was optimized with respect to the concentration of the
nanoparticles, functionalizing agents and process parameters.

The ZnO nanoparticles were dual-functionalized using TMCS and MPMS
functionalizing agents and uniformly dispersed in PS to achieve the surface
roughness of ~ 28 nm with a maximum CA of 152° and SA of 3°. The
transparency close to the transmittance of bare glass has been obtained for
the PS/ZnO based SHCs.

TOS-functionalized SiO» nanoparticles were embedded in PS to prepare
transparent SHC using a simple sol-gel technique. The dip/pull speed and
dipping time were optimized to control the superhydrophobicity and the
transparency of the developed coating. The maximum roughness of 65.39 +
6.7 nm with unique morphology was obtained, which was found responsible
for the high CA of 162 + 2° and SA of 3 + 1°. High average transmittance
of 91.8 £ 0.5% which was close to the average transmittance of bare glass
(92.6 + 0.2%) achieved for the SHC.

FESEM images were processed. segmented and applied under wavelet

processing. The machine learning approach based on K-means clustering
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estimated the roughness of SHCs using FESEM images. The MATLAB
was used for the FESEM image segmentation, wavelet processing, analysis
and score prediction. The performance of the roughness estimation using
FESEM images was found good as the tool predicted the score 91.70 %

against roughness parameter.

7.2. FUTURE SCOPE

The sol-gel method assisted with spin coating and dip/pulling route has a
great potential to prepare transparent SHCs for many industrial applications.
The developed transparent SHC can be used for the self-cleaning
application of the cover glass of commercial solar panels.

The efficiency of the uncoated and transparent superhydrophobic film-
coated solar panels can be studied and compared to develop a commercial
product.

For the coating of the large area of the cover glass of solar panels, spray-
coating can be used.

The pattern analysis of SHCs using K-Means Clustering can be done for
other important parameters such as transparency of the coating, quality of

nanoparticle dispersion in a polymer matrix, etc.
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