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CHAPTER 1

Introduction to Natural Super hydrophobic Surfaces.

1.1 Introduction
Superhydrophobicity was first observed in the nature on lotus leaf and in some

other plants in which their leaves would not get wet. The main reason of this phenomenon
was the unique surface structure of the lotus leaf and also presence of a low surface
energy material on the surface of the leaf. In order to achieve superhydrophobic surface of
coating, the surface must possess hicrarchical micro- and nano-roughness and low surface
energy at the same time. Hierarchical micro- and nanoscale roughness will trap air on the
surface that will cause increase in waler contact angle, and low surface energy will
decrease the tendency of waler to have bonding with the surface. So, almost all the
methods to achieve super hydrophobicity consist of two steps: first to make a hicrarchical
surface roughness and then surface modification by a low surface energy solution of some
materials like fatty acids, fluoroalky! silanes, etc.[1]

Super hydrophobic surfaces have evoked great interest in researchers for both purely
academic pursuits and industrial applications. Many review articles covering different
aspects of superhydrophobicity have been published (Bhushan and Jung, 2011, Ma and
Hill. 2006, Nakajima et al, 2001, Quere, 2005, Roach et al., 2008, Xue et al, 2010).
Superhydrophobic surfaces (SHS) exhibit extremely high water repellency, where water
drops bead up on the surface, rolling with a slight applied force, and bouncing if dropped
on the surface from a height.

It is well known that the degree to which a solid repels a liquid depends upon two
factors: surface energy and surface morphology. When surface energy is lowered,
hydrophobicity is enhanced. Chemical compositions determine the surface free energy
and thus have a great influence on wettability (Woodward et al., 2000). However, certain
limitations are encountered and superhydrophobic surfaces cannot be obtained only by
lowering the surface encrgy. For example, the -CF3- terminated surface wasreported to
possess the lowest free energy and the best hydrophobicity, but the maximumcontactangle
on flat surfaces could only reach 120° (Nishino et al,, 1999).[2].

In superhydrophobic surface, the surface morphology plays a crucial role effecting
wettability. Roughening a surface can not only enhance its hydrophobicity due to the




CHAPTER |

Poge | 1

increase in the solid-liquid interface (Wenze I, 1936, Wenzel, 1949) but also when air can
be trapped on a rough surface between the surface and the liquid droplet. Since air is an
bic material with a contact angle of 180°, this air trapping will
2013, Sun et al., 2005). Hierarchical
ble for superhydrophobicity. [3].
hemispheres

absolutely hydropho
amplify surface hydrophobicity (Ogihara et al,
micro- and nanostructuring of the surface is thus responsi
In case of the mosquito eyes, its surface morphology depicts close packed
at micro scale and hexagonally non-close packed nipples atnanoscale.
Superhydrophobicity and antifogging properties are provided by nipples and hemispheres,
which prevent moisture from accumulating and forming spherical drops on the mosquilo’s
eye surface, allowing the mosquito (0 see¢ clearly [4]. A water strider moves elegantly
over the water's surface due to its non-wetting legs which are decorated by needle-shaped
microsetaeand that are inclined at a 20° angle to the surface [5,6 ]. A gecko feet reveals
metastable superhydrophobic property where the water droplets endureadhering on the
foot even if rotated upside down [7].
Comprehensive surface analysis of the natural superhydrophobic surfaces has
confirmed that the surface micro/nanostructure along with low surface encrgy chemical
compounds is an essential requirement for high water repellency. According to the
Wenzel [8] to the Cassie-Baxter [9]model, the hydrophobicity can be upgraded by

izing the magnitude surface roughness value. In Wenzel-type rough

increasing and optim
however maintains high contact

surface, waterdroplet penetrates the rough structure,
angle (CA) by locking the water drop over it. Whereas, in Cassie and Baxter type rough

surface, air pockels are imprisoned into the rough surface, which reduces that atraction of
the water drop on it. On such surface, water droplets do not infiltrate the rough structure
due to the air-solid interface and hence the droplets quickly displaced from the surface by
small inclination. Natural superhydrophobic surfaces have grabbed the attention of
rescarchers to develop artificial superhydrophobic surfaces by mimicking their
micro/nanostructure using various physical and chemical methods for self-cleaning [10].
anti-icing [11], anti-fogging [12], anti-wetting [13]. anti-fouling [14], anti-bacterial [15],
anti-drag [16), anti-corrosion [17], oil-water separation [18] and many other[19]

applications.

1.2 Natural Superhydrophobic Surfaces
There are several examples of natural superhydrophobic surfaces, e.g., plants and

insects. The most remarkable natural superhydrophobic surface is the lotus leaf. The high
hydrophobic degree by lotus leaf inspired researchers to do initial research on the
hydrophobic phenomenon.

The natural world is full of hydrophobic and hydrophilic surfaces, the basics of the
phenomenon have been known by scientists for at least two centuries. For example, the
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lotus lcaf is a well-known example of a hydrophobic material, protecting the water-

dwelling plant from becoming waterlogged.

1.2.1 Lotus Leaf

Since the introduction of the
archetype for superhydrophobicity and self-cleaning properties of plant surfaces
Lotus (Nelumbo nucifera) is a semi-aguatic plant and

in diameter with remarkable water repellency. As an
adaptation to the aquatic environment — some of the leaves float occasionally on the water
surface — the stomata are located in the upper epidermis. The lower epidermis consists of
convex cells covered with wax tubules and contains only few stomata. The upper
epidermis features the distinctive hierarchical structure consisting of papillae with a dense
coating of agglomerated wax bules, which is the basis for the famous

‘Lotus concept’ in 1992. the lotus leaf became the
and a

model for technical analogues .
develops peltate leaves up to 30 cm

Figure 1: (a) Lotus leaves, which exhibit extraordinary water repellency
on their upper side. (b) Scanning clectron microscopy (SEM) image of the upper leaf side
prepared by ‘glycerol substitution’ shows the hierarchical surface structure consisting of
papillae, wax clusters and wax tubules. (c) Wax tubules on the upper leaf side. (d) Upper
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leaf side after critical-point (CP) drying. The wax tubules are dissolved, thus the stomata
are more visible, Tilt angle 15°. (e) Leaf underside (CP dried) shows convex cells without
stomata.

However, a hierarchical surface structure which induces strong water repellency and
contact angles above 150° is not a special feature of lotus leaves. It has been known for a
long time that plant surfaces covered with epicuticular wax crystals are water repellent,
and that this feature is enhanced when the epidermis has additional structures such as
papillae or hairs, Neinhuis and Barthlott (1997) presented an overview of more than 200
species with contact angles >150° and their surface morphologies. Many studies, in which
the properties of lotus leaves were compared with those of other superhydrophobic plants,
have shown the superiority of the upper side of the lotus leaf. A standard tool for the
determination of wettability or water repellency is the measurement of the static contact
angle by the ‘sessile drop’ method. Neinhuis and Barthlott (1997) for example, measured
contact angles on the lotus leal of 162°, which are among the highest of the compared
species, but many other (43%) of the tested superhydrophobic plants also showed contact
angles between 160 and 163°. Even some species with flat epidermis cells but with a
dense layer of epicuticular wax crystals, such as Brassica oleracea or some Eucalyptus
species, can exhibit contact angles >160°. Thus, the contact angle alone is not suitable for
a differentiated comparison of superhydrophobic samples.[22]. Other values such as
contact angle hysteresis or roll-off (tilting) angle show more clearly the differences
between the species. Mockenhaupt et al. (2008) compared the tilting angles and the
stability of the superhydrophobicity of various plants under moisture condensation
conditions. Only the lotus leaves showed no significant loss of water repellency when
water vapour condensed on the surface of the cooled samples at 5 °C. Wagner et al.
(2003)[23] . examined the morphology of the epidermal structures and the wettability
with liquids of varying surface tension such as methanol-water mixtures. They reported
the lowest wettability by these liquids for the lotus leaves in comparison to other species.
They also described the unique shape of the papillac and a very high papillae density
(number per area). Chemical analyses and crystal structure analysis by X-ray diffraction
showed unique properties of the epicuticular wax of the lotus. The high content of
nonacosanediols leads to a high melting point as well as a strongly disturbed crystal
structure which is the basis for the formation of tubules. The visualization of the contact
zone between leaves and droplets with cryo-scanning electron microscopy demonstrated
the extremely reduced contact area for lots . Zhang et al. (2008) [24] made detailed
measurements of the water repellency of the papillose lotus leaf surface in comparison
with the non-papillose leaf margin. The importance of the nanoscopic wax crystals for the
water repellency was demonstrated by Cheng et al. (2006)[25] . They reported a strong
decrease of the contact angle after melting of the waxes. A limited air retaining capability
of submersed lotus leaves was reported by Zhang et al. (2009) [26] after the leaves were
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held at a depth of 50 ecm for 2 h. Bhushan et al. (2010) [27) used the surface structures of
the lotus leaf as model for the development of artificial biomimetic superhydrophobic

structures.

It became obvious that the outstanding and stable superhydrophobicity of the lotus leaf
relies on the combination of optimized features such as the surface topography.
robustness and the unique properties of the epicuticular wax. The aim of this article is o
integrate the relevant features of the lotus leaf, and to compare them with superhydrophobic
leaves of other plant species in order to illustrate their significance.[28].

1.2.2 Cabbage

When we wash plants in the cabbage family (which includes Brussel sprouts and
broccoli), we see that water casily bounces off the leaves. This is a clear indication that
they are superhydrophobic. The superhydrophobicity is caused by wax towers on the
surface of the leaves. We can see this in the Scanning Electron Microscope (SEM) picture
on the right below. The structure is quite different to that of the lotus, which looks more
like a collection of hillocks. even though they have bumpy waxy surfaces.

Figure 2. Water drop in a cauliflower leaf. Image courtesy of Lynn Greyling, CC0
Public Domain license
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Figure 3. SEM image of a cabbage leaf

spray plants that arc diseased
ff them just as water does.
this. Surfactant is usually

Hydrophobicity can present a problem for farmers wanting Lo
or have been attacked by insects because sprays can bounce O
Fortunately, the addition of a little surfactant to the spray prevents

present in commercial spray formulations [29].

1.2.3 Cicada Wings
insect wings is an advantage to reduce the dust/particle
The group of Barthlott studied the surface
They found different families with highly

The superhydrophobicity of
contamination and to enhance their flight capability.

structures and wettability of 97 insect wings [30].
hydrophobic wings including mayflies, dragonflies, stoneflies, lacewings, scorpionflies,

alderflies, caddisflies, butterflies, moths and flies, as reported by Watson and coworkers for
termite wings . Various morphologies were reported, such as cloth-like microstructures, hairs or
scales. They also found that the transparent wings of cicada are due to a single level of roughness
consisting of regular patterns of nanopillars , confirming works reported by Yoshida et al. on the
transparency of hawkmoth wings (Cephonodes hylas). Indeed, it is possible to have both
superhydrophobic and transparent properties by playing on the size of the nanostructures, as the
decrease in the transparency is due to the light scattering inside the surface roughness. Sun et al.
also analyzed the wings of 15 species of cicada (Fig. 4). They observed differences in the
homogeneity of the nanodomes as well as differences in their diameter (@), height (h) and
spacing (s). The highest water-repellent properties were obtained for Terpnosia jinpingensis for
which @ = 141 nm, h = 391 nm and s = 46 nm. However, a water droplet deposited on these
surfaces remained pinned on it, indicating high adhesion (impregnating Cassie-Baxter state). By
contrast, Watson et al. also reported that the wings of another species of cicada (Psaltoda
claripennis) with h = 200 nm and s = 200 nm were superhydrophobic but with ultra-low adhesion
for particles . A natural extension of investigations of air-bome particle adhesion with insect

Page | 7 L
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wings as suggested by the studies of Watson et al. was the examination of solid contacts of insect
cuticle under aqueous conditions. Such studies include those by Ivanova et al. demonstrating that
cicada wings possess the ability o selectively kill Gram-negative bacteria, while Gram-positive
bacteria were not killed. Hence, nanostructured surfaces can open new strategies to develop
bactericidal surfaces without biocides.

Figure 4. Images of the nanostructures present of different species of cicada.

The chemistry of superhydrophobic nsect wings has also been investigated by several-9
research groups. For example, Ivanova et al. showed that dragon fly wings are coated by waxes,

as observed in superhydrophobic leaves .

As observed in cicada wings, the presence of highly ordered nanostructurcs can also
lead in certain cases, to colored as well as iridized materials, without the presence of dyes, if the
nanostructures can diffract the light and induce interference effects . The color of the material is
directly dependent on the size of the structures . The group of Goodwyn studied the structures of
different butterflies having hydrophobic or superhydrophobic properties and different colors .
While the scales of the transparent butterfly wings of the genus Pamnassius glacialis (Papilionidac)
displayed no clear pattern the white translucent regions of Parantica sita (Nymphalidac) were
highly ordered and organized in lines forming periodic and parallel porous microstructures. Prum
et al. also demonstrated that the color of twelve butterflies (lepidopteran species) is due 1o
appropriate nanostructures in their scales producing visible colors, such as blue, green, or violet
Moreover. at the microscale, the scales of butterflies, such as Morpho aega, overlap in only one
direction. As a consequence, the wings of these species are superhydrophobic but with
directional adhesion, also called anisotropicity . When a water droplet is deposited on the wing, it
can roll off the surface only if the wing is inclined in one direction .

Page | 8
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1.2 4 Batterh wings

The wings of the bumerfly shows the anisouropi superhvdrophobic  property. The
structural color, as well as its chemical sensing and fluorescence emission capabiliues, are all
visible om butterfhy wmng surface Morcover, it displays sclf<leaning properny and high
by drophobacity Fang et al have investigaied the wing surface of species 29 of butterfly. The
surface of wing's is composed of micro- to submicro-class vertical gibbosinies and they have
arranged im scale panem like an overlapping tles, therefore the wing surface exhibited a CA
berween ] 36° —156°. A droplet moved along the radially outer direction, on the contrary. pinned
tighthy i reverse over wing surface . A SEM image of butterfly wing reveals that wing 1s
composed of quadratic form having 150 um length and 70 um width, which provides a regular
hicrarchy m the radually outer direction by overlapping each other

Figure. 5 (a) Photograph of bunterfly M. acga, the arrow denotes the radially outer (RO)
drection. (b) photograph of water drop pinning and rolling on the burterfly wing surface, SEM
wmnages of the (¢) regular amangement of overlying micro-scales on the wings and (d) fine

lame |la-stacking nano-stripes on the scales.

A magnified SEM image reveals single ridging stripes of width of 1843 £ 9.1 nm on the
surface of each scale (Fig. § (d)). Interestingly, the back side of a butterfly’s (Papilio ulysses)
wing displayed long-term superhydrophobic property under water than the front side. By
soakmgboth sides of the butierfly wing in deionized water for 60 h and changes in the CA were
measured. The existence of a large amount of hair (length about 200-600um) on the back side of
the wing of butterfly could resist the water moving inside the wing. Wanasekara et al. have
examined the influenceof nanostructure on the wettability and factor of resutution of four
different butierflics (Greta Ow, Phoebis Philea, Antheraca Polyphemus, Actias Luna) wing
surfaces. Due to the combmnanon of micro scales as well as harr like microtnchia, the Acuas
Luna showed high roughness factor along with high tatic and dynamic CA. The disunct
microstructure of the butterfly wing surface resulted in a different coefficient of restitution. Mes
et al. havereported the superhydrophobicity of burterfly wings can exist in low-temperature
environment as well as at low relative humidity.

Page 9
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1.3 Wettability and Their Types

Wetting is the ability of a liquid to maintain contact with a solid surface, resulting from
intermolecular interactions when the two are brought together. This happens in presence of a
gaseous phase or another liquid phase not miscible with the first one. The degree of wetting
(wettability) is determined by a force balance berween adhesive and cohesive forces.

Wetting is important in the bonding or adherence of two materials.[1] Wetting and the 5"'l"fac°
forces that control wetting are also responsible for other related effects, including capillary
effects.

There are two types of werting: non-reactive wetting and reactive wetting.

Wetting deals with three phases of matter: gas, liquid, and solid. It is now a center of attention
in nanotechnology and nanoscience studies due to the advent of many nanomaterials in the past
two decades (e.g. graphene, carbon nanotube, boron nitride nanomesh).

Wettability can be measured through contact angle, Typically, 90° contact angle is considered as
a threshold value. When the contact angle is above 90, the wettability is bad, when it is bclrnw
90° the wettability is good. Wettability of a solid surface is commonly measured with an optical
tensiometer by utilizing the sessile drop method.

Hydrophilic Surface I Hydrophobic Surface
= I
Spread Partial wetting No wetting
e=0 e < 90° e = 80" e > 90" e = 180"

| N
= *4_,;::;_4 -~

Fig 6 The wettability in terms of contact angle

The wetting behavior of a solid surface is not only determined by its chemical properties
but also by its surface roughness. This relationship between surface roughness and wettability
has been extensively studied by scientists, including Cassie-Baxter and Wenzel. They observed
that on rough solid surfaces, two distinct states can be observed Surface roughness can be
achieved by etching the solid surface, and when a water drop is placed on the surface, it either
fills the cavities on the rough surface or lies above them. In the Cassie-Baxter state, the water
drop does not wet the entire surface and instead lies above the cavities, resulting in a larger

Fage | 10
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contact angle. In contrast, in the Wenzel state, the water drop wets the entire surface, including
the cavities, resulting in a decrease in contact angle. Wenzel also proposed that as the surface
roughness increases, the hydrophobicity of hydrophobic surfaces and the hydrophilicity of
hydrophilic surfaces increases.In summary, the wetting behavior of a solid surface is determined
by a combination of its chemical properties and surface roughness. Understanding the
relationship between surface roughness and wetting behavior is crucial in designing surfaces
with specific wettability properties for various applications. The following figure will elaborate

both the Cassie-Baxter and Wenzel states.

(a) - S ©

S
P

LY. vapor
! : 9.
Te IB. Yu hqu“j ] g

Wenzel state Cassie-Baxter slate

Fig 7: The Cassie-Baxster State And The Wenzel State

1.4 Oil Water Seperation

The process of oil-water separation involves the creation of a surface that is able to
selectively interact with oil and water. This is achieved by designing a surface with
specificsurface properties that enable the separation of the two liquids. A superhydrophobic
surface is one such surface that has been found to be highly effective in separating oil and
water.Superhydrophobic surfaces are characterized by their high water repellency and low
surface energy. This means that water droplets do not wet the surface and instead form spherical
droplets that easily roll off the surface. These surfaces are created by modifying the surface
properties of a material, such as its texture or chemical composition, to produce a surface that is
highly water repellent. To separate oil and water using a superhydrophobic surface, the surface is
designed 1o have pores or channels that are smaller than the size of the oil droplets. This allows
the oil droplets to pass through the pores while the water droplets are blocked and cannot pass
through. The oil droplets are then collected and separated from the water. There are several
techniques that can be used to create superhydrophobic surfaces for oil-water separation. One
common technique is to create a surface with micro or nanoscale structures that trap air pockets,
which prevent water from werting the surface. Another technique is to modify the chemical
composition of the surface to make it highly hydrophobic.In addition to their use in oil-water
scparation, superhydrophobic surfaces have many other potential applications. They can be used

Page | 11 -
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to create self<cleaning surfaces, anti-fogging surfaces, and anti-icing surfaces. They can also be
used in biomedical applications lo create anti-bacterial surfaces and in environmental
applications to separate pollutants from water. The use of superhydrophobic surfaces for oil-water
separation is a promising technology that has the potential to significantly reduce the
environmental impact of oil spills and improve the efficiency of oil recovery operations. By
creating surfaces that selectively interact with oil and water, we can develop more effective and
sustainable methods for oil-water separation.
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Chapter 2

Chapter 2

Methodology and Characterization Techniques.

2.1 Deposition Techniques.

2.1.1 Dip Coating Method

Dip coating is a simple, low-cost, reliable and reproducible method which involvcf ic
deposition of a wet liquid film by immersion of the substrate into a solution containing
hydrolysable metal compounds (or readily formed particles) and its withdrawal at constant speed
into an atmosphere containing water vapor.

Dip coating has been exiensively utilized for research purposes owing to it being a
convenient and facile approach. The quality of the coatings produced by this way, noncth:lc.ssf. is
inconsistent. and therefore, it is an inappropriate approach for industrial processes . The critical
parameters that can affect the coatings produced by dip coating are shown in Fig. |. Generally,
dip coating consists of a five-step process, including:

Critical parametars
Processing
- Speed

= Temperature
- Almosphers

Chemisine

- Dilution
= Solvent

Dip-coating process
Thickness vs withdrawal
zpeed —

Figure 1. The critical parameters affecting the coatings produced by the dip-coating method.

I Immersion: At a constant speed, the substrate is dipped into the coating solution. Based on the
kind of the substrate, a pretreatment process would be carried out before this step.

2 Startup: The substrate remains in the solution for a designated time, and then it starts to be
pulled out.

3.Deposition: While the substrate is being pulled out, the thin film coating starts to be deposited
on it. The thickness of the coating is directly dependent on the speed by which the substrate is
being pulled out. The slower pull, the thinner the coating layer.

4 Dramnage: In this step, excess liquid is drained from the substrate surface.
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S Evaporation: Solvent starts to evaporate from the surface of the substrate to form a thin film. If
the solvent is volatile, this step might happen in step 3.

Because no sophisticated equipment is required for this method, it is much more
convenient and facile than the other approaches. The coating layer produced, nevertheless, may
not be of good quality, due to the simplicity of the method. Relating to graphene-based
composite coatings, the thickness distribution may be an issue. For pristine graphene-based
material coatings, the coating layer produced might not be sufficiently dense to show superior
properties, and as well, the applied substrate cannot be vastly large and complicated. However,
dip coating can still be utilized at large scale to produce products fulfilling low standard
requirements at a competitive price, although it is more appropriate for use in the lab. Since
graphene-based composite coatings possess much higher viscosity in contrast with pristine
graphene-based coatings, resulting in not only a better interfacial adhesion toward a substrate but
also a more uniform coating layer, this method is more appropriate o produce this kind of
coating. A subsequent treatment process may be required to form a solid coating layer.

2.1.2 Spin Coating Method

Spin coating is the simplest method for fabricating a film on a substrate. Thin-resist layers for
photolithography are coated with this technique. The spin-coating process starts with the dilution
of the material to be deposited in a solvent. The solution is subsequently dispensed on the
substrate surface, The wafer is then spun at a high speed. The thickness of the film is determined
by the spinning speed, surface tension, and viscosity of the solution. The solvent is removed
partly during the spinning process due to evaporation and partly by subsequent baking at
clevated temperatures. Spin coating results in a relatively planar surface. This technique is often
used for planarization purposes. Spin coating can be used for the deposition of sol-gels. In this
process, solid particles of a polymer compound dissolved in a solvent are spin-coated on the
substrate surface. The process forms a gelatinous network on the substrate surface. Subsequent
removal of the solvent solidifies the gel, resulting in a solid film. This technique can be used for
the deposition of various ceramics, such as lead zirconate titanate (PZT). Besides spin coating,
dry lamination, dip coating, spray coating, and electrodeposition can be used for transferring a

resist layer to the substrate surface.

Poge | 15



Chapter 2

> -

Depositing the Rotational Evaporation of
solution spreading out solvent

Figure 2 : Spin coaling process

2.1.3 Spray Coating Method

Spray coaters can be classified into three major groups according to the spray method: Air
spray systems, ultrasonic spray systems, and electrostatic spray systems.

Figure 3: Air Spray System

A. Nozzle B. Coating fluid C. Atomization through collision with air.

Air spray systems use compressed air to change the coating fluid into a fine mistch that is
sprayed onto the target. A typical example is an air spray gun, which uses a
similarmechanism Compressed air applies high pressure to the coating fluid discharged from the
nozzle and the fluid then collides at a high speed with the remaining air. The coating fluid 1s split
up and slowed down at that moment due to air resistance, and then changes into a mist before
reaching the target. Air spray systems are generally said to disperse too much coating fluid,

causin-9g relatively excessive loss of material. The equipment, however, has been designed 1o be
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sophisticated and diverse, For example, some systems use a nozzle that can change the coating
MNuid into a fine mist that allows uniform coating of uneven surfaces, while others can maintain
high-specd spraying that enables stable coating. Other systems are capable of advanced
movement control and automation of the stage and nozzle. A variety of products are available

according to the target arca, required efficiency, and coating purpose.

1.2.4 Electrodeposition Techniques.

In this, SHC coating is the result of chemical reactions of electrolytic solution

which is triggered by the application of current .

Schematic representation of electrochemical deposition is shown in fig. 4. Anodic
oxidation, deposition using galvanic cell, polymerization,and electrochemical anodizalion, elc,
are some of the production techniques 1-9hat make clectrochemical deposition a wide method for
the fabrication of SHC .Yan Liu et. al. successfully fabricated SHC on a copper plate via
electrochemical deposition. They had taken 2 copper for the anode and cathode. The electrolytic
medium used for this process was a mixture  of cerium chloride, mysteric acid, and ethanol.
Zengguo Bai and Bin Zhang have prepared a novel reduced graphene oxide rGO/Ni composite
coating on stainless steel through electrodeposition. They deposited a thin layer of Ni on the
substrate before the application of the rGO/Ni composite layer. The electrolyte they used as the
medium was prepared by adding NiCI2.6H20, orthoboric acid, potassium chloride, sodium
dodecylbenzene sulfonate, and rGO. The superhydrophobic coatings were generated by the
deposition of Ni on the stainless-steel substrate followed by the deposition of rGO /Ni

composite mix.
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Figure :4: Schematic representation of electrochemical deposition coating on Al substrate .
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2.1.5 Sol-gel process
oping good quality coatings. The

The sol-gel process is the most preferred method for devel
hybrid sol-gel that forms a iD

inorganic silica and organically modified silanes comprise a
network to impart superhydrophobic character to the coated surface .

g are the 3 techniques that can be used to deposit
the schematic representation of the Sol-gel
of transparent SHC via sol-gel processing
reparcd by adding ethanol (solvent),
face was achieved by the immersion

Spray coating, spin coating, and dip coatin
the sol-gel on various substrates . Fig. 5 shows
coating technique. S. Liu et al reported the synthesis
of long-chain Fluoroalkylsilane. The coating mix was p
ammonia (catalyst), and water. The final super repellent sur
of glass in the prepared solution for different deposition times.
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Figure 5: Schematic representation of sol-gel coating techmque

2.2 Super hydrophobic surfaces and their Application.

Superhydrophobic surfaces are characterized by their extremely high water repellent
property. When a water drop is placed on such surfaces, it attains a circular shape, and the
contact berween the water drop and the superhydrophobic surface is minimized, resulting in a
higher contact angle. Moreover, if the surface is tilted, the water drop on the surface rolls or
slides off very easily. The sliding angle for superhydrophobic surfaces is typically less than
10°. The unique property of superhydrophobic surfaces in not allowing water drops to stay on the
surface has led to a wide range of applications. Some of these applications include self-cleaning
surfaces, anti-icing surfaces, anti-corrosion coatings, and oil-water separation devices.
Superhydrophobic surfaces are also used in microfluidic devices for droplet manipulation and in
the development of water-repellent fabrics and coatings for various outdoor applications.

1. Self-cleaning

Superhydrophobic surfaces are capable of self-cleaning. When water is sprinkled on a dusty
superhydrophobic surface, the water drops form circular shapes and roll off from the surface,
collecting dust particles along the way. This makes the surface clean. This property of the
superhydrophobie surfaces is known as the self<cleaning property. It can be applicd to surfaces
such as windows, outer walls of buildings, and many more.

2. Corrosion resistant
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Superhydrophobic surfaces have water-repellent properties, preventing water from staying on the
surface. This characteristic helps decrease corrosion and increase the corrosion resistance of the
surface. Corrosion occurs when metals react with oxygen and corrode.

3. Anti-fogging surfaces

remaining on the surface. This

Superhydrophobic surfaces prevent water drops from
windows,

characteristic makes them anti-fogging surfaces. Water droplets that form on mirrors,
ete. due to fog will not remain on superhydrophobic surfaces and roll off instead.

4. Anti-bacterial surfaces

In the medical field, cleanliness is of great importance. All surgical insu.-umcnts should be
sterilized and free from bacteria. Superhydrophobic surfaces are used for thfs purpose bccausc
they prevent bacteria from sticking to the surface. When bacteria cannot stick to a surface, it

cannot grow and spread.

S. Anti-icing surfaces

In snowy areas, snow accumulates on various surfaces such as highways, industries, aircraft, and
vehicles. Physical and chemical methods used to remove ice may cause damage and consume
much energy. Superhydrophobic surfaces help reduce the chances of damage and conserve

energy.

2.3 Characterization Techniques

Characterization and analytical techniques are methods used to identify, isolate or quantify
chemicals or materials, or to characterize their physical properties.

2.3.1 Scanning Electron Microscope[ SEM |

In general, a scanning electron microscope (SEM) can make images of solid samples and
can determine the elemental composition of said samples. The low end of the magnification
range for an SEM is typically on the order of 20X to 50X. The maximum magnification is
generally determined by the size of the electron beam and can be as high as one million (1076).
These magnification levelsgenerally correspond to measuring features from the mm scale down
to nm size. The best resolution of a high end SEM is on the order of 0.5 nm.The most common
type of SEM data is the secondary electron image. The SE image is a map of secondary electron
emission as a function of spatial position. SE images generally display the topography of the
sample. The number of secondary electrons emitted from a surface generally depends on the
angle of incidence between the surface and the beam. Since the electron beam is perpendicular to
the sample over the analysis area, the number of secondary electrons emitted from the sample is
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generally a function of the topography of the sample. Backscarttered electrons (BSE) are the
second most common imaging data collected with an SEM. This data is a map of backscattered
electron emission as a function of spatial position. The number of BSEs that are emitted is a
function of the atomic number of the sample. As the atomic number increases, so does the
number of BSEs emitted. This means that images made with BSEs will gencrally show the
composition of the sample. While it is not generally possible to observe a BSE image and know
what materials are present, with some a priori knowledge of the sample’s composition, it is
usually possible to make a good guess about the material distribution from a high quality BSE
image. It is possible to combine BSE images with EDS fto determine both the matenal
composition and distribution in the sample.Since images are in the form of the ¢lectron emission
from a sample vs. spatial position, it is not possible to determine the roughness of a sample from
a plane view image of the sample as the electron emission from the sample may not depend on

the height. Even if the electron emission does depend on the height, as in a secondary electron

image, measuring a height from the electron emission is not generally possible. Roughness can
collecting imaging data to

only be determined from a cross-section of the sample.In addition to
show the morphology of a sample, SEMs also generate and can collect X-rays that are
characteristic of the elements in the sample. This is usually done with an energy dispersive X-ray
spectrometer or EDS system. EDS X-ray data can be used to determine the elements in the
sample. If the X-ray data is mapped as a function of spatial position, an X-ray map showing the
distribution of the elements in the sample can be created. The detection limit for EDS is

generally on the order of 0.5% by weight within the X-ray generation volume.

2.3.2 Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy (TEM) provides powerful techniques for understanding
various information of materials at very high spatial resolution, including morphology, size
distribution, crystal structure, strain, defects, chemical information down to atomic level and so
on. All the information that TEM can give to us are from electron-sample interaction. The
transmitted electrons that have passed through the thin sample are detected to form images,
which is the reason to call it “transmission™ electron microscopy. In order to allow electrons to
transmit through the sample, TEM sample must be very thin (typically, sample thickness is less
than 200 nm, depending on the composition of sample and the expected information from TEM
characterization). There are many techniques in transmission electron microscopy, which can
give you different information about your samples. Some techniques are listed below:

1. Selected-area electron diffraction (SAED). One of the two basic operations of TEM imaging
system, i.c. diffraction mode and imaging mode. For SAED, a selected area aperture is inserted
into the image plane to virtually select an area from the sample to form diffraction pattern.
SAED can be used to identify crystal structures, nanowire growth direction, tell crystallinity and
set up conditions for dark field imaging.
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the direct-beam (transmitted beam) electrons,

2. Bright filed (BF) TEM. BF images are formed by
bute to the imaging.

only very few scattered electrons can pass the aperture (0 contri

3. Dark field (DF) TEM. An objective aperture is inserted into the back focal plane (where
diffraction patiern is formed in the reciprocal space) 10 select scattered electrons. Typically, a
specific diffracted beam (single crystalline) or a portion of a diffraction rings (polycrystalline)
can be used for DF imaging DF images can usually give information on nanocrystal size
distribution and crystalline defects, such as stacking faults, twining, and dislocations.

4. High-resolution TEM (HRTEM). The imaging mechanism of HRTEM is phase contrast,
which uses the interference of the transmitted beam and diffracted beams to form images at
atomic level. HRTEM is useful for the imaging of atom arrangements in projection. This
technique normally requires very thin samples (less than 15 nm in thickness, as thin as possible).

The interpretation of HRTEM images is always challenging.

5. High angle annular dark field (HAADF) — STEM imaging. HAADF-STEM imaging collects
incoherently scattered electrons at high angles to form images, which gives contrast dependent

on atomic number and specimen thickness. It is also called Z contrast.

6. Energy-dispersive X-ray spectroscopy (EDS). EDS can provide compo
characterization. Our Titan with ChemiSTEM technology can collect X-ray
efficiently. The four windowless silicon drifi detectors (SDDs) can provide a solid angle of 0.7sr.
X-FEG can provide 5 times more electrons compared to a conventional Schouky FEG source.

Overall, it can collect up to 10 times X-ray compared to conventional single-SDD.

sitional or chemical
much more

loss spectroscopy (EELS). When electrons pass through the sample, some

7. Electron energy
clectrons are getting inelastically scatiered and results in both energy loss and a change in

momentum. These energy losses are characteristic for the elements in the sample.A typical EEL
spectrum contains zero loss peak, low lose and core loss regions. Zero loss peak is formed by
clastically scattered electrons with zero energy loss and electrons that do not interact with
thesample, from which we can get the sample thickness (also need the sum of inclastically
scattered electrons). Low loss region is formed by electrons with low energy losses, wh ich can
give information on sample optical properties. Core lose region is formed by electrons with
energy losses by ionization of core shells, which can provide information on elemental
composition and concentration, as well as bonding/valence state. Very thin samples (less than 50

nm in thickness) are required for EELS analysis.

8 Encrgy-filtered TEM (EFTEM). Only electrons with particular energy losses (“energy
windows™) are chosen by energy slit to form images. Since the energy losses are characteristic of
the elements in the sample, EFTEM can be used for elemental/c hemical mapping. It can also be
used to improve the contrast in images and diffraction patterns by removing inelastically

scartered electrons.
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9. 3D electron tomography. (S)TEM image is basically 2D projection of 3D object. A special
tomography holder is used for tilting sample over a wide angular ranges (for example, -70
degrees to +70 degrees). 2D projection images are caken at each tilting angles. Hundreds of 2D
images are aligned and reconstructed 10 3D visualization of the imaged object by using
backprojection methods. In addition, STEM-EDS tomography can provide chemical information

in 3D morphology.

2.3.3 Atomic force microscopy (AFM)
force microscopy (SFM) is a very-high-

Atomic force microscopy (AFM) or scanning _
with demonstrated resolution on the order

resolution type of scanning probe microscopy (SPM), . ; i
of fractions of a nanometer, more than 1000 times better than the optical diffraction limit.An

AFM generates images by scanning a small cantilever over the surface of a sample. The sharp tip
on the end of the cantilever contacts the surface, bending the cantilever and changing the amount
of laser light reflected into the photodiode. The height of the cantilever is then adjusted to restore
the response signal, resulting in the measured cantilever height tracing the surface.An atomic

force microscope on the left with controlling computer on the right.

Atomic force microscopy (AFM) is a type of scanning probe microscopy (SPM), with
demonstrated resolution on the order of fractions of a nanometer, more than 1000 times better
than the optical diffraction limit. The information is gathered by "feeling” or "touching” the
surface with a mechanical probe. Piezoelectric elements that facilitate tiny but accurate and
precise movements on (electronic) command enable precise scanning. Despite the name, the

Atomic Force Microscope does not use the Nuclear force.

2.3.4 Wettability

Wettability is the ability of a liquid to maintain contact with a solid surface.

1] Contact Angle : A contact angle (also referred to as a wetting angle) is formed when a drop of
liquid is placed on a material surface. The surface tension of the liquid and the attraction of the
liquid to the surface causes the drop to form a dome shape. If the drop is small and the surface
tension of the liguid is high, it will form a perfect hemisphere. The point where the perimeter of a
qufaid drop, the liquid-solid interface, and the solid all meet is called the three-phase contact
point. The contact angle is defined as the angle between a tangent to the liquid surface and the
solid surface a1 this pointbtg-labs-youngs-equation-contact-angle-graphicTheta (©) is the
contact angle in the illustration above. If the drop of liquid spreads across a surface, the contact
angle becomes smaller. If the drop of liquid beads up on the surface (as you migh‘t see with a
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drop of water on a water-resistant article of clothing or a waxed car), the perimeter of the drop

retracts, and the contact angle becomes larger.

The contact angles that form depend on several things, including the thermodynamic
d is brought into contact with the surface,

properties of the liquid and the surface, the way the liqus
whether there is any time-dependent interaction of the liquid and solid surface, and (for relatively

rough surfaces) on the surface topography.

High contact angle;low

Figure 6 : Low contact angle ‘High surface energy and
surface energy.

ontact angle measuring and contour analysis systems of

2] Optical Contact Angle: The optical ¢
measuring devices for the measurement of interfacial

the OCA series are high precision optical
parameters and phenomena.

The optical analysis of drops that hang from a dosing needle or are placed on a solid
surface facilitates the determination of different surface and interfacial parameters. The contact
angle that a liquid drop establishes on a solid surface behaviour with said liquid. Having
measured the characterises the solid's wetting contact angles of multiple test liquids the surface
energy of the solid can be determined and the latter can be used to calculate the work of adhesion

for different liquids.

The reliable and experimentally robust measurement of the contact angle aids on the
development of surface coatings, composile materials, paints and varnishes or cleaning agents. In
<hort: the measurement of contact angle helps in all situations where solids and liquids meet and
advantage is to be gained by the control of wetting and adhesion properties.
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3] Angle of Sliding : The sliding angle is a measure of the mobility of a drop on the surface,
which is of concern to a variety of applications from textiles to microfluidics.

The shiding angle SA is the ult angle TA at which the movement of the drop across the
surface begins. The dynamic contact angle is the contact angle during the wetting (advancing
angle ©Adv) and dewetting (receding angle 6Rec) processcs, i.e. during the movement of the
drop across the surface.

4] X-ray photoelectron spectroscopy : X-ray photociectron spectroscopy (XPS) is a surface-
sensilive quantitalive spectroscopic technique based on the photoelectric effect that can identify
the elements that exist within a material (elemental composition) or are covering Is surface, as
well as their chemical state, and the overall electronic structure and density of the electronic
states in the material. XPS is a powerful measurement technique because it not only shows what
elements are present, but also what other elements they are bonded to. The technique can be used
in line profiling of the elemental composition across the surface, or in depth profiling when
paired with ion-beam etching. It is often applied to study chemical processes in the materials in
their as-received state or after cleavage, scraping, exposure to heal, reactive gasses or solutions,

ultraviolet light, or during ion implantation.
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XPS belongs to the family of photoemission spectroscopies in which electron population
spectra are obtained by irradiating a material with a beam of X-rays. Chemical states are inferred
from the measurement of the kinctic energy and the number of the ejected electrons. XPS
requires high vacuum (residual gas pressure p ~ 10-6 Pa) or ultra-high vacuum (p < 10-7 Fa)
conditions, although a current area of development is ambient-pressurc XPS, in which samples
are analyzed al pressures of a few tens of millibar.

When laboratory X-ray sources are used, XPS easily detects all elements except hydrogen and
helium. The detection limit is in the parts per thousand range, but parts per million (ppm) are
achievable with long collection times and concentration at top sur face.

XPS is routinely used to analyze inorganic compounds, metal alloys, polymers, elements,
catalysts, glasses, ceramics, paints, papers, inks, woods, plant parts, make-up, teeth, bones,
medical implants, bio-materials, coatings,viscous oils, glues, ion-modified materials and many
others. Somewhat less routinely XPS is used to analyze the hydrated forms of materials such as
hydrogels and biological samples by freezing them in their hydrated state in an ultrapure
environment, and allowing multilayers of ice to sublime away prior to analysis.
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3.1 Introdsction

Superhy drophobic coatings have gamered significant atiention duc to their ability 10 repel
waler and resist wetting. The unique properties of superhydrophobic surfaces, such as high water
contact angles and low contact angle hysteresis, have found applications in a wide range of ﬁclgl;,
including self<leaning surfaces, anti-icing coatings, and microfluidic devices. Sponges, with
their porous and highly absorbent nanure, present an intrnguing substrate for the depositon of
superhydrophobic coatings. Various methods have been developed 1o preparc .Sl-lpcﬂ'l}'dlophobm
coatings on sponges, each offering distinct advantages and tailored for specific requircments.
These methods encompass a diverse range of techniques. Each method employs different
strategies to achieve the desired superhydrophobic properties on t.hc' sponge surface. The
sclection of an appropriate method for the preparation of superhydrophobic coatngs on sponges
depends on several factors, including the substrate material, desired coating m-cm roughness
control, and the availability of specific chemicals and equipment. The ulumate goal is to create a
durable and robust superhydrophobic coating that exhibils exceptional water repellency and self-
cleaning properties while maintaining the underlying structure and functionality of the sponge
material.

3.2 Experimental Work

3.2.1 Chemicals Used :-

1] Chioroform(CHCL3) M.W 1193

7] Polystyrene 192000M. W

3] Polyurethane sponges(P D Industnies)

4] Candle-soot(CS)

3.2.2 Preparation of superhydrophobic sponge
3.2.1 Dip Coating

During the dip coating process, the sponge was immersed vertically in a solution containing
candle soot and polystyrene. However, it was noticed that during the initial dipping cycles, the
candle soot tended 1o settle down afier some time. Specifically, it was observed that the candle
soot particles were predominantly adsorbing at the botiom of the sponge. In order to achieve a
uniform and homogencous solution, the mixture was stirred during each dipping cycle. This
surnng acton ensured that the candle soot particles were evenly dispersed throughout the
soluuion, resulung in a uniform coating on the sponge. To facilitate the adsorption of particles
onto the sponge’s surface, the sponge was carefully immersed in the solution and slowly removed
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by hand. This slow speed allowed for a gradual attachment of particles onto the sponge,

enhancing the coaling process.

3.2.2 Detailed procedure of preparation of superhydrophobic sponge

@ Collection of candle soot

To collect candle soot, a metal plate or box was positioned in the central region of the

candle flame, allowing the soot to accumulate. Subsequently, the collected candle soot was
dissolved in an appropriate quantity of chloroform and filtered through & sponge with a pore size
of 50 nm. This filtration process ensured that the resulting salution contained carbon
nanoparticles smaller than 50 nm. The filtered solution was then gently heated on a hotplate,
maintaining a temperature of approximately 40°C, to facilitate the evaporation of chloroform
This step yielded carbon nanoparticles in their isolated form , ready for subsequent processing

and utilization in further applications.

€ Deposition on sponge

The first step involved dissolving polystyrene in chloroform, and the mixture was stirred
using a magnetic strrer for thirty minutes. After this initial stirring, candle soot was introduced

into the same solution, and the stirring process was continued for an additional thirty minutes.
The amount of candle soot added was varied during the experiments. Once the solution was
prepared, the next step was to dip the sponge into the solution. Below is a schematic

representation of the procedure:
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The deposition was taken for the fixed time interval for varying candle soot quantity. The
variations are summarised in the following table.

Table 1 : Summary of work with varying candle soot and deposition time.

Sr. | Sample Candle soot | Polystrene in | Chloroform | Deposition time in min
No. | code inmg mg inml

1 MI 400 1000 5
2 M2 400 1000 10
] M3 600 1000 50 5
4 M4 600 1000 10
5 MS 500 1250 5
6 M6 500 1250 10
7 M7 600 1500 5
8 M8 600 1500 10
Bl M9 450 900 5
10 M 10 350 500 5
3.2.3 Oil-Water Seperation.

The absorption separation process of oil from oil-water mixture by superhydrophobic
modified sponge is shown in Figure 3. The oil-water mixture was prepared by adding 10 ml oil
in 40 ml water, Three types of oils such as diesel, kerosene, and petrol were used to study the
oil-water separation. The superhydrophobic sponge was dipped in oil-water mixture and it was
observe that superhydrophobic sponge quickly absorbed oil in few seconds. The oil-absorbed
sponge was pulled up and squeezed in another beaker to collect oil. Figure 3 depicts optical
images of absorption and squeezing process of sponge. The oil-water seperation ability of
superhydrophobic sponge was tested by using lubricant oil . So, this promising, facile, and
energy-saving method can be used to remove the oil from oil-contaminated area.
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e

ess of removal and collection of lubricant oil fro

m oil- —water

Figure J : Optical images of proc
separation

moval ability of sponge was tested us-ing mixture of ol and

oil in 50 mL water by stirring.
mix oil in it. After few

In another way, the oil re
muddy water. The muddy waler was pre-pared by adding 10 g s
Five milllilter kerosene was added in muddy water and stirred well to
seconds, a layer of oil surfaced on muddy water. The oil was removed from muddy water by
simply dipping superhy-drophobic sponge in the oil-muddy water mixture (Figure 4). The
porous structure superhydrophobic sponge was able to absorb oil and repel muddy water

completely.
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Figure 4. Optical images of removal and collection of ol from the minture of oil-muddy water

by P3 sample.
3.3 Characterization

3.3.1 Water contact angles
re determined using @ contact angle meter (HO-IADCAM-

d. India). These contact angles provided insights into
increase in the water contact angle indicated

The contact angles of water we
01, Holmarch Opto-Mechatronics Pvi. Lt

the wetting characteristics of the coated sponge. An !
an enhanced water-repellent property of increased hydrophobicity of the surface. To measure the

contact angles, water droplets were carefully placed at various positions on the surface of the
coated sponge. By analyzing the contact angles at different locations, the average contact angle

was calculated to minimize potential errors in the measurements.

3.3.2 Mechanical durability

The mechanical durability of the coated sponge is a critical factor that is assessed through
th and stability of the coating's adhesion to the

an adhesive test. This test helps evaluate the streng

sponge substrate. In the adhesive lest, a controlled force or stress is applied to the coated sponge

surface using specific methods such as tape peeling, abrasion, or rubbing. The objective is 10
anical stresses and resist detachment or

examine the ability of the coating to withstand mech
damage. By subjecting the coated sponge to these Lests, rescarchers can gain valuable insights

into its durability, which is crucial for its intended applications and long-term performance.

3.3.3 UV illumination study

The UV illumination study of the coated sponge is essential for evaluating its
superhydrophobic properties. The coated sponge is exposed o UV light for a specific duration o
investigate the stability of the superhydrophobic coating under UV radiation. This study
examines potential changes in surface chemistry, surface roughness, and the longevity of the
coating’s hydrophobicity. By subjecting the coated sponge to UV illumination, researchers gain
insights into the durability and performance of the superhydrophobic coating, aiding in the
development of long-lasting applications. This study helps ensure that the coated sponge
maintains its superhydrophobic characteristics even when exposed to UV light, enabling its
effective use in various industrics and environments.

3.5 Results and Discussion
3.1 Water contact angles

| .In order 1o cv:lua.u- the hydrophobicity of the coated sponge, an investigation was conducted
::r:r:ﬁl_nghtdqmmy of candle soot used during the coating process. Water droplets were
Yy p on the surface of the coated sponges, and the resulting contact angles were
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measured visually. The study involved three diffe

angles of water on these coated sponges were determined and recorde

in Table 2

rent quantities of candle soot . The contact

d, and the daia is presented

Table 2 : Variation in contact angles with different quantities of candle s00t.

Contact angles
Sr no. Sample code
Right angles Left angles

139.0° 133.0°

| M1
134.1° 137.9°

2 M2
141.5° 134.4°

3 M3
120.6° 127.9°

4 M 4
127.1° 115.8°

5 M5
130.9° 147.2°

6 Mé
141.8° 132.0°

7 M7
141.5° 125.1°

8 M8
143.7° 145 8°

9 MO
151.5° 154.6°

10 M 10
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Sample code

Contact angles
figure

M1

M6

Sample code

Contact angles
figure

M
3 M8
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t of the candle soot quantty on the
andle soot increased. the contact
ncreasing the quanuty of candle
ponge. As the contact angle
desirable charactenstuic for

The observed contact angles demonstrate the impac
hydrophobic properties of the coated sponge. As the amount of €
angle also increased, indicating enhanced hydrophobicity the 1
soot in the coating process enhances the hydrophobicity of the s
increases, the surface becomes more water-repellent, which 1s @ e e ,
applications where water resistance is crucial. These findings provide valuable insights into the
s. By understanding the

oplimization of the coated sponge for supcrhydmphab:c applicar:ian 2 _
relationship between e resulting hydrophobic properties,

the quantity of candle soot and the T .
rescarchers can fine-tune the coating pr achieve the desired level of water repellency.

ocess o

3.2 Mechanical durability
ted using an adhesive Lape test.

stability of the coating on the
coating's ability 1o
test. a piece of

coated sponge is often evalua

The mechanical durability of the
the adhesion strength and

This specific test is designed to assess .
sponge substrate. The adhesive tape test provides valuable insights into the
withstand mechanical stresses and resist detachment. In the adhesive tape
adhesive tape with known adhesive strength is firmly applied to the sur!'._uce of the coated sponge.
The tape is then quickly pecled off at a specific angle and speed, exerting a controlled force on

the coating.
The objective is to cvaluale how well the coating adheres [0 the sponge and whether it
remains intact or exhibits signs of detachment or damage. After the tape is removed, a visual
inspection is conducted to assess the coating's condition. The rescarchers carefully examine the
tape and the surface of the sponge o detect any signs of coating failure, such as partial or
complete detachment, cracks, or peeling. The extent of damage or detachment is recorded and
analyzed to quantify the adhesion strength of the coating.
The adhesive tape test serves as a reliable indicator of the coating’s mechanical durability.
which are

It helps determine the coating's ability to withstand stress, abrasion, or rubbing,
ons. The results of the The observed

common mechanical challenges in real-world applicati
contact angles demonstrate the impact of the candle soot quantity on the hydrophobic properties
d, the contact angle also increased,

of the coated sponge. As the amount of candle soot increase:
indicating enhanced hydrophobicity. This figure illustrates the variation in contact angles for the

different quantities of candle sool The plotted points show the relationship between the candle
ct angles, highlighting the trend of increasing contact angles

soot quantity and the resulting conta
with increasing candle soot content. The data in Table 3. collectively indicate that increasing the
enhances the hydrophobicity of the sponge. As the

quantity of candle soot in the coating process
contact angle increases, the surface becomes more water-repellent, which 1s a desirable

characteristic for applications where water resistance is crucial.
These findings provide valuable insights into the optimization of the coated sponge for

superhydrophobic gpplications. By understanding the relationship between the quantity of candle
soot and the resulting hydrophobic properties, researchers can fine-tune the coating process to

achieve the desired level of water repellency.
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hanical durability test sciup.

Figure 5: The mec

Figure 6: The mechanical durability of the coated sponge is often evaluated using an adhesive
tape test
During the evaluation of the coated sponge using an increasing number of adhesive tape
Tests. an interesting trend was observed in the contact angles of water for the M9 sample. The
contact angles decreased progressively as the number of adhesive tape tests increased. Initially,
the M9 sample exhibited a water contact angle of 145.8° before any adhesive tape tests
wereconducted. However, after subjecting the coated sponge to a 10 adhesive tape tests, the
contact angle decreased to 124.6°, This significant reduction in contact angle indicates a decrease

in the hydrophobicity of the surface.
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15 Cycles

10 Cycles
____——-—-_______""-_____

5 Cycles

Figure 7: Variation in the contact angles with increasing number of adhesive tape test for M9

Sample

Table 3 : Variation in contact angles with increasing number of adhesive tape test for M9 sample.
Sr no Number of adhesive tape test Contact angle

1 5 145.8°

2 10 122.4°

3 15 124.6°

can be attributed to the mechanical stress exerted

by the adhesive tape during the tests. As the tape is peeled off from the surface, it applies a
shearing force that can potentially disrupt the integrity of the coating. This disruption may lead to
the formation of microcracks of the removal of the hydrophobic components, resulting In

decreased water repellency.
The reduction in contact angles suggests a compromised hydrophobic surface and a
The repeated application and removal of the

potential decrease in the coating's durability.
adhesive tape might have gradually weakened the adhesion of the coating to the sponge substrate,

leading to the observed loss in hydrophobicity.

The observed decrease in contact angles

These findings highlight the importance of considering the mechanical durability of the

coated sponge when assessing its performance in real-world applications. While the initial
contact angle of 145.8° indicated a promising level of hydrophobicity, the decreasc to 124.6°
after 10 adhesive tape [ests raises concems about the long-term effectiveness of the coating under

mechanical stress.

233 UV illumination study
Conducting a UV illumination study on the coated sponge is crucial for assessing ils

supcrh.ydmphol;lc propertics. This study involves subjecting the coated sponge 1o UV light for
a Spﬁf.l.ﬁc dumynn to c.xm’-."c th stability of the superhydrophobic coating under UV radiation.
The primary objective is to investigate potential changes in surface chemistry, surface roughness,

and the longevity of the coating's hydrophobicity.
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The UV illumination study provides valuable insights into the durability and performance
of the superhydrophobic coating. UV radiation can have @ Slgm_hcﬂﬂl impacl on surface
properties, including the degradation of coatings and alterations 1n surface _chcmasuy. By
exposing the coated sponge to UV light. researchers can observe any changes in its hydrophobic
characteristics over time and evaluate the coating's resistance 10 U_V""d““d degradation. ,

This study helps ensure that the coated sponge maintains its superhydrophobic propertics

even when exposed to UV light, which is essential for its effective usF"m various ul'l.-:!usmg.;; and
environments. Understanding the behavior of th der UV illumination is crucial for

e coaling un _

applications that involve outdoor exposure or UV-rich :nwronn‘rtntS.v;::::L Sas a?::'lsc[tl:cs“on‘
. i . . T

automotive, or aerospace industries. During P can

the UV illumination study, .
be monitored and analyzed, including changes in contact angles, water drqpl:t behavior, surface
roughncss measurements, and surface chemistry analysis. These c\faluauonslprnwdc valuable
data on the performance and longevity of the supcrhydmphobic coating, enablin

g researchers to
optimize the coating formulation or application process 1o enhance its UV resistance. —

By gaining insights into the durability of the st;pcfh}'limphﬂblﬁ coating under
illumination, researchers can develop long-lasting applications that mal

intain their hydrophobic
properties over extended periods, This ensures the effectiveness and

reliability of the coated
sponge in real-world scenarios, where exposure o UV light may be inevitable.

et

i 15 min. 30 min 45 min. 60 min.
Figure 7: Variation in the contact angles with increasing UV illumination time.
Table 4 : Variation in contact angles with increasing UV illumination time.
@.No. UV illumination time (minutes) Contact angles ]
1 15 101.1°
2 30 125.7°
|3 45 112.4°
4 60 129.0°

This study presents the relationship between UV illumination time and the resulting
contact angle of the coated sponge. The contact angles were measured at different time intervals,

ranging from 15 to 60 minutes of UV exposure.

It is observed that as the UV illumination time increases, there is a gradual increase in the
contact angle of the coated sponge. At the initial UV exposure time of 0 minutes, the contacl
angle is measured at 99°. As the UV exposure time increases to 15, 30, 45, and 60 minutes, the

Page | 38




Chapter3

contact angles progressively increase to 101.1°, 125.7°., 112.4°, and 129°, respectively. This
trend suggests that the UV illumination has an influence on the surfacc characteristics and
hydrophobicity of the coated sponge. The gradual increase in contact angle indicates an
enhancement in the water repellency of the surface as the UV exposure time increases.

2.3.4 Oil - Water - Seperation.
arate oil and water mixtures into

An oil water separator is a piece of equipment used to scp
oil-water scparator. Each has

their separate components. There are many different types of
different oil separation capability and are used in different industries.

position sponge weight is 0.239 gm

For oil water seperation we used sample M10. The de,
It is that the absorption capacity is

and the weight after oil absorption is 6.480 gm. The resu
26.11gm.
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Conclusion

nt issue of oil leakages and spills, we have developed a simple yet
-water mixtures. Our approach capitalizes on the

hydrophobic properties of candle sool, utilizing it in conjunction with a porous surface
specifically, a sponge. By coating and modifying the sponge with candle soot and polystyrene,

we have successfully enhanced its ability 10 repel water and attract oil. The quantity of candle

soot used in the coating process plays a significant role in determining the hydrophobicity of the
sponge. Through our experiments, we observed that increasing the amount of candle soot
resulted in higher contact angles and improved water repellency. While the hydrophobic coating
demonstrates commendable performance, it is crucial to consider the mechanical durability of
the coated sponge. We conducted adhesive Lape tests to assess the coating's ability 10 withstand
mechanical stress. The results revealed a decrease in the contact angle from 145.8° to 124.6°
afier ten tests, indicating potential limitations in the coating's long-term effectiveness under
mechanical strain. In addition to mechanical durability, we also investigated the impact of UV
illumination on the coated sponge. Our study revealed a positive relationship between uv
exposure time and the contact angle of the coated sponge. As the duration of UV illumination
increased. the contact angles progressively rose, indicating an enhancement in the hydrophobic

ies of the coating. However, to determine the optimal UV exposure time and evaluate the
nder UV radiation, further

long-term stability and durability of the coating’s hydrophobicity u

investigations are required. Overall, our research showcases a promising approach for separating
oil from oil-water mixtures using a modified sponge coated with candle soot and polystyrene.
The quantity of candle soot, mechanical durability , and UV exposure time all have significant
impacts on the performance of the coated sponge. By addressing these factors through ongoing
studies, we can refine the coating process and advance the development of effective solutions for

oil spill remediation and water purification applications

To address the persisie
effective method to separate oil from oil




Fabrication of Superhydrophobic Polycarbonate

Substrate By Using Template Method.

A Dissertation Report submitted to

[ ™
e

{FuTER | SAPETER

Vivekanand College (Autonomous), Kolhapur.

For the Partial Fulfillment of

Degree of Master of Science
In

PHYSICS
Under the faculty of Science

By

Miss. Privanka Balaso Khot
B.Sc. Physics
Under the Guidance of

Dr. S.S. Latthe (M.Sc. Ph.D)

Department of Phyvsices

Vinekanand College (Autonomous), Kolthapur

20222023




DECLARATION

I hereby declare that, the project entitled “Fabrication of superhydrophobic
polycarbonate substrate by tem plate method” completed and written by me has
not previously formed the basis for the award of any Degree or Diploma or other

similar title of this or any other University or examining body.

Place:Kolhapur
Datc: 27/0S/202%

TRt

Privanka Khot

B.Sc Physics




CERTIFICATE

This is to certify that the project entitled * Fabrication of superhydrophobic
polycarbonate substrate by template method” which is being submitted here with for the
award of the Degree of Master of Science in Physics of Vivekanand College (Autonomous),
Kolhapur, is the result of the original project work completed by Priyanka Balaso Khot. under
our supervision and guidance and to the best of our knowledge and belief the work embodied
in this project has not formed earlier the basis for the award of any Degree or similar title of this

or any other University or examining body.

Place: Kolhapur
Date: 27/05/2023

| o ;(9-
%‘H}-’,’) ’3?% ‘L(} Il::-d

Project Guide Examiner
Department Of Physics
READ
DFPARTMVUNI U PHYSICS
VIVERANAND COLLESE. KiJuHAFUR
(AUTONCAIOUS)




ACKNOWLEDGEMENT

On the day of completion of this project, [ attﬁ:r sincere gratitude to those who
encouraged and helped me a lot al various stages of this u'tf}rk”.- [ have grr:al‘plmsu;-e o
express my deep sense of indebtedness and heart full gratitude to Dtr.Sh. TLatthe -c‘
Professor, Department of Physics, Vivekanand College (Aulonnmlnus], I\ﬂlhapur,‘ for his
expert and valuable guidance and conlinuous encouragement given Lo me durn.lg 1!m
course of my project work. He has already been a source of strength for me. [ l'infl in him
a real researcher who through his own example and devotion for scientific work inspired
ne towards a common goal of achieving scientific knowledge and pursuit. I wish to
express my appreciation to Prof. S.V. Malgaonkar, Prof. C.J. Kamble, and Prof. G.I
Navathe for discussion and ¢o-operation in each and every movement cf myv project

work.

My acknowledgement will be incomplete il I don’t express my appreciation
towards my family members whose good will & inspiration helped us a lot in
completing this project work.

et

Priyanka Balaso Khot

M.Sc =11 (Physics)




INDEX

Chapter No.

Contents

Page No.

1.1 Introduction of superhydrophobicity

1.2 Basic Principle of Superhydrophobic
materials

1.3 Wetting behaviour on a solid surfaces

1.4 Applications

01-15

Il

2.1 Literature Survey
2.2 Fabrication methods
2 3 Characterization Technique

16-39

I

3.1 Introduction

3.2 Experimental

3.3 Characterization

3.4 Result and discussion

40-46

IV

4.1 Conclusion
4.2 Future Plan

47-48




Chapter |

L. Introduction of Superhyd rophobicity

Nature is the biggest ‘consultancy centre’ in the world. the freely consulting researches

who are finding solutions for the scientific problems. Beading of water on the solid surfaces can

classify them as ‘5uperh}'dr;;phubic'.

Fig 1 superhydrophobic

“Superhydrophobicity” was first observed in lotus leal and in some other plants in which
their leaves would not get wet. The main reason of this phenomenon was the unique surface
structure of the lotus leaf and presence of low surface energy material on the surface of leaf. In
order to achieve the superhydrophobic surface or coating, the surface must possess hierarchical
micro and nano roughness and low surface energy at the same time. Hierarchical micro and
nanoscale toughness that will trap air on the surface that will cause increase on water contact angle,

and low surface energy will decrease the tendency of water to have bonding the surface. So, the

almost achieve the superhydrophobicity.




L1 Inspiration from Nature —

No artificial things can excel the whimsy of nature. Nature is the greatest university,
providing all kinds of wonderful things for us. Among them, the special wetting behavior s
one of the perfect phenomena, including superhydrophobicity and superhydrophilicity. For the
natural superhydrophobic surfaces, Neinhuis and Barthlott invesugated the characterization
and distribution of natural waterproof plants leaves as early as 1996. furthermore, our group
also studied some typical natural superhydrophobic plant leaves in detail in 2007.54 The
knowledge of superhydrophobicity has gradually been known. Nature has been a source of
inspiration for a large number of scientific workers to fabricate superhydrophobic materials
due 10 i1ts great practical applications, for instance, self-cleaning, anticorrosion, drug reduction,
antifog. anti-icing, and so on. The materials with special wettability have been described in
numerous reports, such as plants leaves (typical lotus leaf),4,55,56 rose petals57 etc. and others
in the Animalia Kingdom like mosquito compound eyes and wings/backs/legs of insects. Some
typical natural superhydrophobic surfaces are presented. The common features of the above
examples are appropriate roughness and low surface energy, leading to superhydrophobicity
with a water contact angle higher than 150° In addition to the common features, there also
exist different features between Superhydrophobicity is a phenomenon where the water contact
angle on a certain surface is bigger than 150° as well as the sliding angle is less than 5°
originating from the surface special structure and the chemical compasition. There exist a
variety of natural superhy drophobic surfaces such as the typical example of the lotus leal, wing

of the burterfly, eye of the mosquito,6 leg of the water strider, and so on.




Figure -Superhydrophobic phenomena of interfaces of natural organisms,

1.2 The Basic Principle of Fabricating biomimetic Superhydrophobic Materials

Contact Angle

When a water drop is placed on a flat solid surface, it will form a spherical shape
or spread out completely. If the water contact angle is 0°, the drop will spread completely on
the flat surface, otherwise it will form a round or flat spherical shape. The contact angle means
that the angle that goes through the liquid inside from the solid-liquid interface to the
vapor-liquid (Figure 2a). According to the roughness and homogeneity, the contact angle can
be classified into Young’s contact angle, Wenzel contact angle, and Cassie contact angle.
Firstly, on the ideal slippery and the chemical component homogeneous solid surface, the
developed contact angle is the equilibrium contact angle, namely Young's contact angle. As
shown in Figure 2a, great Thomas Young gave Young's equation that reflects the relationship

between the Young's contact angle and the three phase interfacial tensions.




= ¥al
cosf = ELI'J_‘ sisusyesis-al 1)
w

Where eq® is Young's contact angle; Ysv, Ysl, and Ylv represent the interfacial tensions of
solid-vapour, solid liquid. and liquid-vapour, respectively.

The perfectly slippery flat surface is imaginary, although it has a significant value for
practical research. All the real surfaces are more or less rough heterogeneously. The drop on these
surfaces can be in the stable equilibrium state, or in the metastable state of equilibrium, namely
the phenomenon of contact angle hysteresis. Owing to contact angle hysteresis, when the surface
is titled to a certain angle and the drop can be stable on the incline (Figure 2b), the contact angle
becomes larger or smaller i e advancing angle or receding angle (Figure 2b). I not for the contact

angle hysteresis, the water drop will roll off the surface.

(a) (b) [
Ty | Q/
8 Ta

-

F1.2- Schematic illustration of (a) contaci angle * on the MNat solid surface and (b) a stable

droplet on the tilted surface owing to the contact angle hysteresis, advancing angle *a and

receding angle (0)r.
Roughness

Surface roughness can be regarded as the quality of a surface of not being smooth and it is
hence linked o human (haptic) perception of the surface texture. From a mathematical perspective

it is related to the spatial vanability structure of surfaces, and inherently it is a multiscale property




It has different interpretations and definitions depending from the disciplines considered Surface

roughness, often shortened to roughness, is a component of
in the direction of the normal vector of a real surface from its ideal

surface finish (surface texture). It is

quantified by the deviations
form. If these deviations are large, the surface is rough; if they are smal
to be the high-frequency, short-wavelength

to know both the

I, the surface is smooth In

surface metrology, roughness is typically considered

component of a measured surface, However, in praclice it is often necessary

amplitude and frequency to ensure that a surface is fit for a purpose.

Roughness plays an important role in determining how a real object will interact with its
environment. In tribology, rough surfaces usually wear more quickly and have higher friction
coefTicients than smooth surtaces. Roughness is often a good predictor of the performance of a
mechanical component, since irregularities on the surface may form nucleation sites for cracks or
corrosion. On the other hand, roughness may promote adhesion. Generally speaking, rather than
scale specific descriptors, cross-scale descriptors such as surface fractality provide more

meaningful predictions of mechanical interactions at surfaces including contact stiffness and static

friction.

Although a high roughness value is often undesirable, it can be difficult and expensive to
control in manufacturing. For example, it is difficult and expensive to control surface roughness
of fused deposition modelling (FDM) manufactured parts. Decreasing the roughness of a surface
usually increases its manufacturing cost. This often results in a trade-off between the

manufacturing cost of a component and its performance in application.

Roughness can be measured by manual comparison against a “surface roughness
comparator” (a sample of known surface roughness), but more gencrally a surface profile
measurement is made with a profilometer. These can be of the contact variety (typically a diamond

stylus) or optical (e.g.: a white light interferometer or laser scanning confocal microscope).

However, controlled roughness can often be desirable. For example, a gloss surface can be too
shiny to the eye and wo slippery to the finger (a touchpad is a good example) so a controlled

roughness is required. This is a case where both amplitude and frequency are very important.

1.3 Wetting behaviour on a solid surface:




The Wetting behaviour of a liquid drop on a sohd surface can be experimentally

characterized by depositing a liquid drop on
1.3)

the solid surface and measuring contact angle.(figure

In general, when the contact angle is less than 90°. the solid surface is considered as

‘hydrophillic’; when the contact angle is larger than 90% the solid surface is considered as
‘hydrophobic’. For the lowest s

of —~120° has been recorded for water.

urface free energy of the solid-air interface material a contact angle

HYDROPHRIC SURFACE

(a) (b)

—————— L —
Figure 1.3: (a)- contact angle of a water drop on a hydrophobic surface ; (b) contact angle of a

liquid drop on a hydrophillic surface.

1.3.1 Wetting on a smooth surfaces:

For a smooth and chemically homogeneous solid surface, the contact angle of a water drop can

be calculated therotically by the Young's equation,

COS 0=Ysv—YsI/YIV weeeeemeee (1)

Where, Ysv is the solid- vapour interfacial energy. Ysl is the solid- liquid interfacial energy and

Ylv is the liquid- vapour interfacial energy. The boundary three phases contact line is schematically

Illustrated in Figure
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Figure 1.3.1 Sketch of the three phase contact line of a water drop on a solid surface.

The molecules are energetically favourable to be surrounded by other molecules.
Compare with The bulk, at the surface, molecules are only partially surrounded by other molecules,
this is energetically unfavourable. The energy require to take the molecular from the bulk to the
surface to create a new surface is so called “interfacial energy™. If the interfacial energy is higher
than that of the solid-liquid interface (Ysv>Ysl ), the right side of the Young's equation is positive.
As a consequence, the value of the contact angle will be in the range of 0° to 90°, which means
the liquid partially wet the surface. When the is negative (Ysv<Ysl), the contact angle exceeds 90°,
the liquid is said not to wet the solid. Among the three interfacial energies, only can be measured
experimentally, using various methods, including capillary rise and pendant drop. No well-
established technique exists to measure separately. The Young’s Equation only works for flat

surface, when the surface become rough, the Young's equation is not suitable anymore.




1.3.2 Wetting on rough su rface: Wenzel's and Cassie’s model

According to equation (1), the surface hydrophobicity increases with decreasing the surface free

energy of the solid-air interface Ysv. Further increase of the hydrophobicity requires manipulation

of the surface topography. The fact that roughness can strongly affect the Wetting of a surface was

already discussed by Wenzel in 1936 and then by Cassie and Baxter in [944.

* Wenzel's model

Figure 1.3.2 : Skeich of a water drop on a rough surface in case water penetrates the asperities

(Wenzel model).

In the Wenzel state, the drop deposited on a surface and the bottom of the drop penetrates
into the asperities (Figure 1.3), the increase of the surface roughness (due to the presence of the
texture) amplifies the natural hydrophobicity or hydrophilicity of the material. Thus the kev
parameter controlling the contact angle on the same material is the solid roughness. The appan:r;l

contact angle on such rough surface can be described by the Wenzel equation:




cos Bw = rcos O -eemeem- (2)

where, 0w is the apparcnl contact angle, this angle we can observe by eye or an optical
microscope; and r defined as the ratio between the true surface arca over the projected area, the

roughness factor is always larger than | for a rough solid surface; is the contact angle of (he

corresponding smooth surface obtained by the Young's equation. For a given hydrophilic surface

(B< 90°), hquid drop has lower contact angle on rough surface compared with corresponding

smooth one. If the surface essentially i1s hydrophobic (0> 90°), liquid drop has higher contact angle

on rough surface compared with corresponding smooth one.

However, Periklis Papadopoulos ct al found that the contact angle m Wenzel state is not
if the substrate has regular periodic array. So the pillar distance i1s different at

always the same,
¢ water contact line pinning at the pillars which has different pillar

main axis and diagonal axis, Th
distance will induce different curvature at the bottom of the drop. The drop shape asymmetry factor

is decreasing with increase the distance from the substrate.

Cassie Madel

As the surface roughness or the surface hydrophobicity increases, it becomes unlikely for

water to completely follow the surface topography of a hydrophobic substrate. Since if water has
a complete contact with the solid surface, at this system it is in a high energy state. In the other

state. if the water is only partial contact with solid, it is more energy favourable. Instead, air may

be trapped between water and the surface texture (Figure 1.4).




Figure | 4 A water drop suspended on a rough surface. with air trapped between asperities (Cassie

Muodel).

The apparent contact angle for this vapour-liquid-solid composile interface is the sum from

all contributions of the different phase fractions. The minimum interfacial energy, together with

Young’s relation applied to each solid surface, resultto C assie-Baxter relation:
Cos bc = F| cos 01 +F2 cos 02 ——=mwee= (3)

Here, B¢ Is the apparent contact angle,01and 62 are the contact angles on two different
kinds of materials; F1 and F2 is the surface fraction of materials | and 2, respectively. If the liquid
would fully rest on air. the “contact angle”” would be 180°: the smaller , the closer to this extreme
situation, and the higher the contact angle. More precisely, the contact angle B¢ of such a " fakir”
drop is an average between the angles on solid, and on air. For air cos(180°)= -1, and F2=(1-F1),

the equation (3) can be written as follow.
Cos 6c =Fl(l+cos 8-1) —--—(4)

Here represents the solid-liquid fractions under the contact area; is the contact angle on flat
surface. This implies for achieve a high apparent contact angle, the contribution from solid phase.

should be small as possible.




1.4 Applications -

The continuous development and progress of the superh) drophobic surface not only provide

great convenience for daily life but also benefit the sustainable development of resources owing

to the properties of gradually optimized superhydrophobic materials such as mechanical stability,
anti-abrasion, and self-healing. The excellent superhydrophobic materials are gradually applied to
both industries and daily life since applications for biom imetic superhydrophobic surfaces are very
important for us, which is the final aim of our research. In this section, it is explained how to
modify superhydrophobic materials to bring some attractive functions for us. The main
applications of superhydrophobicity are presented including waterproof function, self-cleaning,

anti-icing, corrosion resistance, and oil/water separation.
1.4.1 Waterproof Function -

It is obvious that the waterproof function is the basic application of superhydrophobic
materials. Based on this primary function, the functional superhydrophobic materials have been
extended 10 other wide applications such as self-cleaning, anti-icing, anticorrosion, and so on. With
the technology development and living standards increasing, people’s demands on lifestyle
products grow even higher. The inherent superhydrophilicity of some materials including corton,
fabrics, paper. and some metals may bring about inconven ience in some practical applications.
Amusedly, stable air bubbles present on superhydrophobic surfaces form barriers between the solid
surface and the water drop. Thus, the superhydrophobicity provides an effective pathway to protect
these sensitive surfaces from being affected by external factors like spilled water, rain etc. For
instance, have already fabricated superhydrophobic cotton fabrics. The original good vapour
transmissibility and water adsorptivity of the opposite unmodified cotton side were inherited 89
this can prevent mildew and extend the scope of cotton applications under moist conditions. Not
only can the superhydrophobic surface possess a simple static waterproof function, but the more
excellents superhydrophobic surfaces that can resist against the drop water impact have been also
obtained via advanced methods. The similar requirements like the above would be addressed 1o a
large extent.The excellent superhydrophobic surfaces of various materials can be applied in

different ficlds likevunderwater applications and waterproof facilities.

1.4.2 Anti-icing




Ice formation can make some devices difficult to use and bring about the loss of efficiency
such as air condition, power lines, and heat exchangers. In addition, ice formation on road can be
an inconvenience to the traffic and dangerous for people. A lot of measures have been made to
prevent ice formation like an outer insulating layer for high-cold highways.21,78,147,148 Tt has
been demonstrated that superhydrophobic surfaces can often prevent or retard ice formation.
Recently, Kim et al. successfully achieved superhydrophobic aluminium for effective anti-icing
processes. The frosting characteristics were measured by observing the freezing process.after
comparison with unmodified aluminum at the same condition of freezing. they demonstrate that
the obtained superhydrophobic aluminum can contribute to anti-icing applications resulting from
the self-propelled jumping motion of the condensate droplets on the surface ata higher saturation.
lce formation can be delayed more than four times under the high saturation of easier freezing.
The superhydrophoﬁic surfaces with anti-icing function have wide applications in our daily life
including high-cold highway, heat exchangers suffering from freezing problems under cold

weather, which is still a challenge for us in how to prolong its anti-icing time with biomimetic

superhydrophobic surfaces.

1.4.3 Self-cleaning: Antibacterial, Anti-biofouling, and Antiscaling

The lotus leaf exhibits self-cleaning characteristic owing to superhydrophobicity resulting
from the dual-scale hierarchical structure and the chemical composition as well as the low adhesion
to the droplet. Accordingly, lotus-like superhydrophobic materials also possess self-cleaning
property. The air pockets that are trapped between the water droplet and the nanostructured surface
lead to a composite interface formation of solid/air/liquid, thereby allowing the water droplet to
immediately roll off simultaneously carrying away the contaminants adhering to the surface. In
addition to taking away the contaminants self-cleaning function also include antibacterial,
antifouling property and antiscaling functions. Feng et al. investigated the effect of wenability on
regulating the bacteria adhesion, which may provide a new insight to create antibacterial materials
with extreme wettability. For example, Sun and Wang et al. reported a superhydrophobic surface
with CwAg bimetallic composition and hierarchical structure by electrolyses deposition of the

porous copper foam (namely replacement reaction) followed by thermal oxidation.For




comparison, they also fabricated a Cuw/Ag bimetallic compasition from the flat copper alone via

the same reaction process. The wettability of the copper surface through silver deposition can be

transited from hydrophobicity 1o superhydrophobicity, resulting from the latter thermal oxidation

procedure. The oxides on the rough bimetallic composition surface endow the rough surface with

low surface energy. In the wet solution, the oxides would release metal ions owing 1o its higher

solubility property together with both hierarchical architecture and bimetallic composition. The

release of metal ions makes it antibacterial performance for different applications and
hydrophobicity. Recently. durable superhydrophobic and biofouling-resistant steel surfaces were
prepared by Aizenberg et al. via electrodeposition. They investigated the anti-biofouling
characteristics of the fabricated coatings in the biofouling conditions and demonstrated
significantly reduced biofouling of blood staining. Escherichia coli attachment, and marine algal
adhesion. For antiscaling, taking the research that Jiang et al. reported as the example, they
prepared a superhydrophobic surface on the copper substrate, and the antiscaling performance for
CaCO3 has been conformed because the scaling mass per unit area decreased to 0.1607 mg em'2
from 0.6322 mg em*. They mentioned that the antiscaling technology is important to prevent the
exchange heater from blocking and the obtained superhydrophobic copper surface with atiractive

antiscaling performance has great potential applications in practice.
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Figure. the properties and corresponding applications of superhydrophobic surfaces.
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[01] Sanjay et al. and ils leam found that the Novel and Facile Approach to Prepare Self-cleaning

yellow superhydrophobic polycarbonate by simple nitric acid treatment to anain yellow colour
polycarbonate (PC) and subsequent surface silylation by Methyltrichlorosilane (MTCS) for
superhydrophobicity. A colour of PC can be controlled from light to dark yellow by simply varying
surface silylation by MTCS provides morphologies from
To achieve superhydrophobicity on

the immersion time in nitric acid. The

nanofibers to nanospheres depending on reaction times.
yellow coloured PC with water contact angle higher than 155° and sliding angle less than 8°. After

several water jet impact teslts (oblique to vertical angle), no loss in superhydrophobic behaviour

was observed confirming its mechanical stability.

[02]) PanPan et al. and its team found that the fabrication of microcavity-array superhydrophobic
surfaces using an improved template method. In this study, they successfully fabricated
polydimethylsiloxane (PDMS) SH micro cavity-array surfaces via a facile and universal method.
The SH surface was prepared using an improved template method (ITM) with taro leaves as the
template. As is well known, water droplets can freely roll on taro surfaces without leaving any
trace of beads.Studies of taro surfaces have revealed that they have a high CA of ~159° and a low
sliding angle of ~3°. The CA of the PDMS Negative replica is about 144°. Tt should be noted that
the drop deposited on the negative PDMS replica collapsed afier 20 s, and the CA eventually
decreased o 152 °,

An SH surface is obtained using an ITM. The micro cavity-array surfaces with hierarchical
structures are prepared by dip-coating PODS onto PDMS negauve replicas. It is found that the
fine-scale roughness helped in converting the metastable wetting state into the Cassie state on a
concave surface, Our results illustrated the preparation of negative replicas with
superhydrophobicity using an ITM and provided a new method for replicating natural leaves. They
Fabricated the first superhydrophobic (SH) surface with microcavities, using a simple process. The
process included an improved template method (ITM) for constructing the SH surface with
cavities, using taro leaves as a pattern mask, and a dip-coating method for modifyving the SH
surface. The results obtained using the ITM are significantly better than those achieved using

traditional template methods. In addition, the water-repellence of the microcavities surface was

significantly enhanced by decorating with a layer of polymerized n-octadecylsiloxane nanoshects




[03] Sharad et al and its team found that the Superhydrophobic microtextured polycarbonate
on of superhydrophobic polycarbonate (PC) surfaces has
he water droplet beads up on the microtextured

bic nature of the surface. Average height of

surfaces. A novel approach for fabricati
been developed based on purely physical process.
PC in a Cassie-Baxter state exhibiting superhydropho
the micro-pillars formed on replicated PC surfaces played a crucial role in governing the
ies of the resulting microtextured surfaces. The water contact angle

from 82° for smooth PC surface to 155°, with an increase in

superhy drophobic propert
could be tailored over a wide range,

average height of the micro-pillars from 1.34 pym to 6.68 um. The infrared (IR) spectroscopy
analysis revealed that the PC surface does not undergo any chemical change during thermal
replication and further implied that the resulting superhydrophobic behavior was solely due to the

physical modification of the surface.

[04]Peng et al. and its team found that the superhydrophobic/electrothermal synergistically anti-
icing strategy based on graphene composite.Surface icing tends to cause serious problems such as
flash over and the following blackout accident. Although electrothermal system is the most widely
used method, how to solve the re-freeze problem as the melted ice tends to stay on the surface is
still a challenge. Here, they introduced a superhydrophobic/electrothermal synergistically anti-
icing strategy based on graphene composite. To enhance the durability of superhydrophobic
surface, the hierarchical structure constructed by the tri-scﬁh: nature of inorganic fllers (graphene,
carbon nanotubes and silica nanoparticles). Then the hierarchical structure was partially embedded
into the substrate by a dissolution and resolidification method. The coupling effect of partially-
embedded structure and hierarchical structure led to the superior robustness, which could
withstand sandpaper abrasion (500 g load, 8.00 m), the attack of various corrosive liquids, and
low/high temperature treatment without losing superhydrophobicity. More remarkably, this
graphene superhydrophobic composite retained deicing property even after 30 icing/deicing
cycles.

[05]Raad et al. and its team found that the novel approach to fabricating a stable superhydrophobic
PC using a phase separation method and selecting a solvent/non-solvent without requiring any
surface chemical modification and high chemical stability was proposed in this paper. A systematic
study of the dependence of surface morphology on the acetone/DMF solvent mixture treatment

was conducted. Resulting surfaces demonstrated that the water CA of the superhydrophobic PC
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surface was 160+2°. FESEM showed that the surface structure comprised branches or petals

which have microflowers that offer nanoscaled roughness on the

outside the ‘plant seabeds’,
surface with a hierarchical micro-/nano-binary formation. A I sampl
osphere for 5 h to 4 months to test the stability of the surface. The CAs were

es were maintained at 10-40°C

in ambient atm

n, the PC surface remained

measured for each condition with very little change observed. In additio

superhydrophobic without any contamination after water was sprayed on it.
Gen Zhou, Tiandi Tang found that superhydrophobic (SH)
The process included an improved template

taro leaves as a pattern mask,

[06] PanPan Peng. Qingping Ke ,
surface with microcavities, using a simple process.
method (ITM) for constructing the SH surface with cavities, using
and a dip-coating method for modifying the SH surface. The results obtained using the ITM are

significantly better than those achieved using wraditional template methods.

In addition. the water-repellence of the microcavities surface was significantly enhanced by

decorating with a layer of polymerized n-octadecylsiloxanc nanosheets.

[07] Steven M. Hurst a. et al shows that, cheap and effective process universally applicable to

fabricate superhydrophobic surfaces on various polymers. The process combines sanding and
reactive ion etching treatment of the polymer surface to generate respective micro and nanoscale
surface roughness, which is followed by subsequent coating of a fluorinated silane molecule to

modify the surface chemistry. A 5 min reactive ion etching treatment after sanding is sufficient

achieve nanoscale roughness required for superhydrophobic surfaces.

Similar results are obtained with different polymers such as poly(methylmethacrylate) (PMMA).
polycarbonate (PC) and cyclo-olefin copolymer (COC), indicating that the process can be applied

for creating superhydrophobic surfaces on general polymer substrates..

[08] Khosrow et al summarizes that recent advances in the polymer molding processes used to
fabricate superhydrophobic materials. Here, we review replication methods and the materials that
can be used by these approaches. They also evaluate the advantages and disadvantages of these
methods and discuss the challenges of molding and demolding single-level structures and
multilevel structures, with a focus on superhydrophobic surfaces. We evaluate the relationship
between structure geometry and the wettability of a surface, highlighting the effect of structure

type and size in achieving the desired wettability. We then offer perspectives, discuss current
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limitations, and suggest required studies. This review aims [0 ass ist researchers in understanding
the fundamentals related to the fabrication of patterned surfaces via polymer molding processes

and offer avenues for the successful creation of superhydrophobic polymeric surfaces.

[09] Clayton W. Schultz, et al describes that benchtop protocol to create superhydrophobic
polydimethylsiloxane (PDMS) via nano contact molding of polycarbonate (PC) that was
crystallized by controlled solvent treatment. The crystallized PC chains rearrange into a network
of spherulites (spherical semicrystalline domains); the overall surface is rough on the micrometer-
scale, while the spherulites themselves consist of nanoscale features. It was confirmed via
conventional spectroscopic and high-resolution microscopic investigation that such hierarchical
roughness is key to the development of superhydrophobic PC and the substantial enhancement
upon PDMS molding. Thus, the prepared PDMS surface has excellent superhydrophobicity with

an optimized contact angle of 172 + 1° and a sliding angle of <I°.

[10] Yongquan Qing et al found that an ingenious two-step fabrication of a robust FTPSS with
multiple functionalities using a fluorinated inorganic/organic film filled into the concave—convex
microstructures of sandpaper matrix was demonstrated. The micro/nano hierarchical structure, in
conjunction with the low surface energy imparted by the fluorinated nanoparticles. yielded FTPSS
with CA of 160.6 and SA of 3.9. Furthermore, the FTPSS could be used on any substrates at a
large scale using double-sided adhesive or glue. Moreover, the surface wettability could be

effectively controlled by varying the number of meshes of the sandpaper template.

[11] Stephan Milles et al found that contribution, the self-cleaning efficiency of Al surfaces
structured with direct laser writng (DLW), direct laser interference patterning (DLIP) and a
combination of both technologies was quantitatively determined. This was performed by
developing a characterization method, where the treated samples are firstly covered with either

MnO2 or polyamide micro-particles, then tilted by 15° and 30° and finally washed applying

Up to nine water droplets (10 pl) over the contaminated surfaces. Then, an optical analysis by
image processing of the remaining contamination particles on the textured surfaces was realized
after each droplet rolled over the surface. The DLIP textures showed the best performance,
allowing the removal of more than 90% of the particles after just three droplets were released.

High-speed videos and scanning electron microscopy characterization allowed a deeper




-

understanding on the cleaning behavior and on the relationship between surface microstructure

and particle size and shape.

[12]Mengying Lon et al and its team found that the a new replication method for fabricating
hierarchical polymer surfaces with robust superhydrophobicity and highly improved
Oleophobicity. In this paper, we reported a very interesting replication method to fabricate various
kinds of chemically stable and mechanically durable superhydrophobic and highly oleophobic
polymer surfaces by using hierarchical aluminum (H-Al) as the template. It is believed that this
work provides a simple replicating method to create hierarchical polymer surfaces ,and then further
realize superhydrophobicity and oleophobicity. Specially, the excellent stability and durability of
the resultant surfaces are believed to find promising outdoor applications. When coated with PDES,
the final hierarchical polymer surfaces showed excellents superhydrophobicity and much
improved oleophobicity to hexadecane. Most importantly, these polymer duplicates with coating

displayed outstanding chemical stability and excellent mechanical durability.
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2.2 Fabrication Techniques/ Methods

Fabrication of super-hydrophobic surfaces usually requires the roughening of surface to get
micro-nanostructures followed by surface modification which leads to low surface energy. Some
methaods like chemical etching, solution-immersion process, spray coating use coating material for
surface modification after surface roughening, while some methods like laser electrodeposition,
template deposition do not need to modify the surface. Simplicity, least time consumption, cost-
effectiveness and versatility are the important parameters during fabrication process. Moreover,
characteristics like durability, corrosion resistance and storability of super-hydrophobic surfaces

formed are achieved at different levels from each method.

2.2.1 Chemical etching




Developed physically and thermally stable SHS by a simple and cost-saving method. Chemical
etching method was used for developing micro-nanostructures on the surface of Al alloy which
was used as a substrate. After surface roughing of substrate with abrasive papercand ultrasonically
cleaning with deionized water, it was treated with NaOH first and then with solution of HC| and
CH3COOH res ulting in micro-nanostructures on surface. Then surface energy of etched substrate
was lowered by immersing it in the solution of silanes. The maximum water contact angle (WCA)
obtained was 165° and contact angle hysteresis (CAH) was 3°. SHS formed remained stable after

different tests and was storable for more than a month.developed a rapid fabrication metod of SHS.

react with deposition of
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Metal-assisted chemical etching was done on zinc plate which was used as substrate. Pure zinc

plate was first ultrasonically cleaned and dried in oven

Chu and Wu fabricated SHS on Al and Cu substrates simultaneoasly using chemical etching
method. Surfaces were first cleaned and then solution of HCl and Cu(NO3)2 was used for Al plate
etching, while for copper plate etching, solution of HNO3 and AgNO3 was used. Surface
modification was done using aqueous solution of FAS. The results showed that for Al and Cu
substrates, the micro-nanostructures were similar to that of lotus leaves and moss, respectively.
The WCA was found to be 164 £ 1° for Al and 157 + 1° for Cu. The measured rolling angles were
2+ 1°and 6 £ 1° for Al and Cu, respectively. Moreover, condensation experiment was also
performed over both SHS resulting in lower droplet density, higher droplet jumping probability,

slower droplet growth rate and lower surface coverage for Al as compared to Cu. Yin et al.
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developed SHS using chemical etching method. Al plate was used as the substrate material. For

etching process, a solution of HF and HCI in deionized water was prepared. Later, Al substrate

was immersed in that solution for roughing the surface. For surface modification, three different

rature vulcanized (RTV)
e of surfaces. WCA

coatings such as perfluoroalkyltricthoxysilane (PFO). PA and room tempe

coating were separately used to determine the super-hydrophobic natur
for PFO, PA and RTV coatings,

=10 10 30°C and RH

measurements showed the maximum CA of 162, 161.7 and 158.3°
respectively. Environmental factors varied, that is, temperature in range of

values of 30, 60 and 90%, during condensation experiment 10 determine any changes in super-

hydrophobic nature of surfaces. CA, SA and contact area fraction were calculated and it was found

that with increasing RH and lowering temperature, CA and 5A values decreased and increased,
respectively, while contact area fraction increased showing increase in wettability. Super-
hydrophobicity of RTV coating was greatly affected during con densation at low temperature which

was recovered simply by drying.
1.2.3 Solution immersion

A simple one-step method of SHS fabrication. Solution-immersion process was used in which
copper foams were used as substrate. Pure copper foams after properly washed, ultrasonically
cleaned and dried were immersed in ethanolic stearic acid solution for 4 h, 2 days and 4 days. With

increase in immersion time. clusters formed became denser, covered the surface more, the skeleton

of 3D porous structure got thicker and rougher while pore size decreased. WCA kept increasing




With immersion time to 156° for 4 days and SA decreased to minimum of 4°. This fabrication
process resulted in robust and mechanically stable SHS. Zhao et al. developed a simple and pure
chemical approach of fabricating SHS. $i02-coated SiC nanowires were used as substrate material
which already contained nanostructures on surface. Fabrication process started with the
preparation of ethanol solution of FAS. The substrate was then immersed in the solution for a day
which resulted in the surface with super-hydrophobic nature. The treatment process did not
produce any change in the surface morphology, micro-texture and crystal phase of substrate. WCA
of 5 um droplet was measured to be 153°. To check for durability, SHS fabricated was irradiated
by UV lamps of 100 W which resulted in the great durability of surface. Zheng et al. fabricated
SHS on glass substrate by dip coating sol-gel process. At first, glass plate was properly washed
and cleaned. Then. two solutions named as *A’and *B’ were first prepared. Solution “A’ contained
ghy eidoxypropy | trimethoxysilane (GPTS) modified with silica sol while solution ‘B’ consisted of
PTFE emulsion. Both solutions were mixed into each other. After then, glass was immersed in the
mixture by dip-coating process. Later. drying and heating of modified glass resulted in SHS. Both
micro and nanostructures were produced on surface and WCA and SA were found to be 156 and
6°, respectively. Weight contents of SiO2 and PTFE were also varied and then optimized to be
20:9. To check the thermal stability of coating. the temperature of reacting process varied as |00,
200, 250 and 300°C. Best super-hydrophobic features were found at 250°C after which WCA and
SA kept decreasing and increasing, respectively. Fabrication procedure used was very simple and

of low cost.
2.2.4 Laser electrodeposition

Laser electrodeposited composite method to fabricate SHS. Copper channel was used as
substrate. First surface was roughed by laser, then electrodeposition was performed to obtain
microstructures on surface and then dried. No coating material was used for lowering surface
energy. Static WC A was found to be decreasing by increasing the channel width and the maximum
WCA was 156°. Rolling angle was also determined and it was less than 5°, Moreover, the effect
of microstructures on pressure drop was also studied. Pressure drop increased with increase in
channel width and was also smaller in super-hydrophobic channel as compared to smooth channel.
Friction factor was reduced in super-hydrophobic micro-channels by maximum of 48 8%. Li et al.

used a new onc-step and simple 1dea for the fabrication of super-hydrophobic and hydrophobic




surfaces. Zinc sheets were used as a substrate material. Laser ablation process was used 1o increase

surface roughness of zinc sheet dipped in aqueous solution of H202.
(fs) laser ablation. ZnO and

Two types of laser ablation

were used in the study such as nanosecond (ns) and femtosecond

Zn(OH)2 were generated on the zinc surface as a result of laser ablation. Both types of laser

ablation created different microstructures on surface. Clustered flower-like microstructures were

formed on ns-laser ablated sample while non-directional flaky nanostructures wWere formed on fs-
laser ablated sample. Roughness was also found to be higher for ns-laser ablated sample due 10
which it was super-hydrophobic with WCA and WSA of 158.5 and 4.3%, respectively. On the other

hand, fs-laser ablated sample was highly hydrophabic with WCA of 145.7° and WSA of 12.5°

Developed fabrication method of SHS on copper substrate and the focus of this study was kept
to the fast fabrication of SHS. First, copper substrate was exposed to the nanosecond laser beam
originating from laser beam machining of 3.3 watt power and 20 Hz frequency. Earlier before this
study, it had already been found that laser beam produced layer of CuO on sample which was
hydrophilic and it took a long time about 27 days to be converted into SHS which had Cu20 on
the surface. So, instead of keeping the laser textured surface in ambient conditions, it was made
super-hydrophobic using annealing at low temperature, that is, 100°C. This accelerated the
conversion of CuO into Cu2O resulting in the formation of SHS after 13 h. As copper is also stable
with ethanol, so additional reduction in time to get SHS was achieved when ethanol was used by

which SHS was formed in less than 5 h. WCA was also found to be maximum of 165° showing

super-hydrophobicity.

Hydrophilic
Walter droplet

Figure 4. Schematic illustration of SHS with laser beam machining and post-process [24]
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2.2.5 Template method-

Template deposition method for the fabrication of SHS using copper sheet as substrate. The
fabrication method consisted of three steps. First step was to prepare template from polystyrene
microspheres powders. Second step was to put copper plate in polystyrene colloidal microspheres
with CuSO4 solution as an electrolyte, The electrodeposition potential was about —0.5V and SEM
images were taken after deposition time of 19 s. During this process, copper aloms filled the voids
in the template. In final step, surface was modified using fluorosilane solution resulting in a SHS.
WCA of 5 uL droplet was measured to be 156.3°. WCA increased with increase in deposition time
to 19 s and then decreased after that. Bhagat and Gupta developed a purely physical process of
fabricating super-hydrophobic polycarbonate surfaces (PC). Silicon wafers were used as substrate
which along-with PC were initially washed and cleaned properly. In first step of fa brication, micro-
texlures were produced on substrate by high power laser and in second step, those microstructures
were thermally replicated on PC surface by sandwiching them between two hot plates having
different temperatures. Upon cooling, both surfaces were then separated from each other. Effect of
replication temperature was such that when temperature varied from 155 to 175°C, micro-pillars
formed on PC surface varying in the average height from 1.34 um to 6.68 um. During this, WCA
also varied from 82° to maximum 155°. Super-hydrophobic PDMS surfaces were also fabricated
by this process with maximum CA of 162°. This physical process of fabrication resulted in robust

SHS with good mechanical properties.
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Figure 2.4.5 Schematic diagram for fabrication of super-hydrophobic PC by laser micro-texturing

of Si wafer and its subsequent replication [26].

2.2.5 Spray coating

Momen and Farzaneh fabricated exceptionally stable SHS using a simple and cost-effective
approach of spray coating. Glass substrate used was first ultrasonically cleaned followed by
preparation of three separate samples. First sample ‘a’ consisted of RTV silicon rubber (SR) in
hexane, sample ‘b’ of ZnO nanoparticles in hexane and SR while sample ‘¢’ contained both ZnO
and SiO2 nanoparticles in hexane and SR. Then all three samples were separately spray-coated on
glass slides by using spray gun. SEM investigations showed that sample “a’ coating resulted in

smooth surface. Sample °b’ coating caused nan-scale roughness on surface while sample ‘¢’




coating resulted in both micro and nanostructures. WCAs for all samples a, b and ¢ were measured

tobe 117.3, 1325 and 162.7°, respectively. Different stability tests carried out on SHS resulted in

days by immersing in different pH solutions. UV and humidiry

had also little effect on WCA. Against heating weatment at 150°C for almost a month, WCA was

slight decrease in WCA after 10
decreased just a litle showing the stability of SHS. Ipekei et al. developed one-step spray-coating
method of fabricating SHS which had imp
was required for better dispersing of silica nano

Hydroxyl-terminated polystyrene was used as a ma
polymer brushes through covalent bonding. Glass slides were used as a substrate. WCA

roved mechanical robustness and durability. A matrix
particles functionalized with fluorinated silanes.

trix which reacted with substrate w0 form

measurements showed that CA was greater than [70° and SA was approaching 0°. WCA was

highest for weight-ratio of 1 between PS-OH and FNP. Effect of curing
0°C. Abrasion tests also showed that WCA

temperature was also

determined and WCA was found to be maximum at 19
decreased after grain velocity of 10 km/h. SHS formed were also transpar

of mechanical robustness was different for different substrates and polymers.

ent to 85%. Enhancement
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Figure 6. Schematic diagram for fabrication of SHS by salt-spray method [30)
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3.2 Characterization technique-

3.2.1 Scanning Electron Microscopy (SEM)

The scanning electron microscope (SEM) uses a focused beam of high-energy electrons to
generate a variety of signals at the surface of solid specimens. The signals !ltal derive from
electron-sample interactions reveal information about the sample including external morphology
(texture). chemical composition, and crystalline structure and orientation of materials making up
the sample. In most applications, data are collected over a selected arca of the surface of the
sample, and a 2-dimensional image is generated that displays spatial variations in these properties.
Areas ranging from approximately 1 ¢m to 5 microns in width can be imaged in a scanning mode
using conventional SEM techniques (magnification ranging from 20X to approximately 30.000X,
spatial resolution of 50 10 100 nm). The SEM is also capable of performing analyses of selected
point locations on the sample; this approach is especially useful in qualitatively or semi-
quantitatively determining chemical compositions (using EDS), crystalline structure, and crysual
orientations (using EBSD). The design and function of the SEM is very similar to the EPMA and

considerable overlap in capabilities exists between the two instruments.
e Fundamental Principles of Scanning Electron Microscopy (SEM)

Accelerated clectrons in an SEM carry significant amounts of kinetic energy, and this energy
is dissipated as a variety of signals produced by electron-sample interactions when the incident
clectrons are decelerated in the solid sample. These signals include secondary electrons (that
produce SEM images), backscattered electrons (BSE), diffracted backscattered electrons (EBSD
that are used to determine crystal structures and orientations of minerals), photons (characteristic
X-rays that are used for eclemental analysis and continuum X-rays), visible light

(cathodoluminescence—CL), and heat. Secondary electrons and backscattered electrons are




commonly used for imaging samples: secondary electrons are most valuable for showing
morphology and topography on samples and backscattered electrons are most valuable for
illustrating contrasts in composition in multiphase samples (i.e. for rapid phase discrimination)
X-ray generation is produced by inelastic collisions of the incident electrons with electrons in
discrete ortitals (shells) of atoms in the sample. As the excited electrons return [0 lower energy
states, they yield X-rays that are of a fixed wavelength (that is related to the difference in energy
levels of electrons in different shells for a given element). Thus, characteristic X-rays are produced
for each element in a mineral that is “excited” by the electron beam. SEM analysis is considered
to be “non-destructive™; that is, x-rays generated by electron interactions do nol lead to volume

loss of the sample, so it is possible (0 analyze the same materials repeatedly.

s Scanning Electron Microscopy (SEM) Instrumentation — How Does It Work?

Fig: Scanning electron microscope

Essential components of all SEMs include the following:

i3




e Electron Source (“Gun™)

¢ Electron Lenses

¢ Sample Stage

¢ Detectors for all signals of interest
s Display / Data output devices

* Infrastructure Requirements:

* Power Supply

» Vacuum System

¢ Cooling system

& Vibration-free floor

¢ Room free of ambient magnetic and electric fields

SEMs always have at least one detector (usually a secondary electron detector), and most

have additional detectors. The specific capabilities of a particular instrument are critically

dependent on which detectors it accommodates.

Applications

The SEM is routinely used to generate high-resolution images of shapes of objects (SEI) and
to show spatial variations in chemical compositions: 1) acquiring elemental maps or spot chemical
analyses using EDS, 2) discrimination of phases based on mean atomic number (commonly related
to relative density) using BSE, and 3) compositional maps based on differences in trace element
“activitors” (typically transition metal and Rare Earth elements) using CL. The SEM is also widely
used to identify phases based on qualitative chemical analysis and/or crystalline structure. Precise
measurement of very small features and objects down to 50 nm in size is also accomplished using
the SEM. Backescattered electron images (BSE) can be used for rapid discrimination of phases in
multiphase samples. SEMs equipped with diffracted backscattered electron detectors (EBSD) can

be used to examine microfabric and crystallographic orientation in many materials.

3.2.2 Atomic Force Microscopy

Atomic force microscopy (AFM) or scanning force microscopy (SFM) is a very-high-
resolution type of scanning probe microscopy (SPM), with demonstrated resolution on the order

of fractions of a nanometer, more than 1000 times better than the optical diffraction limit. Atomic




force microscopy[1] (AFM) is a type of scanning probe microscopy (SPM), with demonstrated

resolution on the order of fractions of a nanometer, more than 1000 times better than the optical
diffraction limit. The informat

mechanical probe. Piezoelectric el

ion is gathered by “feeling” or “touching™ the surface with a
ements that facilitate tiny but accurate and precise movements

on (electronic) command enable precise scanning. Despite the name, the Atomic Force Microscope

does not use the Nuclear force.

History

The AFM was invented by IBM scientists in 1985.[6] The precursor to the AFM, the scanning
wnneling microscope (STM), was developed by Gerd Binnig and Heinrich Rohrer in the early
1980s at IBM Research — Zurich, a development that earned them the 1986 Nobel Prize for
Physics. Binnig invented[5] the atomic force microscope and the first experimental

implementation was made by Binnig, Quate and Gerber in 1986.

The first commercially available atomic force microscope was Introduced in 1989. The AFM is

one of the foremost tools for imaging, measuring, and manipulating matter at the nanoscale.
Applications-

The AFM has been applied to problems in a wide range of disciplines of the natural sciences,
including solid-state physics, semiconductor science and technology, molecular engineering,
polymer chemistry and physics, surface chemistry, molecular biology, cell biology, and medicine.
Applications in the field of solid state physics include (a) the identification of atoms at a surface,
(b) the evaluation of interactions between a specific atom and its neighboring atoms, and (c) the
study of changes n physical properties arising from changes in an atomic arrangement through

atomic manipulation.

In molecular biology, AFM can be used to study the structure and mechanical properties of
protein complexes and assemblies. For example, AFM has been used to image microtubules and

measure their stiffness.

In cellular biclogy, AFM can be used to attempt to distinguish cancer cells and normal cells

based on a hardness of cells, and to evaluate interactions between a specific cell and its neighboring




cells in a compelitive culture system. AFM can also be used to indent cells, o study how they

regulate the stiffness or shape of the cell membrane or wall.
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Figure -An atomic force microscope on the left with controlling computer on the right

AFM microscopes are among the best solutions for measuring the nanoscale surface
metology and matenal properties of samples. A conventional compound light microscope 1s
limited to a maximum sample magnification of approximately 1000x; a quantity that is dictated by
the wavelengths of visible light. This provides a resolution of approximately 0.2 micrometers (pm),
which means it is impossible to distinguish two points that are closer together than around 200
nanometers (nm). The limitations of this resolving power have become painfully evident in recent
decades, particularly since the genesis of advanced technologies liks the scanning electron

microscopy (SEM) and atomic force microscopy (AFM).

AFM microscopes are based on a unique non-optical surface interrogation technique. This is
built on the fundamentals of scanning probe microscopy, which utilizes a physical probe to
measure the surface fearures of samples with atomic resolution for lateral and height

measurements.

JIIFTIR:




Fourier Transform Infrared Spectroscopy, also known as FTIR Analysis or FIIR

Spectroscopy, is an analytical technique used to identify organic, polymeric, and, in some cases,

inorganic materials. The FTIR analysis method uses infrared light 1o scan test samples and observe

chemical properties.

Working :
The FTIR instrument sends infrared radiation of about 10,000 to 100 cm-1 through a sample,
with some radiation absorbed and some passed throu gh. The absorbed radiation is converted into

rotational and/or vibrational energy by the sample molecules, The resulting signal at the detector

presents as a spectrum, typically from 4000 ¢cm-1 to 400cm-1, representing a molecular fingerprint

of the sample. Each molecule or chemical structure will produce a unique spectral fingerprint,

making FTIR analysis a great tool for chemical identification.

What is FTIR used for?

FTIR spectroscopy is an established technique for quality control when evaluating industrially
manufactured material, and can often serve as the first step in the material analysis process. A
change in the characteristic pattern of absorption bands clearly indicates a change in the
composition of the material or the presence of contamination. IT problems with the product are
identified by visual inspection, the origin is typically determined by FTIR microanalysis. This
technique is useful for analyzing the chemical composition of smaller particles, typically 10 -30
microns, as well as larger areas on the surface. FTIR analysis is used to Identify and characterize
unknown materials (e.g., films, solids, powders, or liquids),Identify contamination on or in a
material (e.g, particles, fibers, powders, or liquids),ldentify additives after extraction from a
polymer matrix, Identify oxidation, decomposition, or uncured monomers in failure analysis

investigations.
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Chapter 3

3.1 Introduction -

The template method is a common method to obtain superhydrophobic surfaces. This
method focuses on obtaining supcrhydmphobicit}' by replicating the rough structure on the surface
of a template with low surface energy. The templates can be divided into “soft templates™ and
“hard templates™ according to the materials used. The research of the template method is mainly
divided into two approaches: In the first, the artificial substrate is formed by eiching and other
methods, and then a variety of required superhydrophobic structures are obtained by soft-template
curing and hard-template imprinting. In the other. the “hard template™ method is improved so that
it can be applicd to a variety of hard templates, and the template is in the superhydrophobic state
with a contact angle higher than 150°, The substrates used are divided into two types: natu ral
substrates and artificial substrates. Natural substrates include lows leaves, petals, and other
superhydrophobic texture structures, whereas artificial substrates include microstructures formed

through etching and other methods.

The replication of natural substra”es by the template method is the main way to achieve a
superhydrophobic surface, from natwral to artificial, and is an important means to study their
biological superhydrophobic properties. Hong et al. [64] replicated the functional nanometer
parterns of cicada wings by the “hard template method”, first by thermal embossing onto PVC
polymer to form a mirror-image template, followed by deposition, activation, and
photolithographic curing of the resin to replicate the cicada wing structure onto a glass plate. The
surface contact angle obtained by this method was about 132°, which was higher than that of the
PVC polymer at 86°. Sun et al. [53] used the soft template method to cast polydimethylsiloxane
(PDMS) onto a lotus leaf and isolated it after curing a “mirror image template™, The PDMS was
then used to cast the “mirror image template” again, and trimethylchlorosilane (TMCS) was used
as an anti-adhesive between the two templates to replicate the lotus leaf structure on PDMS, which

had a similar surface contact angle to the lotus leaf at 160°.
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Figure 3.1 template method

3.2 Experimental

3.2.1 Materials-

Sand papers(60,180,320,220 grit etc.) were purchased from chemical agent and also

polycarbonate substrate were purchased from chemical agent.

3.2.2 Fabrication of superhydrophobic sand paper surfaces-

¢ Firstly, the maintain the temperature of hot plate adjusting by knob.

e Afier take a hot plate then put polycarbonate substrate on it and on the surface of

polycarbonate substrate such as 60 grit, 180 grit etc,

e Apply pressure on it with the help of weight like as 1000 gm, 5000 gm etc. Overall,

this process is carried out by 3-4 hours After switch off the button and check the

superhydrophobicity of polycarbonate substrate by putting water droplet on the

surface of polycarbonate subsirate.
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Figure 3.2.1 — Experimental Set up
3.3 Characterization-
The surface morphology of the sample (polycarbonate substrate) were investigated by

Scanning Electron Microscopy (SEM). The surface roughness, contact angle, sliding angle of

water droplet and oil droplet can be measured by Scanning Electron Microscopy.

The following SEM figure shows contact angle of water dropieton the surface of polycarbonate

substrate.
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3.4 Result and discussion —

The different contact angle for different samples were observed on the surface of

polycarbonate substrate afier the given temperature of hot plate at various time.

The detalied analysis of this samples was made with the aid of morphology studies.

Surface morphology, surface roughness and water Contact angle of

the sample -

A superhydrophobicity can be achieved by nano fibrous structure which provides high
surface area or high aspects ratio which is very useful for the formation of air pocket. The trapped
air pocket in the fibrous structure can be minimized the solid-liquid interaction performing the

superhydrophobicity state(Cassie-Baxter Wetting) state.

At the time of 2 hour , it shown in wide gaps with surface roughness 1.65um. However, for
other polycarbonate substrate for different time, polycarbonate substrate of surface existed with
continuous increasing roughness of 0.641um, 0.649%um, 0.75%um, 1.573um for respective
polycarbonate substrate.

The contact angle of polycarbonate substrate 91.85° at temperawre B1°C, 93.25° at
temperature 80°C, 99.65° at temperature 75°C for respeclive sand papers of 60 grit, 80 grit and
320 gnt.

This surface shows hydrophobicity of polycarbonate substrate with the help of water droplet.
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Table 1- study of surface morphology

Sample | Water | Water | Tamp. Roughness UV lllumination WCA (M
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Chapter 4

4.1 Conclusion-

In conclusion, we fabricated a unique rough polycarbonate substrate by a template
method by using sand papers to fabricated surafce morphology of the sample. The as prepared
rough polycarbonate substrate becomes hydrophobic it modified using sand paper , and its avarage
contact angle is 99°, This method is very simple and easy provides a unique surface morphology

of the sample.

A polycarbonate is attracting the attention of many materials scientists due to its low
cost mechanical stability and high visible light transparency apart from costly physical methods.
We used simple and cost effective chemical method to achieve superhydrophobicity of
polycarbonate substrate for self-cleaning application. The self-cleaning superhydrophobic
polycarbonate can be extensively used in daily life such as door and window glasses, wind shields

of vehicles, solar panel and many.

Since the superhydrophobic materials have been found o be great application value in the
field of anti-icing. various methods have been successfully developed to prepare superhydrophobic
coating morphology plays a crucial role in liquid solid phase transformation for controlling ice

nucleation and crystallization significantly.

Researcher should develop superhydrophobic anti icing coating that are easy and rapid 1o
prepare on a large scale, low cost, non- toxic to humans and environmenal friendly. This are also

urgent problems

That extremely expected finally it is work that even though a long period of time will be spend to

achieve the extensive application of superhydrophobic coating in our daily life and industrial

applications.

4.2 Future Plan-

47




by the use of Scanning Electron Microscopy
rm Infra-red Microscopy (FTIR).

In future, we will check modified sample

(SEM), Atomic force Microscopy (AFM), Fourier Transfo
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