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Abstract

The superhydrophobic surface is generally made by controlling the surface
chemistry and surface roughness, also it has a water contact angle of at least 150
degrees, and a sliding angle (usually) less than 10°. Therefore, researchers have
confirmed that the superhydrophobic surface is produced by this combination of
nano/microscale surface structures and materials with low surface energy. In re-
cent years, a rapid number of research works have been focused on developing
low-cost, simple, and green manufacturing processes for superhydrophobic sur-
faces fabrication. However, a common drawback of these modern studies is re-
lated to the fabrication process, which consists of uses of chemicals process and
complex equipment with post process. In other words, it is limited to apply in
real-world industrial applications because of their high fabrication cost, toxic ma-
terials. To address these problems, we proposed a fabrication method in this dis-
sertation. In order to do it, we developed the durable superhydrophobic coated
surface on the thermoplastic materials with nano-scale hydrophobic silica by
rough surface using the simple, low-cost, and without chemical methods in this
dissertation. Moreover, simple, and green techniques are used for improving su-
perhydrophobic coated surface mechanical durability.

As result, hydrophobic silica nanoparticles have been widely used to gen-
erate nano-microscale structures on hydrophobic surfaces with low surface en-
ergy by various coating processes with binders for the realization of a superhy-
drophobic surface. Here, the hydrophobic polypropylene surface and flexible hy-
drophobic polyethylene terephthalate/polydimethylsiloxane surface were coated
with a thick-coated layer of hydrophobic silica nanoparticles using a simple
method such as compression molding process, hot-roll lamination and peeling
assisted by heat treatment. The important barrier for the wide usage of these su-
perhydrophobic coatings with hydrophobic silica nanoparticles is poor mechani-

cal durability. Mechanical contact or abrasion causes the gradual loss of

1



superhydrophobic coating, and a thin coating layer can be easily destroyed thus
limiting the superhydrophobicity function. We prepared the superhydrophobic
coated films having a thick coating layer with hydrophobic silica nanoparticles
that can overcome.

The obtained results, the mechanical durability of the superhydrophobic
surface was evaluated by the scotch tape test, scratch test with sandpaper, and
bending test. The chemical stability of the superhydrophobic surface was tested
by the chemical test with medium solutions and, stability in ambient air. Finally,
some potential applications were reported as water droplet bouncing, and self-

cleaning.
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Chapter 1: Introduc-
tion of superhydropho-
bicity



1.1. Superhydrophobic surface
The superhydrophobic surface can be found in nature [1] such as lotus leaf,

butterfly wings, rice leaf, rose petal, and desert beetle as shown in Figure 1.

.:?'\

t‘l
"

Desert
Bt'merﬂy _ beetle
wings
Lotus leaf

Superhydrophobicity
in nature

.“\';-

Figure 1. Superhydrophobicity in nature [1].

In discrete, the superhydrophobic surface was explained by the angle be-
tween liquid, solid, and air. This angle was divided into two types of angles as a
high contact angle (CA >150°) and a small sliding angle (SA <10°). Superhydro-
phobic surfaces are commonly divided into two classes: low adhesion to water
(“lotus effect”) with a low sliding angle (SA), typically smaller than 10°, and high
adhesion to water (“petal effect” or “pinned effect”) with a high SA or even no
SA. In normal cases, the superhydrophobic surface is created by the rough surface

and low surface energy with surface materials is required.
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Surface morphology
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Figure 2. The contact angle on the (a) smooth surface, (b), and (¢) rough surfaces.

Several wetting models have been proposed to calculate contact angle on
the surface included Young's model, Wenzel model, and Cassie-Baxter model as
shown in Figure 2. With a rough surface, the Cassie-Baxter model (partial wetting)
and the Wenzel model (full wetting) can be used for explanation of the wetting
states while the Young's model [2][3][4] can be used for smooth (or flat) surface.
The wettability on a smooth surface that follows Young’s model can be described
by using equation (1). While equations (2), and (3) were used to describe the
wettability of the rough surface follow Wenzel [3][4] and Cassie-Baxter's [3][4]

model, respectively.

cos = Vsa — VsL (1)
VLA

cos6,, = rcosf, (2)

cos8, = @p,co0s6, — @, (3)

where 6, is the equilibrium water droplet contact angle on a flat surface, r isa
roughness factor equal to the actual surface divided by the geometric surface, 6,

is the water droplet contact angle in the full wetting state on a rough surface, 6,

3



is the water droplet contact angle in the partial wetting state on a rough surface,
@, 1s the area fraction of the water-solid area to the projected area, and ¢, is
the area fraction of the water-air area to the projected area, 8 is the water droplet
contact angle in the smooth surface, ys4,¥s., ¥4 are the surface energies of the

solid against air, solid against liquid, and liquid against air, respectively.

Inspired by nature, artificial superhydrophobic surfaces have been devel-
oped by arranging periodically the unitary random micro-structures and combi-
nation of micro-structures with surface energy or special shape of structure. Arti-
ficial superhydrophobic coating surfaces have been created using polymer mate-
rials. Polymer materials have significantly lower surface free energy than metallic
materials. Moreover, they demonstrate excellent workability and a high modulus
of elasticity [5]. Consequently, fabricating polymeric superhydrophobic surfaces

has drawn the attention of many researchers.

The superhydrophobic coated surface can be used for a wide range of po-
tential applications such as self-cleaning, drag reduction anti-frosting, anti-icing,
anti-corrosion, oil/water separation, and so on as shown in Figure 3. There are
many applications for superhydrophobic surface exits, however, the way to create
this kind of surface is still attractive and alluring for researchers. And a new pro-
cess to generate a superhydrophobic surface should be green and low-cost man-
ufacturing, be more stable, and more durable than the old one, and it can apply

widely in the industry, these requirements are always a challenge for researchers.
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Figure 3. The applications of superhydrophobic coatings surface [6].
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Recently, numerous studies on superhydrophobic surfaces have been re-

ported. A superhydrophobic surface was achieved by the fabrication of micro/na-

nometer-scale rough structures [7] by different methods, such as electrochemical

deposition [8], chemical vapor deposition [9], layer-by-layer deposition [10], sol-

gel [11], compression molding [12], lamination based process [13] and so on. All

of these techniques required elaborated procedures and a high cost of fabrication.

Among these techniques, compression molding, lamination and peeling processes

were simple and without chemicals because they could be and friendly to the en-

vironment, low-cost fabrication, it can easily apply to the industry.



1.2. Fabrication of polymer-based superhydrophobic coated surface

1.2.1 Compression molding process

Fabricating polymeric superhydrophobic surfaces have been drawn the at-
tention of many researchers. Because polymer materials have lower surface free
energy than metallic materials, they have outstanding workability and a high
modulus of elasticity. Techniques such as injection molding, compression mold-
ing, hot embossing, and polymer casting play an important role in the mass pro-
duction of superhydrophobic polymer surfaces. Among these techniques, com-
pression molding is one of the commonly used manufacturing processes in indus-
try and the fabricated micro-nano structures on thermoplastic polymer materials
make the surface more durable than a coated surface [14-16].

1.2.2 Hot-roll lamination and peeling process

Recently, transparent superhydrophobic coatings have been prepared on
different substrates by using methods such as spray coating, spin coating, dip
coating, blade-coating, photopolymerization, and so on. However, the suitability
for practical applications of these methods is limited by numerous factors but
especially by cost and durability. Hence, some researchers' superhydrophobic
coatings have been prepared on polymer materials by using a lamination-based
process with other methods. These methods were created the micron and sub-
micron structures superhydrophobic coated films. These methods superhydro-
phobic surfaces will be activated only by peeling off the laminated polymer film.
In addition, we report a simple method such as a hot-roll lamination and peeling
assisted by heat treatment process by fabrication of flexible superhydrophobic
coated films. The number of papers published under the topic superhydrophobic

polymer surface in the last ten years has been increased as shown in Figure 4.
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Figure 4. Many papers were published in the last ten years under the topic super-

hydrophobic polymer surface taken from the Web of Science.

1.3. Research motivations and objectives

As a member of a Hybrid Manufacturing Technology Lab, in the past, we
already developed a simple and post-treatment process method for making poly-
mer-based superhydrophobic surfaces by hydrophobic silica nanoparticles (SNPs)
without chemicals, no complicated equipment, and high contact angle (CA >

170°).

First, this simple method included the compression molding process and
hydrophobic silica nanoparticles materials, which meant, the polypropylene sam-
ples with hydrophobic surface were fabricated by a simple method, then the fab-

ricated sample was modified by hydrophobic silica nanoparticles using the



compression molding process to become a superhydrophobic coated films with
micro/nanostructure will appear on the coated surface. With this simple process,
several work-related polymer materials as polyvinylidene fluoride, polystyrene,
polypropylene, and silicon rubber have been conducted and published. However,
in these publications, the researchers focused on the uses of harmful chemicals

and the fabrication process in several and separate consecutive steps.

Second, this facile method and post-treatment process included the hot-roll
lamination and peeling process assisted by heat treatment and hydrophobic silica
nanoparticles materials, which meant, the PET film with PDMS polymers sam-
ples with flexible hydrophobic surface were fabricated by a facile method, then
the fabricated coated sample was modified by hydrophobic silica nanoparticles
using a hot-roll lamination and peeling process assisted by heat treatment process
to become a flexible superhydrophobic coated films with micro/nanostructure
will appear on the hydrophobic surface. With this facile method and post-process,
some research on many kinds of polymer materials as polypropylene, high-den-
sity polyethylene, linear lower density polyethylene, lower density polyethylene,
and ultrahigh molecular weight polyethylene has been conducted and published.
However, in these publications, the researchers focused on relatively high fabri-

cation costs and requires harmful chemicals.

Furthermore, some applications such as self-cleaning, large size for mass

production were proposed in this study.

The simple techniques using compression molding or hot-roll lamination
and peeling assisted by heat treatment processes can be a good candidate to apply

in manufacturing and industry due to the following reasons:

- To fabricate the superhydrophobic surface (low surface energy and sur-
face structure).

- High durability (thick functional film).

8



- Green and low-cost manufacturing process (compression molding, hot-

roll lamination and peeling process without toxic chemicals).

Additionally, the results could provide a useful guide to select the proper
method, structures, and thickness of the coating for adjusting wettability, surface

morphology on the polymer substrates with hydrophobic silica nanoparticles.

1.4. Thesis organization

The thesis’s structure will be divided into 4 chapters as below:

Chapter 1 focuses on the literature review including the definition of su-
perhydrophobic surface, some applications, and how to generate a polymer-based
superhydrophobic surface by hydrophobic silica nanoparticles. Next, a review
about using compression molding, hot-roll lamination and peeling assisted by
heat treatment processes for the fabrication of polymer-based superhydrophobic
coated films will be mentioned. The final part will describe the motivation, and

the objectives, and the thesis organization.

Chapter 2 describes the robust superhydrophobic surface on polypropyl-
ene with thick hydrophobic silica nanoparticle-coated films prepared by facile
compression molding. Besides, the surface analysis with chemical composition
on fabricated coated films was investigated. Then, the coating thickness on fab-
ricated coated films with different weight ratios of SNPs was studied. In addition,
it was measured the mechanical durability of fabricated coated films by scratch
with sandpaper and scotch tape test. And the chemical stability of the prepared
samples was measured by medium solutions with a pH effect. Final some poten-

tial applications also are mentioned in this chapter.

Chapter 3 describes the facile fabrication of mechanical durable and flex-
ible superhydrophobic PDMS/SNPs surface coated on polyethylene terephthalate

film by a hot-roll lamination and peeling assisted by heat treatment. The chapter

9



indicated coating thickness and surface morphology with the chemical composi-
tion of the fabricated PDMS/SNPs coated films. And the chemical stability and
robustness of the prepared surface were also investigated. In addition, it was
shown the folding and flexibility of coated films. Finally, some potential applica-

tions were shown in this chapter.

Chapter 4 summarizes several outstanding results from the compression
molding process with hydrophobic silica nanoparticles and a hot-roll lamination

and peeling assisted by heat treatment with SNPs were mentioned in this chapter.

10



Chapter 2: Robust su-
perhydrophobic surface on
polypropylene with thick hy-
drophobic silica nanoparticle
coated films prepared by fac-

ile compression molding
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2.1. Background

Superhydrophobic surfaces have been extensively studied for their unique
interfacial interaction between water and solid surface, and the superhydrophobic
surface was defined by a water contact angle (CA) greater than 150°, and sliding
angle (SA) less than 10° [17, 18] with numerous special properties, such as self-
cleaning[19-21], anti-icing [ 18, 22], water-proofing [23] and anti-fouling [20, 21,
23]. These properties may come from the minimum contact area of the water—
solid interface as well as the trapped air at the interface, and they can control the
material and energy transport at the interface. Researchers have confirmed that
the superhydrophobic surface is produced by this combination of nano/mi-
croscale surface structures and surface materials with low surface energy [24].
The superhydrophobic surface is an evolutionary adaptation in nature and these
surfaces can be easily observed from nature such as lotus leaves and butterfly
wings, wherein superior non-wetting is achieved [25]. T. Onda et al. [26] reported
the first artificial superhydrophobic surfaces in 1995. Since 1995, many research-
ers have reported many creative ways to make rough surfaces with low surface
energy.

Many scientists have focused on the fabrication of superhydrophobic
coated surfaces with polymers and low surface energy organic materials that help
to improve the surface roughness and durability [23]. Various different tech-
niques were used for fabrication of superhydrophobic surfaces such as etching
[17], dip-coating [19], spray-coating [28, 29], spin-coating [30], sol-gel [20],
electrodeposition [31], anodization [32], electrochemical deposition [33], phase
separation [34], casting [18], and nanocomposite coatings [23]. However, some
techniques are complex while others use toxic materials. Therefore, a simple and
green manufacturing process for superhydrophobic surfaces is required.

Compression molding is one of the commonly used manufacturing pro-
cesses in the industry, and the fabricated micro-nano structures on thermoplastic

polymer materials make the surface more durable than a coated surface [14, 15,

12



35]. There are several polymer materials used in the compression molding pro-
cess such as polyvinylidene fluoride [23], polystyrene [36], polypropylene [12],
and silicone rubber [35]. Thermoplastic polypropylene (PP) is widely used due
to its lightweight and non-toxicity properties. Additionally, the superhydrophobic
surface on PP can be easily achieved by softening upon heating and hardening by
cooling or using a solvent due to its hydrophobicity [23, 37, 38].

Hydrophobic silica/polymer composites were used to fabricate a superhy-
drophobic coated surface. Several studies have been reported on the preparation
of superhydrophobic coated surfaces with polymer materials, such as SiO/poly-
styrene [30, 33] and SiO,/polyvinyl chloride [30]. This SiO2/polymer composite
coating exhibits a strong potential for industrial applications. Silica nanoparti-
cle/polymer composite coated surfaces were prepared by spin-coating [30] and
radiation polymerization [33] techniques. In addition, PP and silica nanoparticles
(SNPs) have been used for superhydrophobic surfaces. Hydrophobic silica-
coated superhydrophobic PP membrane fabricated by dip-coating was used for
oil-water separation [39]. Superhydrophobic PP/silica coating using drop-casting
of PP and silica solution was used for cell adhesion control [40]. The practical
use of superhydrophobic nanoparticle/polymer composite surfaces is severely
limited by poor mechanical durability. All-organic coatings have good chemical
stability but poor mechanical durability. Recently, researchers have focused on
the durability improvement of superhydrophobic surfaces [25]. Some researchers
have reported mechanical durability by using scratch tests on sandpaper. Metal
polymer composites [41, 42], etched metal substrates with low surface energy
[43, 44], and hydrophobic nanoparticles with polymer [45-47] have been studied
for robust superhydrophobic surfaces, and they showed good superhydrophobi-
city after scratch testing. However, the usage of toxic chemicals [41-43, 47] and
relatively long process time [44] were limitations.

In this research, a facile compression molding was used for the fabrication

of superhydrophobic surfaces on PP with silica nanoparticles to overcome the
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poor durability of superhydrophobic coated surfaces. Then, the surface morphol-
ogy of the fabricated coated films was evaluated by field emission scanning elec-
tron microscopes (FE-SEM), and the coating thickness was analyzed using en-
ergy-dispersive spectrometry (EDS) lines. Meanwhile, the durability of the fab-
ricated PP/SNPs coated films by scotch tape test and sandpaper test were inves-
tigated. The chemical stability of the fabricated superhydrophobic coated surface
was tested with medium solutions having different pH values [48, 49]. The results
showed robust superhydrophobic coated films with the merits of self-cleaning

and water droplet bouncing.

2.2. Experimental

2.2.1. Materials and methods

For sample preparation and chemical stability test, commercially available
homopolymer polypropylene (Hopelen, SJ-170T, Lotte Chemical Corporation,
Korea), hydrophobic silica nanoparticles (specific surface area 120 m?/gm,
fumed silica K-D15, OCI Company, Korea), and medium solutions (buffer solu-
tions with pH 2, pH 7, and pH 13., Daejung Chemicals & Metals CO.LTD., Korea)
were purchased and used as received. The pH 2 solution, pH 7 solution, and pH
13 solution were produced by hydrochloric acid, water, and sodium hydroxide,
respectively. Superhydrophobic coated films were prepared by a compression
molding process with a heating press, and the sample size was 40 x 40 mm. A
heating press machine (D1P-25J, Dae Heung Science., Korea) was used in the
compression molding process to fabricate the superhydrophobic coated surface.
A mold with a cavity size of 40 x 40 x 10 (L x W x H) mm was used for molding
of the pellet and powder materials.

2.2.2. Fabrication of superhydrophobic PP/SNPs coated films

A schematic diagram of the fabrication processes is shown in Figure 5. The

superhydrophobic surface was fabricated by polypropylene and hydrophobic
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silica using the compression molding process. The flat hydrophobic surface was
prepared by PP pellets with an average size of about 2 to 3 mm. The flat PP plate
was prepared via a compression molding process using the heating machine. The
PP pellet was put into the cavity of the mold. The material was placed in the mold
cavity; the mold was installed on the lower platen of the heating press machine
at 180°C for five minutes. Subsequently, the mold was pressed using a hydraulic
pump until the required pressure (from 7.5 to 8 MPa) was achieved. The upper
and lower platens were kept closed to allow the pellet PP to completely cure.
When the compression molding was finished, the mold was taken out and was

cooled at ambient temperature for 30 min.

Polypropylene Compression Hydrophobic Compression Final
pellet molding silica molding Product

T

Water
droplet

e
2 S

Figure 5. Schematic diagram of the compression molding processes for the su-

perhydrophobic surface.

The superhydrophobic PP/SNPs films were prepared using the heating
press machine under pressure via a compression molding process. The fabricated
polypropylene plate was placed inside the mold cavity. The hydrophobic silica
powder was put into the cavity on the PP plate; the mold was placed on the lower
platen of the heating press machine at 160°C for five minutes. Subsequently, the
two platens were pressed closer together using a hydraulic pump until the desired
pressure (from 7.5 to 8 MPa) was reached. This pressure was repeated one time.
The platens were kept closed to allow the PP/SNPs films to achieve complete

compression. When the cycle was complete (13 min), the platens were opened
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and allowed to cool at ambient temperature. After 40 min of cooling, the fabri-
cated samples were detached from the mold. Figure 6 shows the fabricated
PP/SNPs films and images of original materials. To study the effect of hydropho-
bic silica nanoparticles, three relative weight ratios of SNPs such as the maximum
weight for full mold cavity, a third, and a ninth were used. The detailed process
parameters for the compression molding process of the hydrophobic silica nano-

particles are summarized in Table 1.

Polypropylene Polypropylene Hydrophobic PP/SNPs
pellet plate silica coated films

Figure 6. Images of materials and the fabricated PP/SNPs coated films.

Table 1: Process parameters for the compression molding with hydrophobic

SNPs on PP.
Parameter Unit Value
Compression molding pressure MPa 7.5-8
Compression heating time min 5
Compression pressure time min 5
Molding temperature °C 160
Mold cavity size mm 40 x 40 x 10
Cooling time min 40
Polypropylene weight g 3.6
100%
The relative weight ratio of hydrophobic silica 39
(Maximum weight for molding cavity: 0.53 g) o
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2.2.3. Characterization of surface morphology and wettability

The surface morphologies of the fabricated superhydrophobic PP/SNPs
coated films were evaluated with field emission scanning electron microscopy
(JEOL, JSM-6500F, Tokyo, Japan). The chemical composition of the fabricated
superhydrophobic coated films was determined by energy-dispersive spectrome-
try using the same instrument. Three different positions were observed to evalu-
ate the elemental composition of three samples with different weights of SNPs.

The CA and SA of the prepared PP/SNPs coated films were measured with
a contact angle meter (SDL200TEZD, FEMTOFAB, Seoul, Korea) at room tem-
perature. The measurement of CA and SA for all samples was carried out five
times to obtain reliable results. The volume of a water droplet was 10 microliters
for the CA and SA.

2.2.4. Mechanical durability

The scotch tape test and scratch test with sandpaper were carried out for
the mechanical durability of the superhydrophobic surface with PP/SNPs coated
films. The tape test was conducted along the test method B of ASTM D 3359-09.
The scotch tape (Scotch-550; 3M; Seoul; Korea) was attached to the superhydro-
phobic PP/SNPs coated films, and then the tape was removed. A thin eraser was
applied with a pressure of 6.1 kPa (1 kg weight on 40 x 40 mm of area) to ensure
good contact was made between the composite coated films and scotch tape [22].
The second mechanical durability test of the fabricated samples was evaluated
via a sandpaper abrasion method [50]. The superhydrophobic surface was placed
on the 1000 grit sandpaper (CC-1000 Cw; Daesung Abrasive Co., Seoul, LTD;
Korea) with a pressure of 3.1 kPa (500 g weight on 40 < 40 mm of area). The
fabricated PP/SNPs coated films were moved by 10 cm followed by 90° rota-
tions, and the procedure was repeated. The CAs and SAs were measured every

cycle of the scratch test.
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2.2.5. Chemical stability and aging stability

Chemical and aging stabilities were studied on the fabricated superhydro-
phobic surface after about 300 days. First, the surface wettability of the fabricated
PP/SNPs coated films was observed after 300 days of storage at ambient condi-
tions. Consequently, a chemical stability test was carried out to evaluate the du-
rability of the superhydrophobic PP/SNPs coated films at room temperature using
acidic, neutral, and alkaline medium solutions. The prepared superhydrophobic
PP/SNPs coated films were placed with the medium solutions, and the CAs and
SAs were measured at different time intervals. Each sample was tested with the
medium solutions for 0, 1, 3, 6, 9, 12, and 24 h immersion. At the time intervals,
the fabricated PP/SNPs coated films were taken out from the medium solutions,
the surface was dried at room temperature for one hour, and the CAs and SAs

were measured.

2.3. Results
2.3.1. Wettability

The wettability of the fabricated PP/SNPs coated films was examined by
CA and SA measurements, as shown in Figure 7 (Video S1). The coated films
exhibited good superhydrophobicity when the compression pressure was be-
tween 7.5 and 8 MPa with a heating temperature from 160 to 180°C. The CA was
about 175° (Figure 7a) and the SA was about 3°.

The rough surface structures and surface energy determined by chemical
compositions are important for extreme wettability. Herein, the addition of the
hydrophobic silica nanoparticles could increase the surface roughness by making
nano/microscale structures, and the hydrophobic coating on silica could reduce
the surface energy. Consequently, superhydrophobic PP/SNPs coated films with
a high CA have been obtained [30].
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Figure 7. Wettability results of the fabricated PP/SNPs coated films for (a) CA
and (b) SA.

2.3.2. Surface morphology

The surface morphology of the coated films was analyzed using FE-SEM.
The coated films with SNPs having a 100% weight ratio during the compression
molding process were used. As shown in Figure 8, nanoscale silica particles cov-
ered the entire surface, and random microscale rough structures were observed.
The surface morphology was not changed with different relative weight ratios of
SNPs. These nano-micro hierarchical structures with hydrophobicity may make

the surface superhydrophobic.
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Figure 8. FE-SEM images of the fabricated PP/SNPs coated films at different

magnifications (a-d).

Additionally, the cross-section of the fabricated superhydrophobic
PP/SNPs coated films was observed to evaluate the thickness of the films. To
determine the effect of SNP weight difference, the PP/SNPs coated films with
different relative weight ratios of SNPs, such as 11%, 33%, and 100%, were eval-
uated. The result showed that different thicknesses of fabricated superhydropho-
bic coated films were obtained according to the different relative weight ratios of
SNPs, as shown in Figure 9. The results showed that the thickness of the coated
film with relative SNP weight ratios of 11%, 33%, and 100% was from 13 to 25
um, 13 to 29 pm, and 15 to 34 pm, respectively. As the weight of SNPs in-

creased, the overall thickness of the coated film increased.
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Figure 9. FE-SEM images of the cross-section of the fabricated superhydropho-
bic coated films with relative SNPs weight ratios of (a) 100%, (b) 33%, and (c)
11 %.

Additionally, the line EDS was used for the chemical composition on the
PP/SNPs coated film. As shown in Figure 10, the PP/SNPs coated film with 100%
relative weight ratio of SNPs is composed of carbon, oxygen, and silicon ele-
ments, and the chemical compositions of the film were different from the base PP
layer and the mounting material layer. All the samples with different weight ratios

showed similar results.
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Figure 10. EDS result for chemical composition on the fabricated superhydro-

phobic coated films with a relative SNPs weight ratio of 100 %.
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2.3.3. Mechanical durability

The durability of the superhydrophobic surface is a very crucial feature for
practical usage. Mechanical durability is the major challenge for superhydropho-
bic surfaces. In this study, the mechanical durability of the fabricated superhy-
drophobic PP/SNPs coated films was characterized using the scotch tape test and
scratch test with sandpaper.

First, the scotch tape test was carried out with samples with different rela-
tive SNP weight ratios of 11%, 33%, and 100%. After the scotch tape test, the CA
and SA were observed. The test schematic diagram and five different positions
for the CA and SA measurements are shown in Figure 11. The scotch tape test of
the fabricated PP/SNPs coated films is shown in Video S2. Adhesion and peeling
of tape were repeated for the coating degradation. The first scotch tape test did
not affect the CA and SA, and this result showed the film’s robustness. The CA
and SA results after the tape test for the fabricated superhydrophobic coated films
with different relative SNP weight ratios of 11%, 33%, and 100% were summa-
rized in Figure 12. The average values were used, and the error bars in Figure 12
indicate the minimum and maximum values, and a 90 degrees value in SA means
that the water droplet was attached to the surface even with tilting of 90 degrees.
The scotch tape test results showed that the coated films could resist scotch tape
peeling with results of 25 repetitions for 100%, 20 repetitions for 33%, and 10
repetitions for 11% for superhydrophobicity with the average CAs greater than
150° and average SAs less than 10°. From the scotch tape-peeling test, the fab-
ricated superhydrophobic surface with the PP/SNPs coated films showed good
mechanical durability, and the durability could be increased by increasing the

thickness of PP/SNPs film.
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Figure 11. Schematic diagram of the scotch tape test for the fabricated superhy-

drophobic coated films and the five wettability measurement positions.
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Figure 12. Results of the scotch tape test of the fabricated superhydrophobic
coated films with different relative SNP weight ratios of 100%, 33%, and 11%:
(a) CA and (b) SA.

Second, a scratch test was performed on the superhydrophobic surface of
PP/SNPs coated films. Figure 13 displays the schematic diagram of the scratch
test with sandpaper and five positions of CA and SA measurements after the
scratch test. The scratch test with sandpaper was performed up to the travel dis-
tance of 460 cm, and the surface did not show any sliding angle after the travel
distance. The scratch test of the PP/SNPs coated film with a 100% relative weight
ratio of SNPs was demonstrated (Video S3), and Figure 14 shows the CA and SA
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results after the scratch test with a 20 cm travel distance. The average CA was
less than 150° after a travel distance of 380 cm and the average SA became
greater than 10° after a travel distance of 120 cm. Additionally, the scratch test
with sandpaper proved that the fabricated superhydrophobic PP/SNPs coated film
exhibited good mechanical durability. The change of wettability and the film sur-
face under scratch test was also observed, as shown in Figure 15. The surface of
the as-prepared sample was white, and there was almost no damage for the first
scratch test cycle (10 cm distance). From the second scratch test cycle (20 cm
distance), the color change was observed because of the gradual wear of PP/SNPs
film. Until 100 cm distance in the scratch test, the sample showed a high CA of
about 170° and SA less than 10°; even the sample surface showed a clear non-
white area. As the distance in scratch tests increased, the CA decreased, and the
SA increased. Finally, the SA was not measured after 250 cm in the abrasion test

because the PP/SNPs film was severely damaged.
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Figure 13. Schematic diagram of the scratch test with sandpaper for the fabri-
cated superhydrophobic coated films and the five wettability measurement posi-

tions.
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Figure 14. Results of the sandpaper scratch test on the fabricated superhydropho-
bic coated films with relative SNP weight ratios of 100%: (a) CA and (b) SA.
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Figure 15. Images of sample surfaces during the scratch test with sandpaper.

2.3.4. Stability in ambient air and chemical stability

The fabricated superhydrophobic PP/SNPs coated films were stored un-
der ambient conditions for 10 months. Then, the surface wettability was evalu-
ated with the CA and SA for stability in ambient air. The results showed that the

average CA and SA for five samples after 10 months in ambient air were 176.9°
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and 3.2°, respectively. The CA and SA were not degraded after storage, which
indicated that the fabricated PP/SNPs coated films have long-term stability in air.

The pH effect on the chemical stability of the fabricated superhydrophobic
PP/SNPs coated films was evaluated by immersion in medium solutions with pH
2, pH 7, and pH 13. This experiment was carried out as a function of immersion
time such as 0, 1, 3, 6, 12, and 24 h under three different medium solutions: acidic,
neutral, and alkaline conditions. Then, the CAs and SAs were measured. Figure
16 showed the average CAs and SAs of the three samples with three different
measurement positions for each sample. For all solutions, the CA of the fabricated
films gradually decreased concerning the immersion time. Similarly, the SA grad-
ually increased concerning the immersion time. The CA decreased in the ranges
of 176 = 1° and the SA increased in the ranges of 3 = 1° to 13 + 3° within 1, 3,
6, and 12 h after immersion in acidic and neutral solutions. The results showed a
small change in wettability. However, the CA decreased to 43.0° and there was
no SA after 12 h immersion in the alkaline solution. The average CAs of the
fabricated superhydrophobic PP/SNPs coated surface of PP/SNPs coated films
after immersion in acidic, neutral, and alkaline solutions for 24 h were 166.3°,
167.6°, and 74.6°, respectively. Additionally, the average SAs of the PP/SNPs
coated films after immersion in acidic, neutral, and alkaline solutions for 24 h
were estimated to be 12.9°, 12.7°, and no sliding angle, respectively. These results
indicate that the fabricated superhydrophobic PP/SNPs coated films have good
chemical stability for acidic and neutral solutions. However, the fabricated sur-
face can be damaged by an alkaline solution. The reason why the alkaline solution
changed the wettability of the fabricated samples may be attributed to the chem-
ical degradation of hydrophobic coating on silica nanoparticles. The dimethyldi-
chlorosilane or polydimethylsiloxane was used in surface treatment for hydro-
phobicity of the silica nanoparticles [36]. This chemical structure can be degraded
by hydrolysis, and hydrolysis can generate a hydroxyl group that can attack the

silicon atom. The presence of hydroxyl groups makes the surface more
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hydrophilic. The dimethyldichlorosilane or polydimethylsiloxane can be de-
graded rapidly with high alkaline conditions [51].
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Figure 16. Results of the chemical stability test upon immersion in acidic, neutral,
and alkaline solutions for the fabricated superhydrophobic coated films with a

relative SNP weight ratio of 100 %: (a) CA and (b) SA.

2.4. Discussion

Hydrophobic silica nanoparticles have been widely used to produce nano-
microscale structures on surfaces with low surface energy by various coating pro-
cesses with binders for the realization of a superhydrophobic surface. The im-
portant barrier for the wide usage of these superhydrophobic coatings with SNPs
is poor mechanical durability. Mechanical durability is the main issue limiting
the application of superhydrophobic coatings [52]. Mechanical contact or abra-
sion causes the gradual loss of superhydrophobic coating, and a thin coating layer
can be easily destroyed, thus limiting the superhydrophobicity function. To over-
come this problem, we prepared the superhydrophobic coated films that had a
thick coating layer with hydrophobic silica nanoparticles using compression
molding. The obtained results from the mechanical durability tests revealed that

the presence of thick PP/SNPs coated films successfully resisted adhesion and
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abrasion. The thick superhydrophobic PP/SNPs coated film with a thickness
thicker than 10 um exhibited good mechanical durability and good resistance in
scotch tape and scratch tests using sandpaper. However, most superhydrophobic
coatings with thin films are not suitable for resisting mechanical contact or abra-
sion. Therefore, contact or abrasion with small pressure could damage the surface
structures and the surface lost superhydrophobicity [22]. In addition, the fabrica-
tion process is simple and uses commercially available compression molding
without using toxic chemicals. All materials are commercially available and non-
toxic. Moreover, there were no additional pre- or post-treatments. Therefore, the
proposed fabrication method can be used widely without new equipment or ma-
terials.

To show the superhydrophobic performance, self-cleaning and water drop-
let bouncing was demonstrated. The self-cleaning performance of the PP/SNPs
coated films was demonstrated with the sugar powder, as shown in Figure 17
(Video S4). As water droplets slide on the superhydrophobic coated surfaces, the
sugar powders can be trapped by the water droplets [53].

Figure 17. Time sequential images of self-cleaning on the fabricated superhydro-

phobic PP/SNPs coated films.

The water droplet bounce on the fabricated superhydrophobic PP/SNPs
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coated films 1s demonstrated in Figure 18 (Video S5). The fabricated film showed
good superhydrophobicity to repel the water droplets [54, 55].

Figure 18. Time sequential images of the water droplet bounce on the fabricated

superhydrophobic PP/SNPs coated films.

2.5. Summary

We developed a simple compression molding process for the fabrication
of superhydrophobic PP/SNPs coated films. The obtained PP-coated films with
different SNP weight ratios exhibited superhydrophobic behavior with a high CA
of about 170° and SA less than 5°. The scotch tape test and scratch test were used
to check the mechanical durability of our fabricated PP/SNPs coated films. The
results showed that PP/SNPs coated films could maintain the superhydrophobic
tendency after several repetitions of tape tests and long-distance scratch tests.
Moreover, increasing the SNP weight ratio in the coated films resulted in the
overall improvement of mechanical durability. The surface morphology and cor-
responding EDS linear scan for elemental analysis showed the successful fabri-
cation of thick superhydrophobic PP/SNPs films with nano-microscale structures
having hydrophobic SNPs via a facile compression molding process. The chem-
ical stability of the fabricated superhydrophobic coated surface was elucidated
for using acidic, neutral, and alkaline solutions. The PP/SNPs coated films
showed high chemical stability in acidic and neutral solutions. However, the
chemical stability of the fabricated superhydrophobic coated surfaces in the al-
kaline solution was not sufficient. In this research, nanoscale silica particles cov-
ered the entire surface, and random rough nano-microscale structures were

formed. These nano-micro hierarchical structures with hydrophobicity could
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make the surface superhydrophobic. The practical meaning is to confirm the fea-
sibility of the mass-production of robust superhydrophobic surfaces with the
widely used facile compression molding process using commercially available
materials as purchased without the additional treatment or usage of toxic chemi-
cals. We believe that the proposed fabrication method of superhydrophobic
coated surfaces would be effective for realizing a robust superhydrophobic sur-

face in real applications.
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Chapter 3: Facile fab-
rication of mechanical dura-
ble and flexible superhydro-
phobic surface PDMS/SNPs
coated on polyethylene ter-
ephthalate film by a hot-roll
lamination and peeling pro-
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3.1. Background

The surface of Lotus leaf and dragonfly wings cannot wetted by water
droplets in rain, researchers called these interesting phenomena as superhydro-
phobic surfaces [56]. Since reporting of lotus effect, the superhydrophobic sur-
faces have attracted much attention due to their excellent properties as self-clean-
ing and water repellency [56—58]. Basically, the superhydrophobic surface is de-
fined as the surface that verify water contact angle (CA) greater than 150° and
sliding angle (SA) less than 10° [57, 58]. To improve the superhydrophobic ten-
dency of surface several parameters can be modified as: a) surface roughness for-
mation of micro/nano patterns; b) using hydrophobic materials with low energy
surface [59]. The superhydrophobic surface coatings have potential applications
in many fields such as self-cleaning [56—58], drag-reduction [56] [60], anti-icing,
etc.

Various superhydrophobic surfaces were created by different methods with
appropriate materials. The fabrication of superhydrophobic coated films could
improve the surface properties of material and extending its application [61]. Pol-
ymer materials have lower surface free energy than metallic materials, they have
outstanding workability and a high modulus of elasticity [62]. Polyethylene ter-
ephthalate (PET) film is an engineering polymer that has a wide application range
in industry, electronic, and automotive application. The wide use of PET film is
attributed to its superior properties such as low-temperature durability, high me-
chanical strength, high heat resistance, high electrical insulation, and high trans-
parency [63]. As well as the PET film is widely used in lamination process owing
to the low-cost flexibility [63][64][65]. Also, Polydimethylsiloxane (PDMYS) is a
common low surface energy materials, which is non-toxic, inexpensive, and is a
simple fabrication to process [66], so it is widely used in lab-on-a-chip and in-
flexible devices applications [67]. When used the hot lamination process, PDMS
material most important function, it adhered to the substrate between coating. In

addition, the hydrophobic silica nanoparticles usually use the coating of the
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superhydrophobic surface because is inexpensive and environmentally.

Some researchers' superhydrophobic coated films were created the micron
and sub-micron structures on polymer materials by lamination process with other
methods. Superhydrophobic surfaces have been fabricated by the polymer film
using the methods such as hot-press lamination and peeling [13], [68], [69], and
peeling process [70]. The method is cost-effective, facile [68], non-toxic [69] and
has the potential for mass production [13], [68]. These methods superhydropho-
bic surfaces will be activated only by peeling off the laminated polymer film.
Additionally, the superhydrophobic coated film on PET film is suitable for rapid
large-area production [59].

PDMS layer bonding to hydrophobic silica nanoparticles was used to fab-
ricate superhydrophobic coated films on by various substrates. Several studies
have been reported on the preparation of superhydrophobic coated films by hy-
drophobic silica compressed to the PDMS layer, such as on the shrink film [45],
the glass surface [71], the magnesium alloys [72], the wood [73] and aluminum
surface [60]. These PDMS/Si02 composite coated films exhibit high flexibility
and mechanical robustness applicable to large-scale sizes on any substrate. The
PDMS layer with silica nanoparticle-coated films was prepared by combined with
anodic oxidation and dipping method spin-coating [60], casting [45], a thermal
evaporation method [71], painting-rapping method [72], and dip-coating [73]
techniques.

Recently, researchers have focused on the robust development of superhy-
drophobic coated films on any substrate [61]. The number of researchers has de-
scribed mechanical robustness by using abrasion test on sandpaper. PDMS layer
with silica NPs superhydrophobic coated film on the polymer, ceramic, and or-
ganic material have been studied for robust superhydrophobic surfaces, and they
showed good superhydrophobic tendency after scratch testing. However, the us-

age of toxic chemicals and the long fabrication process time were limitations.
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In this study, we demonstrated a facile fabrication of mechanical durable
and flexible superhydrophobic coated films by PET/PDMS polymer with hy-
drophobic silica NPs were carried out hot-roll lamination and peeling assisted
by the heat treatment process. Then, the morphology of surface and surface
roughness average values of fabricated superhydrophobic coated films were es-
timated by field emission scanning electron microscopes (FE-SEM) and confo-
cal laser scanning microscopy (CLSM), respectively. And the chemical compo-
sitions and coating thickness were analyzed by energy-dispersive spectrometry
(EDS) line. In addition, the mechanically robust and chemical stability of pre-
pared SH coated films were considered. The obtained coated films mechanical
robust excellent superhydrophobic surface with the good of performance such

as water droplet bouncing, and self-cleaning.

3.2. Experimental methods

3.2.1. Materials and equipment

The Polyethylene Terephthalate (PET) film purchased with thickness of
100 um was purchased from Film Bank CO.LTD., Korea. The Polydime-
thylsiloxane (PDMS) polymer (Silicone Elastomer Base with a Curing Agent,
SYLGARD™ 184) was bought from Dow Silicone Corporation, United States.
Hydrophobic silica nanoparticles (SNPs) (specific surface area of 120 m?-gm™,
fumed silica K-D15) was purchased from OCI company, Korea. The buffer solu-
tions with different pH (2, 7, and 13) was bought from Daejung Chemicals &
Metals CO.LTD., Korea. The used double-sided foam tape in mechanical dura-
bility test (18 mm x 2.5 m x 1 mm) was purchased from OKONG company, Korea.
A laminator machine (Coating machine, LamiPlus-360G, Copier Land CO.LTD.,
Korea) was used in the hot-roll lamination process to generate flexible superhy-

drophobic coated films.
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3.2.2. Fabrication of flexible superhydrophobic PDMS/SNPs coated films

A schematic diagram describing the fabrication processes of flexible su-
perhydrophobic coated films using a spray method, a hot-roll lamination and
peeling assisted by heat treatment are shown in Figure 19. The flexible superhy-
drophobic coated films were fabricated by hydrophobic PET/PDMS surface and
silica NPs in two steps. The hydrophobic coating was created on the PET film
using the spray gun with a solution of PDMS. The hydrophobic coating was fab-
ricated in two processes. Herein, the flexible hydrophilic substrate was prepared
by the PET film with double-sided foam tape. Then, the double tape was adhered
with dimensions by 50 mm x 50 mm on the PET film. After that, the PDMS was
mixed with 10 : 3 weight ratios of silicone elastomer base and curing agent. To
obtain a uniform dispersion of PDMS in the solution, the solution was ultrasoni-
cated for 15 minutes. Then, a solution of PDMS was sprayed inside the squares
(made the area of 50 mm x 50 mm by double tape) of the PET film using an air
gun at 280 kPa with a distance between about 10 cm the from an air gun to the
PET film. A solution of PDMS was sprayed on the PET film and repeated for 3
and 4 times. One spray cycle takes 14 seconds with an interval of 4 minutes be-
tween successive cycles. Finally, the substrate of the PDMS layer with a hydro-

phobic surface was kept at ambient temperature for 10 minutes.
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Figure 19. A schematic diagram of hot-roll lamination and peeling assisted by

heat treatment for the superhydrophobic coated films.

Subsequently, the hydrophobic surface with a PDMS layer was modified
by the hydrophobic silica NPs using a hot-roll lamination process followed by
thermal annealing. Firstly, 0.2 g fumed silica powder was dispersed into the fab-
ricated hydrophobic PET/PDMS surface with an area of 50 mm x 50 mm by dou-
ble tape. Then, the fumed silica powders were covered on the fabricated PDMS
layer with hydrophobic coated film. Secondly, another PET film was covered on
the fabricated PDMS/SNPs coated films using one-step lamination processing by
a laboratory hot-roll laminator machine at 135°C for 1 time. After that, the lami-
nated coated films were exposed to the thermal annealing process by the oven at
135°C for 16 minutes.

The PDMS layer increased the bonding between the silica NPs and PET
film through post heat treatment. After post-heating, the lamination sample was
taken out from the oven, which cooled was at room temperature. The cooled pre-
pared lamination sample was cut an area of 50 mm x 50 mm. When cut the pre-
pared lamination sample was removed a double-sided foam tape. Next, another

PET film was anti-adhered to with fabrication PDMS/SNPs coated film that was

36



peeled off manually from prepared the lamination sample with an area of 50 mm
x 50 mm. The resulting, fabricated hydrophobic PET/PDMS with hydrophobic
silica NPs coated films were cleaned by an ultrasonic cleaner at 5 minutes inside
into the ethanol and dried at ambient temperature.

Lastly, the flexible superhydrophobic surface was generated by the fabri-
cation of hydrophobic PET/PDMS coated film with hydrophobic SNPs. Figure
20 shows the fabrication flexible superhydrophobic PDMS/SNPs coated films
and the corresponding images of raw materials. Here, we study the effect of hy-

drophobic silica NPs on the PDMS layer with hydrophilic PET film.

Iy

Polyethylene Polydimethylsiloxane Hydrophobl.c silica PDMS/SNPs
terephthalate film (PDMS) nanoparticles coated films
(PET film) (SNPs)

Figure 20. Images of the fabricated superhydrophobic PDMS/SNPs coated films

and materials.

The characteristic parameters of the fabrication process of flexible super-

hydrophobic PDMS/SNPs coated films are recorded in Table 2.

Table 2: Parameters of the fabrication process for superhydrophobic surface of

PDMS/SNPs coated films.

Process Parameter Value
Spray time * (sec) 55
Spray method Pressure (kPa) 280
Distance (cm) 10 - 15
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Temperature (°C) 135
Hot roll lamination

Lamination speed (mm/sec) 1.2
Temperature (°C) 135

Oven
Time (min) 16

* Spray times required to spray the plate surface with an area of 50x50 mm?.

3.2.3. Surface characterizations of coated films morphology and wettability

investigation

The surface morphology of the fabricated flexible superhydrophobic
PDMS/SNPs coated films was examined by field emission scanning electron mi-
croscopy (HITACHI, SU8220, Tokyo, Japan). The chemical composition of the
fabricated flexible superhydrophobic coated films was analyzed using energy-
dispersive x-ray spectroscopy using the FE-SEM.

Confocal laser scanning microscopy (KEYENCE, VK-X200 series) was
used to analyze the surface roughness of the fabricated flexible superhydrophobic
coated films.

The CA, SA, and tilting angle (TA) of the fabricated coated surface were
observed by a contact angle meter (SDL200TEZD, FEMTOFAB, Seoul, Korea)
at ambient temperature with a 10 microliters water droplet. The average value of
the CA, and SA were measured five times for each sample.

3.2.4. The mechanical durability

The mechanical durability of the fabricated flexible superhydrophobic
PDMS/SNPs coated films were carried out by scotch tape, abrasion with sandpa-
per, and bending tests. A standard method B of ASTM D 3359-09 was used to
evaluate the mechanical durability of coated film using the adhesion test with
scotch tape. The scotch tape (Scotch-550; 3M; Seoul; Korea) was attached to the
fabricated flexible PDMS/SNPs coated films at an applied pressure of 3.9 kPa (1
kg weight on 50 x 50 mm of area), and then the scotch tape was detached [74].

The CAs and SAs of every cycle were measured on the prepared 3 samples. The
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second mechanical durability test of the fabricated flexible superhydrophobic
coated films was estimated by abrasion test with sandpaper [45]. The prepared
flexible coated films were placed on the 240 grit sandpaper (CC-240 Cw; Dae-
sung Abrasive Co., Seoul, LTD; Korea) with the rough side was connected. The
fabricated flexible PDMS/SNPs coated films were moved by 10 cm followed by
90° rotations with a pressure of 1.2 kPa (25 g weight on 15 x 15 mm of area) and
the procedure was replicated. The CAs and SAs were measured on each sample
every cycle of the abrasion test. The last mechanical durability test of the prepared
flexible PDMS/SNPs coated films was assessed by a bending test [75]. The bend-
ing test was folded forwards and backward, from - 90° to 90° for one time, this
repeated process was defined as one cycle on the fabricated flexible superhydro-
phobic surface.

3.2.5. The aging stability and chemical stability

The chemical and aging stabilities were investigated on the fabricated flex-
ible superhydrophobic PDMS/SNPs coated films after about 150 days. First, the
surface wettability of the fabricated flexible PDMS/SNPs coated films was ob-
served after 150 days of storage at ambient conditions. Second, a chemical sta-
bility test was used to evaluate the durability of the prepared flexible PDMS/SNPs
coated films at ambient temperature using the medium solutions such as at differ-
ent pH ranges (2, 7, and 13). The chemical stability test was carried out to im-
merse each sample at different times (1, 3, 6, 9, 12, and 24 h) for medium solu-
tions with each pH value. The during a time, the fabricated flexible superhydro-
phobic coated film was removed from the medium solutions, then the sample was

dried at ambient conditions for one hour, and the wettability was measured by

CAs and SAs.
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3.3. Results
3.3.1. Wettability of fabricated superhydrophobic PDMS/SNPs coated films

Figure 21a shows the wetting image of fabricated superhydrophobic
PDMS/SNPs coated films. The surface wettability of the prepared superhydro-
phobic coated films was investigated by CA, TA, and SA measurements as shown
in Figure 21b-d (Video S6). The fabricated coated films displayed excellent su-
perhydrophobic tendency when the hot-roll lamination temperature was 135°C
with a treatment heating temperature was in the oven the 135°C at 16 minutes.
Figure 21b show the CA was about 176.3°, in Figure, 21¢ the TA was about 2.1°
and, in Figure, 21d the SA was about 2.3°.

It is known that the wettability of the surface is governed by chemical com-
positions that determine the surface energy and the rough surface structure.
Herein, the main function of silica NPs in the hydrophobic coating is to generate
nano/micro-scale roughness, and hydrophobic PDMS to make low surface energy.
Meanwhile, the combination of roughness and low surface energy on the fabri-

cated coatings results in higher contact angle [76].
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(b) Tilting angle: 0°

Tilting angle: 2.1° ﬁ(d) Sliding angle: 2.3° |

Figure 21. Wettability images of the fabricated flexible superhydrophobic
PDMS/SNPs coated films.

3.3.2. Surface characterization

The surface morphology plays the main character in the development of
superhydrophobic surfaces. The surface morphology of flexible superhydropho-
bic PDMS/SNPs coated films is shown in Figure 22, in which the coated films
with hydrophobic silica NPs are compressed to the PDMS layer during the hot-
roll lamination and peeling assisted by the heat treatment process was utilized.
When we use heat treatment processes the hydrophobic PDMS layer was bonded
to the hydrophobic silica NPs. The fabricated PDMS/SNPs coated films exhibit a
rough surface with a wide dispersion of nano/microstructures surface. The fabri-
cated superhydrophobic PDMS/SNPs surface consists of the nano/micro hierar-
chical structures that help to improve the superhydrophobic tendency of the
coated films [71], [76].
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Figure 22. The surface structure of the fabricated superhydrophobic
PDMS/SNPs coated films for (a) FE-SEM images of surface morphology and
(b) confocal laser scanning microscopy results of roughness profile and surface

roughness value.

The average surface roughness of the fabricated flexible PDMS/SNPs
coated films was measured using confocal laser scanning microscopy Figure 22b
displays the micro-scale structure via the roughness profile and surface roughness

of the prepared films that measured as 5.29 pm for the R, and 6.58 pm for R,.

The thickness of the coated film was determined using the cross-section
FE-SEM image of the fabricated superhydrophobic PDMS/SNPs surface with
PET film. The thickness for fabricated superhydrophobic coated films was shown
in Figure 23a, which was found to be around 100 um above PET film.
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Figure 23. Results of the fabricated PDMS/SNPs coated films for (a) FE-SEM

image of cross-section and (b) EDS line for chemical composition.

The line EDS was used to determine the chemical composition of prepared
PDMS/SNPs coated with PET film. The recorded EDS spectrum of the coated
superhydrophobic films is shown in Figure 23b that illustrates that the
PDMS/SNPs coated film with PET film is composed of carbon, oxygen, and sil-
icon elements.

3.3.3. Mechanical durability tests

The combined micro/nanostructures superhydrophobic are generally sub-
ject to mechanical damage, which deficit the practical application. Herein, the
mechanical robustness of the fabricated flexible superhydrophobic PDMS/SNPs
coated films was studied using mechanical tests such as the adhesion scotch tape
test, abrasion test with sandpaper, and bending test with folding.

Firstly, the scotch tape test was carried out on the fabricated superhydro-
phobic PDMS/SNPs coated films. The CA and SA were evaluated after the scotch
tape test. A schematic diagram of the test and five different positions for the CA
and SA measurements are shown in Figure 24. In Video S7 shown is the scotch
tape test of the fabricated superhydrophobic coated films. Adhesion and peeling
of scotch tape were replicated for the prepared coating breakdown. In Figure 25

shows the results of the CA and SA after the scotch tape test for the fabricated
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PDMS/SNPs coated films was condensed. The error bars with the average values
in Figure 25 were designated the minimum and maximum values, and a 90 de-
grees value in SA means that the water droplet was attached to the surface even
with tilting of 90 degrees. The resulting prepared coated films could resist scotch
tape peeling with results of 20 replicating for superhydrophobic tendency with
the average CAs about 170° and average SAs less than 10°. From the scotch tape-
peeling test, the fabricated flexible superhydrophobic PDMS/SNPs coated films

appear good mechanical durability.
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Figure 24. A schematic diagram of the scotch tape test of flexible superhydro-
phobic coated films and the five different positions of wettability.
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Figure 25. Results of the scotch tape test of the fabricated flexible PDMS/SNPs
coated films for CA, and SA.

Then, an abrasion test was performed on the fabricated flexible superhy-
drophobic surface of PDMS/SNPs coated films. Figure 26 presents the schematic
diagram of the abrasion test with sandpaper and the CA and SA measurements
position of wettability. The abrasion test with sandpaper was conducted to the
move distance of 500 cm. This during the distance on the fabricated coated sur-
face after the abrasion tests did not show any sliding angle. The abrasion test of
the prepared flexible superhydrophobic PDMS/SNPs coated films were displayed
(Video S8), and Figure 27 shows the CA and SA results after the sandpaper test
with a 10 cm move distance. The average CA was higher than 160° after a move
distance of 500 cm and the average SA became less than 10° after a move dis-

tance of 400 cm. Additionally, the abrasion test with sandpaper proved that the
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fabricated flexible superhydrophobic coated film exhibited good mechanical du-

rability.
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Figure 26. A schematic diagram of the scratch with sandpaper test of the flexible

superhydrophobic coated films and the measurement position of wettability.
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Figure 27. CA and SA results of the scratch with sandpaper test of the fabricated
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flexible PDMS/SNPs coated films.

Lastly, the flexibility of the superhydrophobic surface is related to water
repellency. A bending test was examined on the prepared superhydrophobic
coated film still exhibited extreme water repellency one folding cycle shown in
Figure 28 (for details, Video S9). CA and SA average values measured after 100
folding cycles shown in Figure 29 that the fabricated surface did not undergo
crucial changes compared with the one before during the experiment cycles, in-
dicating that the coating could resist severe mechanical bending. The fabricated
superhydrophobic coated films by micro/nanostructure of silica nanoparticles, to-
gether with the PDMS layer, have achieved both mechanically durable and flex-

ible abilities.

1 cycle bending

Figure 28. The function of bending times of the fabricated flexible superhydro-
phobic PDMS/SNPs coated films.
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Figure 29. CA and SA results of a bending test of the fabricated flexible super-
hydrophobic PDMS/SNPs coated films.

3.3.4. Stability in ambient air and chemical stability with pH effect

The fabricated flexible superhydrophobic PDMS/SNPs coated films were
stored at room temperature for 5 months. Then, the surface wettability was eval-
uated with the CA and SA for stability in ambient air are shown in Figure 30. The
results showed that the average CA and SA for five samples after 5 months in
ambient air were 176.3° and 3.5°, respectively. The CA and SA were not de-
graded after storage, which indicated that the fabricated flexible superhydropho-
bic PDMS/SNPs coated films have long-term stability in air.
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Figure 30. Results of stability in the air for the fabricated superhydrophobic
PDMS/SNPs coated films.

The chemical stability of the fabricated flexible superhydrophobic
PDMS/SNPs coated films was estimated in medium solution with different pH
ranges (2, 7, and 13). This chemical test was performed as a function of immer-
sion time such as 1, 3, 6, 12, and 24 h. Then, the CA and SA were measured. A
schematic diagram of the chemical test and three different positions for the CA

and SA measurements are shown in Figure 31.
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Figure 31. A schematic diagram of the chemical stability test of the fabricated
flexible superhydrophobic coated films and the three measurement positions of

wettability.

The results of the average values of the CA and SA after the chemical test
for the fabricated PDMS/SNPs coated films are shown in Figure 32. The CA of
the fabricated coated films is gradually decreased with respect to the immersion
time for all solutions. In contrast, the SA gradually increased with respect to the
immersion time. The CA decreased in the range of 176 £4° and the SA increased
in the ranges 0f 2.3 +0.1° to 9+2.2° within 1, 3, 6, 12, and 24 h after immersion
in acidic and neutral solutions. The wettability of the surface exhibited a small
change after 12 in both acidic and neutral solutions. In contrast, in the alkaline
solution, the CA decreased to 134.3° and there was no SA. These results showed,
the average CAs on the fabricated flexible superhydrophobic PDMS/SNPs coated
films after immersion in acidic, neutral, and alkaline solutions for 24 h are 172.7°,
172.3°, and 128°, respectively. In addition, the average SAs of the PDMS/SNPs
coated films after immersion in acidic, neutral, and alkaline solutions for 24 h are
approximated to be 9.5°, 9.8°, and no sliding angle, respectively. These results
indicated that the fabricated superhydrophobic PDMS/SNPs coated films have
strong chemical stability for acidic and neutral solutions. However, the prepared

coated surface can be harmed by alkaline solution. The observed low stability
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may be attributed to the chemical degradation of the PDMS used in the surface
treatment of hydrophobic silica nanoparticles [51, 77]. The chemical structure of
the PDMS can be degraded by hydrolysis, and hydrolysis can create a hydroxyl
group that can attack the silicon atom. The presence of hydroxyl groups expands
damage to the wettability of the surface [78]. In addition, the polydimethylsilox-
ane (dimethyldichlorosilane) structure is observed can be degraded rapidly in al-

kaline condition [51].
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Figure 32. Results of the chemical stability test using acidic, neutral, and alkaline
solutions for the fabricated superhydrophobic PDMS/SNPs coated films for (a)
CA and (b) SA.

3.4. Discussion

PDMS as low surface energy material is used to create a relatively smooth
and continuous structure with a certain degree of hydrophobicity by spraying with
chemical reagents on hydrophilic surfaces [45]. The superhydrophobic surface
has realized through the formation of micro/nano rough heterostructure surface
involving low surface energy hydrophobic silica NPs using various coating pro-

cesses [77].
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Herein, the hydrophobic silica NPs is compressed to the hydrophobic
PDMS layer that generates thick PDMS/SNPs layers and resulting in the im-

provement of superhydrophobic tendency as shown in Figure 33.

Low surface energy

l I PET-PDMS/SNPs

surface

Superhydrophobic

PET/PDMS surface Hydrophobic surface surface

- I | oo

PET surface PET surface
Flat surface Rough surface

Figure 33. Effect of a process procedure for the fabricated flexible superhydro-
phobic PDMS/SNPs coated films.

The fabricated superhydrophobic PDMS layer with hydrophobic silica NPs
is badly off for mechanical durability, which restrict the wide usage in commer-
cial applications. The mechanical durability is an important point that restrict the
application of fabricated superhydrophobic coating films [45].

Gradual loss of the superhydrophobic coating due to mechanical contact or
wear that thin coating layer and surface roughness can be easily destroyed. To
overcome this problem, we prepare the flexible superhydrophobic coated films
with high thickness and high roughness coating layer of hydrophobic silica NPs
using hot-roll lamination and peeling assisted by heat treatment. The acquired
results from the mechanical durability tests disclosed that the presence of thick
flexible PDMS/SNPs coated films successfully resisted adhesion and abrasion
tests. The thick flexible superhydrophobic coated film with a thickness thicker
higher than 100 um exhibited excellent mechanical robustness and good re-
sistance in scotch tape and, scratch with sandpaper tests. Results showed that after

mechanical durability tests using the sandpaper and scotch tape tests, where loss
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of coated film thickness, are illustrated in Figures 34a and b FE-SEM image show
that after the scotch tape test the fabricated coated films keep a micro-nanostruc-
ture structure. However, after the sandpaper test there is variation on the fabri-

cated coated films thickness.

Figure 34. FE-SEM and cross-section images of the fabricated superhydrophobic

PDMS/SNPs coated films using after mechanical durability tests for (a) scotch
tape test and (b) scratch with sandpaper test.

The detailed results after mechanical durability tests of the fabricated su-
perhydrophobic PDMS/ silica NPs layer are summarized in Table 3. To show the
results of aggregation, the wettability is changed of the fabricated superhydro-
phobic coated films, where the average CAs are decreased in the range from 15
to 20 degrees and the average SAs are increased from 18 to 23 degrees. The sur-
face roughness of the micro/nano rough surface is damaged by about 1 microm-
eter of the fabricated coated films. The thickness loss of the fabricated superhy-

drophobic surface with silica NPs coated films ranging from 30 to 40 micrometers.

Table 3. Summarization results of after mechanical durability tests for the fabri-

cated superhydrophobic PDMS/SNPs coated films.
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Fabricated After the scotch After the sandpa-
PDMS/SNPs tape test (100 per test (500 cm)
coated film times)
Average values
Wettability (°) CA=176.3 CA= 1545 CA=161.6
SA=24 SA=20.5 SA=26.1
Surface rough- R,=5.29 R,=4.21 R,=3.98
ness (Um) R,=6.58 R,=5.31 R,=35.33
Thickness of
fabricated coated More than 100 About 70 About 60

film (um)

The fabricated superhydrophobic coated thick films are inappropriate for

mechanical wear resisting because mechanical wear with small force could harm

the structure of coatings and the coatings lost superhydrophobicity [79]. In terms

of the mechanical durability of the fabricated coated films, the mechanical

durability test gradually destroys the coated layer resulting in the decrease of

layer thickness along with the loss of nano-microstructures with low surface

energy for superhydrophobicity, as shown in Figure 35.
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Figure 35. Mechanism of mechanical durability of the fabricated superhydropho-
bic PDMS/SNPs coated films.

The mechanical durability of the coated layer depends on the thickness of
the superhydrophobic surface with coating films. Herein, the fabricated flexible
superhydrophobic PDMS/SNPs coated films have become thick for the coating
layer. The mechanical durability of the coated layer with fabricated flexible su-
perhydrophobic PDMS/SNPs surface compared to some reference papers is illus-
trated in Table 4. In addition, a thin coating layer of the superhydrophobic surface
is easily damaged is shown in Table 4. However, the fabricated superhydrophobic

surface with a thick coating layer is keep superhydrophobicity.
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Table 4. Comparison of mechanical durability of coating layer for the fabricated flexible superhydrophobic coated films.

Methods Materials Thickness of Wettability Abrasion test Adhesion test Ref
coating (Um)
Hot-roll lamination and | PET film, PDMS and CA:167.4° CA:170.8°
. . o : CA:176.3° SA: 8.54° SA: 9.6° .
peeling assisted by heat | silica nanoparticles 103 SA: 2.3° after 350 cm after 20 times This work
treatment (CC-240 and P=1.2 kPa) (P=3.9 kPa)
Electro-deposition PDMS, silica nano- CA: >150°
. . CA =156.° SA: <10° N
particle and mid steel 15 SA=7° after 112 cm Didn’t used [80]
(CC-1200 and P= 0.9 kPa)
Spray coating Epoxy resin, acetone, CA=115° [81]
CA =153.6° o No data for SA
and ethanol lower than 10 No mention SA Didn’t used after 7 times
Electrospray deposition Fumed silica nano- o CA =150 CA = 152° [82]
particles, epoxy CA =155 No data for SA
) about 2 : No data for SA
resin, and No mention SA after 100 cm afier 9 times
ceramic (CC-600 and P= 0.5 kPa)
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The fabrication process is simple and uses a commercially available hot-
roll lamination and peeling process without using toxic chemicals. However,
there applied the easy post-treatments process. All materials are commercially
available and non-toxic. Therefore, the proposed fabrication method can be used
low-cost equipment and materials. All these things are important components to
apply the proposed fabrication method to mass production.

The large sizes and deformability of coated films for the fabricated flexible
superhydrophobic PDMS/SNPs coated films were demonstrated in Figures 36a
and b. (Video S10).

Figure 36. The fabricated flexible superhydrophobic PDMS/SNPs coated films
for (a) large size image and (b) deformability.

The superhydrophobic performance was appeared on the fabricated coated
films by the self-cleaning and water droplet bouncing was displayed. The self-
cleaning performance of the flexible PDMS/SNPs coated films was demonstrated
with the sugar powder as shown in Figure 37 (Video S11). As displayed in Figure
37, water droplets slide on the fabricated superhydrophobic coated films, the

sugar powders can be trapped by the water droplets.
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Figure 37. Time sequential images of the self-cleaning on the fabricated flexible
superhydrophobic PDMS/SNPs coated films.

The water droplet bounce on the fabricated flexible superhydrophobic
coated films is demonstrated in Figure 38 (Video S12). The fabricated film ex-

hibited excellent superhydrophobicity to repulse the drop of water.

Figure 38. Time sequential image of the water droplet bouncing on the fabricated

superhydrophobic PDMS/SNPs films.
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3.5. Summary

In summary, we developed a simple and low-cost hot-roll lamination and
peeling process assisted by thermal annealing to fabricate a robust superhydro-
phobic surface consisting of the PDMS layer and silica NPs. The results showed
that the fabricated flexible superhydrophobic coated film exhibit a very large CA
of 176.3° and a very small SA of 2.3° at room temperature. The surface mor-
phology was analyzed using FE-SEM images, which revealed the formation of
nano/micro-structure rough surface of flexible superhydrophobic PDMS/SNPs.
The fabricated superhydrophobic flexible coated films showed very strong me-
chanical durability and excellent chemical stability in acidic and neutral medium
solutions. However, the fabricated film exhibited very low chemical stability in a
strongly alkaline medium. The practical meaning is the suitability of the large size
for mass-production of mechanical durable and flexible superhydrophobic coated
films using a simple and low-cost hot-roll lamination and peeling assisted by ther-
mal annealing process using environmentally friendly and commercially availa-

ble materials.
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Chapter 4: Conclusion
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This thesis is started with facile and low-cost methods for generating su-
perhydrophobic coating surfaces by the hydrophobic silica nanoparticles on ther-
moplastic materials. These methods and polymer materials were chosen because
it is simple, does not require complicated equipment, does not require chemicals,
and are commercially available. The superhydrophobic surface created by these
micro/nanostructures and surface materials with low surface energy was con-
firmed by researchers. Hydrophobic silica nanoparticles have been widely used
to create combined structures on surfaces of low surface energy by various coat-
ing methods with binders for the realization of a superhydrophobic surface. Many
scientists have focused on the fabrication of superhydrophobic coated surfaces
with polymers and low surface energy organic materials that help to improve the
surface roughness and durability. Moreover, nanoscale silica particles covered
the entire surface, and random nano-microscale rough structures were formed.
These nano-micro hierarchical structures with hydrophobicity could make the
surface superhydrophobic. The key findings in each chapter were summarized

below:

(1) A superhydrophobic surface on PP with hydrophobic silica nanoparti-
cles was fabricated by using a compression molding process without chemical or
complex equipment. The surface analyzes and robustness by CA and SA meas-
urement on the fabricated coated films were investigated. The results showed that
the surface morphology and corresponding EDS linear scan for elemental analy-
sis showed the successful fabrication of thick superhydrophobic PP/SNPs films
with nano-microscale structures having hydrophobic silica nanoparticles. Fur-
thermore, that PP/SNPs coated films could maintain the superhydrophobic ten-
dency after several repetitions of tape tests and long-distance scratch tests. More-
over, increasing the SNPs weight ratio in the coated films resulted in the overall

improvement of mechanical durability. Mechanical robustness is of prime
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importance in many applications using superhydrophobic coated surfaces. Addi-
tionally, the chemical stability of the fabricated superhydrophobic coated surface
was elucidated for using acidic, neutral, and alkaline solutions. The PP/SNPs
coated films showed high chemical stability in acidic and neutral solutions how-
ever, the chemical stability of the fabricated superhydrophobic coated surfaces in
the alkaline solution was not sufficient.

(2) Using hot-roll lamination and peeling assisted by heat treatment pro-
cess for fabricating superhydrophobicity on PDMS/PET film with hydrophobic
silica nanoparticles was reported. The results showed that fabricated flexible
coated film was shown a large than CA of 170° and lower a SA less than 3° at
ambient temperature. Moreover, the surface morphology, roughness average val-
ues, and elemental analysis with EDS line appeared the successful fabrication of
flexible superhydrophobic PDMS/SNPs films with nano-microscale structures.
The fabricated flexible superhydrophobic coated films were shown forceful me-
chanical durability with flexible and excellent chemical stability for not sufficient
alkaline solution and high resistance to an acidic solution. The practical meaning
is the suitability of the large size for mass production of mechanical durable and

flexible superhydrophobic coated films.
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Appendices

Appendix A: Credits & Copyright Permissions

Notes on Copyright Licenses for Reproduction of Text and Figures in this Thesis
Chapter 1:

For reproducing those figures that have appeared in the following publication
with credit to other sources, permission has also been sought from the respective

sources.
Chapter 2:

The text excerpts and the figures presented in Chapter Two are reproduced with

permission from the following article:

Oyunchimeg Erdene-Ochir, and Doo-Man Chun, “Robust Superhydrophobic Sur-
face on Polypropylene with Thick Hydrophobic Silica Nanoparticle-Coated Films
Prepared by Facile Compression molding”, Energies 2021, 14, 3155.

Appendix B: The wettability and image of fabricated superhydrophobic
PA6/SNPs coated films using the compression molding process.

In addition, we are studying the fabrication of robust superhydrophobic
surfaces with different thermoplastic polymer materials. Figure A 1 shows the
wettability by measuring CA and SA of the fabricated superhydrophobic surface
on polyamide 6 (PA6) with hydrophobic silica nanoparticles (SNPs) coated films

using the compression molding process.
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Figure A 1. Image and wettability of the fabricated superhydrophobic PA6/SNPs

coated films using the compression molding process.
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