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CHAPTER |

INTRODUCTION

1.1 Background

Many surfaces in nature s as the surface of butterfly wings and plant

leaves are highly water-repellent Warophobic, and therefore exhibit self-
cleaning property [1-4]. Lotus™eafis S hous example among the natural
superhydrophobic surfaces. lospwed by the Ws ent natural surfaces, synthetic
superhydrophobic surfacgs arger than 150 degrees have
been extensively exploreght 1§ scien sts during the past decade.
Water-repellent property 2 tiff AUPerryaroohablc S dee can be applied to glass
windows of automobile angft C\Clig I. anti-biofouling coating, anti-

rusting and functional films [ $#5

Basically, wal€r-régsligncy o sufface is governed by two factors.
The first one is a chemical fa ,_.-5:; J fW ace and the liquid with a very low

surface energy. Thesgiher is a geometn

giher is a ¢ caltfactorn ,_,,_,:__ increase in the surface

AY )

roughness [3-17]. It iS¥e glE"on a smooth hydrophobic

| |
surface does not exce ‘I 120 degrees [6, 10-11, 171. T o

chemistry is m?ﬂwwmﬁaﬁamm to achieve the

efore, reduction of surface

superhydroph

QPN RS HRAGIIG b s

with low ngfBBB energy substances or by mixing them with other coating materials.
Examples of low surface energy substances include fluorocarbons, fluorinated polymers
such as polytetrafluoroethylene, perfluoroalkylsilane, paraffin wax, alkyltrialkoxysilane,

polysiloxane, and polydimethylsiloxane [3-5, 12-27].

The superhydrophobic surfaces can be fabricated by various methods,

including chemical vapor deposition, electrodeposition, phase separation, plasma



polymerization,  lithographic  patterning, electrospraying, sol-gel coating,
organicfinorganic hybrid coating and electrostatic self-assembly [4-5, 9-10, 17, 27-36].
However, some of these methods are either expensive, substrate limited, required the
use of harsh chemical treatments, or not easily scaled-up to create large-area uniform

coatings [35].

In this research, two typ the superhydrophobic films - layer-by-layer

oplical property, thickness, film
nsively studied. Relationships
between the hydrophobigi “gofrpuchihes \ Ce energy are discussed.

ultilayer and organic/inorganic

1.2.2 :g:r:‘. ,,-;' ifg the superhydrophobic

property. |

iF

ﬂ‘IJEI’J'VIEWIﬁWEI'm‘i

13$mpanfR

q mmmmam AL oo

pnlyelectroiyte multilayer and organic/inorganic hybrid films. The films were deposited
on glass slide substrate by dip coating technique. For the polyelectrolyte multilayer film,
effects of film preparation parameters such as etching condition, number of
polyelectrolyte multilayer, type and content of oxide particulate on the film's property
were extensively studied. For the organic/inorganic hybrid film, preparation parameters

were optimized using a Taguchi's design of an experiment method. Films' properties



such as water contact angle as a measure of hydrophobicity, optical transmittance,

surface roughness, stability, thickness, adhesion, surface energy were characterized.
1.4 Benefit of Research

The knowledge obtained from this research will enable ones to fabricate
the water-repellent films by mimicking surface feature of natural superhydrophobic

substrate but also other solid surfaces. In

surface. It can be applied to not ap |
addition, since the film L ' floped in this work is a simple dip
coating, the film can be cgale varielfof Sha £5.aad sizes with no restriction on line
of sight. Moreover, all™€ ercially available, and it is
therefore feasible to s€ale, he organic/inorganic hybrid

film.

&
]
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CHAPTER Il

LITERATURE REVIEW

Since the degree of superhydrophobicity is determined by contact
angle, therefore in the beginning of this chapter, a theory of wettability and contact

angle is described. There are three kinds of contact angle models; Young, Wenzel and

Cassie's model. Next, the disceg v alugal superhydrophobic phenonmena is

surfaces.

\ \.x at the border between physics
r‘:‘:i\‘v‘,i!h-, %

(figure 2.1(a)). Contact angle hasben wit died for at least 200 years and well

and chemistry [5]. It pplications. Wettability may be

guantitatively defined by e of a water droplet on the surface

understood in many aspe equilibrium contact angle can be

measured very simp e .‘*:J e surface [37]. In practice,

there are two types of nﬁmta

e U BT o
A AN TR

which Ibght from a point source is reflected from the surface of a liquid droplet at its point

d d l amic contact angles.

of contact with the solid [38-39].

Another aspect to be considered when measuring contact angle is
dynamic contact angle. It was measured during the growth (advancing contact angle)
and shrinkage (receding contact angle) of a water droplet. The difference between

advancing and receding contact angle is defined as contact angle hysteresis. The



5
observation of different values of contact angle may be depending upon whether the
liquid droplet is advanced or withdrawn across the solid surface. Contact angle
hysteresis arises from solid surfaces seldom being either smooth or chemically
homogeneous [40-41]. The common methods of determining the advancing and
receding angles are shown in Figure 2.1(b) and (c). In Figure 2.1(b) and (c) the liquid is
advanced or withdrawn across the surface by increasing or decreasing the size of the

liquid droplet, which is typically by a syringe. As discussed by Rance [42], it is best to

Figure 2.1 Dropletgo optact angle (a) equilibrium

droplet (b) ; i." £ lliquid, V = vapor.

Iy ]

Depending’ gq, the value of the contact angle, surface properties are

determined as ﬁdu’hﬂ Qnmt &n@%g&ﬂ%phubic (contact angle
> 90 degrees). a!rtial wetling corresponds to mn@t angle < 90 @rﬂes. For contact
e TG T Vi QYR o o0 oo
the transﬂiun between partial wetting and non-wetting case [43]. Surfaces with water
contact angle higher than 150 degrees are superhydrophobic or ultrahydrophobic (with
very litter contact angle hysteresis) (Figure 2.2). As contact angle increases, the area of
the liquid-solid interface shrinks and the interaction between the droplet and the solid
surface weakens. This can eventually cause the droplet roll off or slide down the surface

when a small force is applied, or the surface is slightly tilled.
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The contact angle is also most widely employed to estimate solid
surface free energy. Sharma and Rao [44] listed the main approaches for the estimation
of surface free energy such as the Zisman [45], the Fowkes [46], Owens and Wendt [47]
geometric mean approach, Wu [48] harmonic mean, Van Oss et. al. [49] the acid-base
approach and the equation of state approach derived by Neumann et. al. [50] and Li
and Neumann [51]. The Owens and Wendt approach (also known as the Owens-Wendt-

Rabel-Kaelbe model) is commonly used to estimate surface free energies of complex

Figure 2.2 Waterlog (W éttability characteristic.

Basically, heguperhydrophobig surface is governed by two factors. The

il chemawqaq@me%q E) ooy s

energy. The u the geomeltrical factor with mc:'aasad surface rﬂgghness [3-17]. For

oo e HBATHRAE R B Gy = vor

cnmbineawith surface roughness enhancement.

For low surface energy substances, fluorine is the most effective element
because of its small atomic radius and the biggest electronegativity among all atoms, so
that a covalent bond could be formed with carbon to generate low surface energy of the
surface [7, 17]. Hare et. al. reported that the surface energy increases when fluorine is

replaced by other elements such as H and C, in the order of -CF, < -CF,H < -CF,- < -



7
CH, < -CH.-, and predicted that the closest hexagonal packing of —-CF3 groups on the
surface would give the lowest surface energy of the materials [55]. Therefore,
fluorocarbon polymers make excellent hydrophobic films and coatings. However, the
adhesion between the substrate and the fluoro-based hydrophobic coating is formed by
van der Waals force and it is very weak when such films are directly attached to the
substrates. Thus, it is necessary to copolymerize with other monomers to offset this
drawback. Many low surface energy materials were used such as fluorocarbon,

fluorinated polymer, oroethylegey perfluoroalkylsilane, tetraethoxysilane,

do but through a diffgseft | pigm. |t s \'* KnoWmsithat water contact angles on

smooth hydrophobic s

4r to enhance roughness of

adattion of fillers, etching, wax

solid surfaces includ

solidification, anode Gxtdgtlﬂﬂ hot water EI'I"IITIEI'SIOI"I chemical vapor deposition, phase

Uy

2.2 Contact angla models

A0S UNAANEINE, o

However, it is suitable for a flat, smooth surface. Two models, the Wenzel's model and
Cassie's model, have been put forward to explain the impact of surface roughness on
wettability. Both Wenzel and Cassie droplets can be formed on the same roughness
depending on how a droplet is formed [58]. The three models are shown in Figure 2.3.
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Figure 2.3 Schgmatic ilus ns of Young “Wanzstand Cassie's models [5].

1 ]
In the fifst model, the wettability of a flat surface expressed by contact
L7

¢ a
angle of a waﬁ Bt]is"i ) g : paper describing his
BTN

equation appeaggd in a by

IWANIUUBINYINY .,

where 8 is contact angle, ¥, 7. and ¥, are the interfacial surface tensions with solid,
liquid and gas, respectively. Young's angle is a result of thermodynamic equilibrium of
the free energy at the solid-liquid-vapor interphase. However, this equation can be
applied only to a flat surface.
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It is now known that there are typically two states in which a droplet can
reside on a given rough surface [58]. The droplet either sits on the peaks of the surface
roughness or it wets the grooves, depending on how it is formed. The droplet that sits on
the peaks has air pockets along its contact with the substrate. The contact angle of the
droplet that wets the grooves is given by Wenzel's model while the contact angle of a

droplet that sits on the roughness peaks is given by Cassie's model.

have been proposed so far fga theoretical model describing the
contact angle at the rough bung's equation as follows

\ (2.2)
where &' correspon aPnREnL eonie \ Spresents the roughness factor

N
and O refers to Youn e e « 10 3 ‘\\ efined by the actual surface

el's regime, the contact angle

area divided by the projgCtedl slirface’ s n \

b o ok
and its hysteresis increase -\ areases for a hydrophobic surface.
The decrease ir4fie £or 2 hysteresis is attributed to the switch

from the Wenzel to the CassieStalé®bec; hincreased air fraction leading to the
water droplet on topt .:;" tact with both solid and air
pockets trapped I::-e nth ‘ e hassie's model, the apparent
contact angle is the sum 9f all the cuntnbutlons of the dlﬁrent phases as described by

AUEIBININEONT
= QAN AT T A e o

respectively; 6, and &, are contact angle of phase 1 and phase 2, respectively. For a
rough surface containing only one type of asperities, given f is the solid fraction, then
the air fraction is (1 - f). With &= 180 degrees for air, the resulting contact angle can be
calculated by the following equation

cos@° = f(1+cos@) -1 (2.4)
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Thus, for the Cassie's model, the apparent contact angle is a sole
function of solid fraction for a given surface with contact angle. Therefore, to obtain a
superhydrophobic surface, the contribution of the solid part should be as small as
possible or a solid material with very high contact angle should be used. In practice, the
Cassie’'s model can not predict accurately the wetting behavior of a predesigned
surface. However, it is often used to compare it with a practical result in order to confirm

the presence of the Cassie state.

In summary, botk 65 @8 @ piedict the contact angle of a rough
surface only qualitatively. FusliErmare, it i == lGent which theory should be used and
when. Therefore, it - ant {o-0Btamsame guidelines for predicting the
surfaces behavior, whi pphobic surfaces. Thus, many

research interests ha drophobic surfaces.

2.3 Structures of natural sypeh .

Many surface -f’;'f;:p: e hy@rophobic and exhibit self-cleaning

property [1-4]. Examples in ‘E"tr Berflies and the leaves of some plants.
Inspired by water-rafelient naturat sptffacestenmereSras d‘ ic surfaces having a water

contact angle larger _EF"' Xlensive studied by chemists and

¢ i
materials scientist dung the past decade. Their potential applications are automobile

glass, buildinwrﬁﬁiwﬁ w%’wmm. anti-rusting and

functional films

ARIRST AR DB B e v

superhydrophobic surfaces [1, 4]. The water contact angle of a lotus leaf is 161 + 2.7
degrees with contact angle hysteresis of only 2 degrees. Picture of the lotus leaf
obtained by Barthlott and Neihuis is shown in Figure 2.4 [1]. The structure of the lotus
leaf consists of a combination of a two scale roughness; one around 10 um (roughness
structure) and the other around 100 nm (fine structure). These surfaces are also referred

to as hierachical micro- and nano-structure. The hydrophobicity of the lotus leaf arises
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from the epicuticular wax secreted by the lotus itself. The wax has a contact angle of
110 degrees, not highly hydrophobic. However, the lotus leaf still exhibits a
superhydrophobic property. It is presumed that this combination of roughness and wax
contribute to the superhydrophobicity of the lotus leaf. The rolling off of water droplets
and collecting the contaminants from the lotus leaf is dubbed as the “lotus effect”. The
lotus leaf therefore always exhibits a very low degree of contamination which is

regarded as self cleaning.

The self gleanmg effect is ewdent for the lotus leaf. The underlying

mechanism hﬁ% i d’}rﬂﬂsﬁ %ﬁwm ﬁsﬁen a viscous fluid and a

solid surface, %ually a nonslip Euunﬁary Cﬂndlhﬂﬂ dumlnates [62]. Slip on the
bﬂuno‘a' W Gicaaqt ﬁﬁlw ﬂﬁﬁf’}rﬂ ﬂf}vﬁh&]nut appreciated
for madtoscopic flow. However, when the droplet moves down a tilted rough
superhydrophobic surface, due to the high contact angle (minimized contact between
the fluid and surface), effective macroscopic slip occurs on scales consistent with the
characteristic size of the surface features. For the droplet of water rolling off a lotus leaf,
the droplet behaves as an elastic ball rather than a fluid (Figure 2.5). In case of a normal
hydrophobic surface, because of the nonslip boundary condition, the water droplet falls

across the dirt particles and the dirt particles are mainly displaced to the sides of the



12
droplet and re-deposited behind the droplet. Especially hydrophobic particles tend to
remain on such surface (Figure 2.5(a)). In the case of water-repellent rough surfaces,
the solid/water interface is minimized. Water forms a spherical droplet, and collects the
particles from the surface (Figure 2.5(b)).

(a) (b)

e e

Figure 2.5 Slip of a water dropletitan ) ad hydrophobic surface where the

'j uperhydrophobic surface
 f g

where the dushpe Eeraway: sel-cleaning.

J

AULINENINYINS
ARIAATAUNINGIAY

water drop crawls oy the dust parficles and bl an-
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2.4 Literature reviews

As mentioned in section 2.3, the best known example of
superhydrophobic surface is the lotus leaf. Barthott and Neinhuis discovered the context
between the chemical and structural nature of the lotus leaf surface and its strong water
repellent and self cleaning properties [1]. Numerous studies have confirmed that this
combination of surface roughness and low surface free energy materials leads to water

contact angle higher than 150 degrees, Controlling the wetting of the surfaces is an

nology. The interest in self-cleaning

surfaces is being driven by“the. fes - Tian-wettable surfaces for potential
-—

applications. "—"
The ﬁrs au:e was demonstrated in the

mid-1990s by Onda \ \
made of alkylketene

Super-water-repellent surface
as a contact angle as large
as 174 degrees. A widg"\ developed by mimicking this
effect. The methods inclyfle @ c y T yapor eléct@deposition, electric deposition,
A patterning, electrospray, sol-gel
synthesis, organicfinorganic hy BEELretnod er-by-layer deposition method [4-5,

9-10, 17, 27-36). Mastpf the meth ods dis closed to d ate | iowever, are either expensive,

substrate limited, re ents, or cannot be easily

scaled-up to create lar a—area uniform coatings [35]. W, ater repellent coatings have

been achiev j f such as fluorocarbon,
fluorinated p:ﬂm m aﬂm e, tetraethoxysilane, other
silanes zﬁ a ﬁﬁgane and other
chamncﬁﬁl}ta ﬂ(ﬁa‘f Iﬂ W Wﬁe

Techniques to make the superhydrophobic surfaces can be simply
divided into two categories: making a rough surface from a low surface energy material
and modifying a rough surface with a material of low surface energy. In this section,
recent publications on the field of superhydrophobicity are reviewed, and their major

results are presented.
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For the first categorized techniques, the superhydrophobic surfaces
are generated via producing rough surface from inherently low surface materials [3-5,
12-27). A well-known material with low surface energy is polydimethylsiloxane (PDMS).
Because of its intrinsic deformability and hydrophobic property, the PDMS can readily
be made into superhydrophobic surfaces using various methods. For example,
Khorasani et. al. treated the PDMS using CO,-pulsed laser as an exciatation source [64].

The water contact angle for the treated PDMS was as high as 175 degrees which was

believed to be due to both the porasily

y in ordering on the PDMS surface (Figure

2.6(a)). Similarly, Jin et. al. usée aser S ad method to make a rough surface of
PDMS elastomer containingeiiie i @Mmpﬁsm structure [65]. Such
a surface exhibited a sUperl 'u Gigit \\\ ler contact angle higher than 160
\ n et. al. recently reported a

\ ~3 y repo

degrees and sliding ang

i i an ‘
nanocasting method [0 make gt

gefhydro \ S, sUrface [66]. They first made a
negative PDMS temp s ,- ? ::\ \ emplate and then used the
negative template lo make & -' plica of the original lotus leaf.

f'F

The positive PDMS templats lg #; ad\ih@ same surface structures and

superhydrophobic as the lotlls |€gi-Give T_ efce in composition and consequent

surface energy between the lotsis’s ax crystals, -CH,-, 30-32 mJ/m’) and

I!"JL"‘ '!\?-J-:

the PDMS rephca hydrﬂphﬂbic obtained is
s T T L

surprising. ' m -
i

Another wayto exploit the low surface energy of PDMS is to use a block

— sucﬂsu@y%% DT WP rornstance, v ot o1

made a supe mphnblc membrane in the form of a nonwoyen fiber mat by
e SR SRR AP At o v
2.6(c)) [ 7]. The superhydrophobic with water contact angle of 163 degrees was
attributed to the combination of enrichment of PDMS component on fiber diameters (150
nm to 400 nm). The flexibility, breathability and free-standing feature of the membrane
are of particular interesting in areas such as textile and biomedical applications. More

recently, Zhao et. al. prepared a superhydrophobic surface by casting a micellar
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solution of PS-PDMS in humid air based on the coorperation of vapor-induced phase

separation and surface enrichment of PDMS block (Figure 2.6(d)) [68].

-

Y > ;{' 1
Figure 2.6 SEM in"afiEs of superhydropho ¥&tle by roughening PDMS-

e

based materials. I{a}héMS sm‘écé treated by CD;-puIsléllaser [64]. (b) lotus leaf-like
PDMS surfa cas=ti ] F’f zlecirosgun fiber mat and the
droplet @jm . nﬁdﬂmm 5t iﬂﬁiﬁ igfﬂ'ﬂ solution in
dimethylfor#]amide in_ hufiid air

RATIIHTIN a2

The methods to make superhydrophobic surfaces by roughening low
surface energy materials are mostly one-step processes and have advantage of
simplicity. Many techniques reported by a totally different strategy such as making
rough surface (not necessarily from low surface energy materials) and subsequent
modifications of the surface chemistry or mixing roughening material with low surface

energy matrix. Among these methods, the simple way to obtain hydrophobic surface is
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hybrid organic/inorganic method. Moreover, the hybrid organic/inorganic materials
are interested with possesses unique properties such as flexibility, thermal stability and
environment stability because of synergistic properties between the inorganic and
organic material [25]. The hybrid organic/inorganic films were prepared by low surface
energy as organic polymer and surface roughness materials as inorganic particle. To
enhance surface roughness, the matrix was mixed with inorganic particle as a direct

particulate form or suspension form.

Previous studies
organicfinorganic film 8N Gl
synthesized transparent ; Jrids JSines@gIganic sources as metal alkoxides
of Al (1), Ti (IV), Zg W8k e (WsatBeghemically modified with ethyl
acetoacetate [23]. ]
hydrolyzed solutions ag@ gglt : fapudgrawth of large inorganic particles.

The refractive index incre@ise <26 (IV) = Ti (IV) < Ta (V) = Nb (V).

Iketani et. al. prepared tragfpdfen \ Siloxane) hybrid films by the same

T :

method. The films were high, :I;;':fi-’hﬁ:ﬁ gnsiilitance > 90%, and amorphous TiO,
r----".

in the films crystallized to anat ,s..":é“ sor-treaament at 100 °C for 1 h at an atmosphere
e o

[24]. They showed gopd o ﬂ position of methylene blue

=

AR decreasing trend with the

int. Figure" 257 she v imagesof the TiO/PDMS hybrid films

and acetaldehyde, &/l

increase of PDMS conlté

"

with various PDMS contefitgs,

A8 TNHINT

in Heﬂﬂ pe nrrntlrjmmtln ang'!snratch experiment, Douce el. al.
¢

o MR 113 E Y e 2]

uhjectﬂi 10 find™a ¢ 5 e inc an Y odulus deduced

from nanoindentation measurements and a deterioration of the scratch resistance

observed in scratch test. The results showed that adding fillers increased the Young's

modulus of the coatings in a significant way but decreased the scratch resistance [22].
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However, @ tHECAfEvioUS 3 s of hybrid organic/inorganic method,
. P TTIINT
the superhydrophobic surfacewas GOt ak

e water contact angle was lower

than 150 degrees. Wi fESCEREaS ALE- RIGE CORSTLS --{.‘ was obtained by modified
i

chemical and physicall rot ; e:y
|

chemical and morphological modification [16]. They m

ncreasing hydrophobicity via
fied surface morphology of the

coating, a io.ﬂsﬁﬁfﬁlw.w.{wﬂqﬂ ?ca filler. The silica filler

particles incredgied solid content of the coating, resulting in rough surface with a lotus-
=

¢ v/
real-!ivaswwlf ﬂﬁeﬁim};j mwraaoﬂ E’ nldﬁaﬂic properties by
increasigg contact angles by grees. Then, they prepared hydrophobic coating by
polydimethylsiloxane and tetraisopropoxide precursor and chemically modified with
ethyl acetoacetate [26]. The water contact angle increased to a maximum of 133
degrees. The hardness was obtlained by colloid silica with particles size of 20 nm. The
hardness of coating increased with silica filler content and curing temperature. They

optimized hydrophobic property and coaling hardness at the same time.
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(a)

(k)
Figure 2.8 FE-SEM microg p@i&_’l’_’:&a’bm dewiend(b) cross-section of 47% viv silica.
This microstructure analmgnuﬂéﬂﬁb} helolti8ieaf gives hydrophobic property [16].

mﬂrganicﬁnnrganic films by

polydimethylsiloxane and tltanaum tetra- |50prnpnxlde precursor [25]. They focused on

O 111 1218 A1 R L M

were discussedbn the basis of the change of mlcm -domain structure with paolydimethy!

s PP L ST YT T o

water cantact angle was 115 degrees.

Many researchers have attempted to improve films' hydrophobic.
Makajima et. al. reported hard coating thin films that prepared by a phase separation of
tetraethyl orthosilicate combined with an acrylic polymer and subsequent fluoralkylsilane
coating [12]. The dominant mechanism of the hydrophobicity of the film was changed

from Wenzel's mode to Cassie's mode with increasing surface roughness. The water
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contact angle achieved was about 152 degrees. The film has high transmittance and

its hardness was almost at the same level as normal silica-based hard coatings.

Zhang et. al. prepared the superhydrophobic maternals by using fumed
silica, alkyltrialkoxysilane and polysiloxane [20]. The water contact angle obtained was
169 degrees. It was utilized to control marine biofouling. Detail analysis indicated
virtually no micro-organism attached to the superhydrophobic surfaces in the first week
of immersion, while the uncoated s ﬂ substrates exhibited fouling wilhin a day.
Chang et. al. reported the supemﬁkwy/ g that prepared by TA-N fluoroalkylate

and methyl methacr*,rlaie " ir as w ﬂt materials. Silica powder was

— —
added as surface roughge Raricer ‘I?!,_-W angles obtained were greater
than 160 degrees ¥ ] e bl\\ fiilms was only 90%. The
superhydrophobic filn abfain IrOduEMmughemng materials on the

hydrophobic surface. Fj & shoys M I e.nf l@ films prepared by one-step

Figure 2.9 SEM images of the films prepared by one-step method with various weight of
SiO, A200 (a) 14.4% (b) 37.6 % (c) 75.2 % and SiD? H70 (d) 14.4% (e) 37.6 % and (f)
75.2% [17].
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Hsieh et. al. demonstrated the superhydrophobic surfaces that
prepared from a perfluoralkyl methacrylic copolymer and titanium nanoparticles [19].
The influence of surface roughness on the performance of water-repellence was
investigated. The maximum water contact angle was 164 degrees. To have super-
repellency, the surface with more micropores is favorable because it consists of more air
against wettability. Lin el. al. investigated the enhancement of water-repellency by the

Taguchi and analysis of variance (ANOVA) methodologies [15]). The superhydrophobic

surface was prepared by fluoro polymer and metal oxide nanoparticles
Seven operating factors in fA@taPagicle, solid ratio, dispersion time, F-
binder, distance between ﬁlir&ctmn and layer number were

The chg acile and cheap production of

the superhydrophobic g@8ti pe'gandition of use. To obtain films'
stability for practical use e addition of only a few percent
of TiO, photocatalyst eli-c:teaning property to the
superhydrophobicity films & h cefitact angles during long period of
outdoor exposure [13]. Howeverse == fBiblems is the stain accumulating on the
rough surface. Th \ost plaus 5i& diir heeinitial contamination of the

surface coated with! ‘yf LY i hus, the decrease of static
electricity by Inwenngﬂrface clectric ance 1o su 1 iydrophobic films is one of the
fundamental approachesg'tg.improve durability of the superhydrophobic film. Sasaki et.

a. rave oS BBIN T INBIVEY Fuce s rsstance

through the useq'l)f an original procgss, then avalg.ted its pmparWncmding durability
durtng@wqwﬁdﬁw %ma }%H\Jr} &jlﬁhlﬂhlc films that
were sfhble under exposition of the surfaces to water overnight [29]. The
superhydrophobic films were prepared from silica-based raspberry-like particles that
were covalently bonded to an epoxy-based polymer matrix. The roughened surface was
chemically modified with a layer of polydimethylsiloxane. The obtained contact angle

was 165 degrees.
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The use of a layer-by-layer deposition method for thin film has very
recently been reported for making superhydrophobic surfaces [8, 35]. These studies
address the critical issue of inducing surface roughness, which is required for
superhydrophobic behavior. Seono et. al. described a multilayer polyelectrolyte/silica
nanoparticles system. The film was heated to sinter the particles and burn off the
polymer, and then treated with a fluocrosilane to meet the required superhydrophobicity

[8]. The film had a contact angle of large than 160 degrees. They found that

nanostructured surface affected w water-repellency generated due to

rough structure at the nanosg ; ﬁw contact between water and

surface on liquid-solid intei ' ﬁﬁ that surface wettability was

controllable by designing BOesifuchureSSRigure 2.10 shows photograph of

water droplets placed on theim @nd age OblTeSuriace.

(&)

Figure 2.10 (a) Photograph of water droplet and (b) AFM image of the

superhydrophobic SiO, nanoparticle films [8].
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Some sludies reported the methods for preparation of the
superhydrophobic films by combination of a polyelectrolyte multilayer with other
technique. For instance, Zhang et. al. reported the use of the polyelectrolyte multilayer
as a performed matrix in electrochemical deposition of gold cluster onto the indium tin
oxide (ITO). After chemisorption of a self-assembled monolayer of n-dedecanethiol, the
superhydrophobic surface was obtained [32]. They combined the layer-by-layer and

electrochemical deposition to fabricate the superhydrophobic surface. The water

contact angle obtained was about 160 ao et. al. also combined the layer-by
layer and electrochemical degosition to fabhear® the superhydrophobic surface [9].
They deposited Ag aggregateasan-it iitilaye ch further chemisorption of a

monolayer of n-dodenethiol lae¥ glfates (b imake the. s perhydrophobic surface. The
obtained water contact ang of the Ag aggregates can
be adjusted by electrodepg#itig ‘Hagris et. al. described a cross-
linking of layered poly(d@fylagh droghiok A Yipolylacrylic acid)(PAA) films via
heat induced amide fora#atig . ke ayered polyelectrolyte films, these
cross-linking, nylon-like fil ange and highly impermeable.
Results of cyclic voltammetryan oscopy analysis showed that film

permeability decreased dramaticatiy-5

-

ag and it also depended on heating

condition. o —————

\7Z Y

Zhai et.E reported the ation of a g‘sensiﬂve multilayer which
underwent a porosity-indiiciag phase transition in acidic solutions [35]. Additional
treatment steps,ﬂcu&%smkﬂ,m;ﬁim ﬂﬂﬂaﬁp&ﬂiclas. fluorosilane
treatment, and tr'gnnal anneallng,iwded stable guperhydropholig materials. They
wcssi @) WAERIE| I MBI IAREARY Bsce tosures
were decu’ated with nanometer-sized wax particles. Jirs et. al. demonstrated a method
of generating the superhydrophobic surfaces from a novel combination of fluorinated
polyelectrolytes and natural nanorods [34). They created surface roughness on two
scales; micrometer and nanometer but using particles inserted as layers in a multilayer

process. This surface had a contact angle of 168 degrees. However, the immobile
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droplets were very hard to obtain. They believed that the droplet had been loosely

pinned by a defect.

Hou et. al. fabricated the superhydrophobic surface on zinc substrate
[7]. A superhydrophobic ZnO nanorod films were fabricated from zinc metal and
subsequent modified with a monolayer of n-octadecyl thiol. The water contact angle was
153 degrees. The results confirmed that both the surface roughness and the low surface
energy coating were the two cooperati Elf ctors in making the superhydrophobicity.
Han el. al. presented a process {or (ét:LL(}‘ f a superhydrophobic coating via a
multilayer polyelectrolyte ard'.:’_?@'z-' nanop

nop et ‘
nanoparticles and a simw
observed. Moreover, the

of fihe sUffase, superhydrophobic behavior was
induce cross-linking of

6]. After deposition of silica

lity of\the il "Wag,greatly increased by heal-
Tfle “incorporation, BRJZrO, nanoparticles in the
2. A\

| Prapenies Eigure 2.11 shows the films

e diametsrs, 5 and 100 nm.

(a)

Figure 2.11 (a) AFM image of the PAH/PAA-coated ZrO, multilayer film with 5 nm ZrQO,
nanoparticles, and SEM images of the films with deposited cycles of (b) 5 (c) 10 and (d)

20, respectively. Insets in (c) and (d) show higher magnification images [36].
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Many efforts have been made to theoretically evaluate the design

criteria for optimizing the superhydrophobic effect in terms of contact angle, contact
angle hysteresis and surface energy. Pullin et. al. presented surface energy
characteristics of poly(1H, 1H, 2H, 2H-perflucrodecanoy! diitaconate) film structures as
calculated from a contact angle measurement on droplets of water, diiodomethane and
ethylene glycol [69]. The contact angle measurement demonstrated that the films had
good hydrophobicity. However, for biofouling application, the films showed limited

resistance to colonization by marine grgani

Chibowski caloliaien (@ a solid surface from contact

angle hysteresis [70]. The Comaet=angleé hyStesesis was discussed basing on the

literature data of dynamic Sneifa ANt teseding comact angles of n-alkanes and n-
alcohols on surface of FCFE 1€ postt 1.2 5l plate. Dispersion free energy
and total surface free engf§ 5  ‘advancing contact angle and the
hysteresis, respectively. Foj avski et al. reported that polymethyl

methacrylate films adhering Lsbew hydrophobic effect [71]. In

Ao

order to vary roughness of thefiimssidiferan ers Slch as titanium dioxide, alumina,
silica, glass beads, Teflon and polyg; = were used. The results showed that

the contact angles on films cent@ining the gol verg-around 140 degrees. The

a¢ Jlow. Figure 2.12 shows

surface free energy of lhﬁm ASfiller ]

NEnInEe

calculated surface ererg

9
188

Si0, PP

Figure 2.12 Surface free energy of the PMMA/filler films calculated from contact angle
hysteresis. The solid line marks the energy value for filler-free PMMA film [71].
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Extrand reported the wetting behavior of a series of polyamides
surface [72]. The polyamides with varying amide content and polyethylene were molded
against glass to produce rough surface. It was found that contact angle decreased with
amide content while the hysteresis increased. Free energies of hysteresis were
calculated from contact angles. He et. al. reported a quantitative investigation of the
hysteresis of the Cassie and Wenzel droplets on a given rough surface [58]. The Cassie

droplet showed much less hysteresis compared to a Wenzel droplet, and it was

therefore preferred for application | “ / moving the droplets. Results from
i wWii™the results from wvarious theoretical

aC m@em made. Li and Amirfazli

models for the contact ang@iessane

experimental measurements weare

""'ﬁu cantly simplified calculation of
sis [73]. They demonstrated

studied a free energy the
free energy barrier associalg
that the predicted coni um contact angles were
consistent with experim i0 i$hof Wenzel's and Cassie's
equations, respectively. #FAl h 2t \ \ off fabrication techniques for
superhydrophobic coatings i | \. iefship between hvdrophnblcll:y

surface roughness and surface

ﬂ‘IJEI’J'VIEWIﬁWEI']ﬂ‘i
ammﬂimum'swmaa



CHAPTER Il

EXPERIMENTAL PROCEDURE

As mentioned in chapter 2, degree of hydrophobicity can be controlled
by modifying the surface roughness and surface energy. For the hydrophobic materials
such as silicone, polyethylene, polystyrene, etc., the superhydrophobic surface can be

For other materials such as glass, ceramic,

obtained by enhancing a surface roughngsg
' tained either by creating a rough
surface followed by coating-will lowss ' er, or coating the flat surface

Dle suiace mUQhHEEEn

In this rese o dperhydre tabie :‘*L were deposited on glass
y ass must be retained, the
superhydrophobic su aling @'surface roughness directly
on the glass surface si tead, the transparent films
containing low surface eferg Stantel g ghness enhancing filler were
deposited. Based on this contepfi:tie-supe phobic films were prepared by two
methods: layer-by-layer (LBL) dep inorganic hybrid method. Details

of film preparation by &&88h "--';';-;;';.';;;;;«;sg;;;‘.;;.:;i
{ X

U

o1 g PN NG

The use of the LBL depgsition for thindilm has recentiy, been reported for
making tQ sﬁ%ﬂﬂsﬁw [Nﬂﬁ:}sgsmlilaara H critical issue
of inducingqsurface- roughness, which is required for true superhydrophobic behavior. In
this present study, the deposition method was modified from the work of Zhai et. al.
which employed a dip coating for the deposition of polyelectrolyte bilayer and a
chemical vapor deposition (CVD) for the deposition of the outermost silane layer [35].

This present study employs only a dip coating in all steps which makes it easier te apply
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the technigque for larger substrate. More importantly, the dip coating has no limitation

on line of sight as the CVD technique has.

3.1.1 Reagents

All of reagents used in the experiment were analytical grade or
equivalent. They were used without any further purification. The reagents employed for
preparation of precursor solutions were poly(allylamine hydrochloride) (PAH, MW =
70,000, Aldrich), poly(acrylic acid) (PAAL MW = 100,000, Aldrich), trichloro(1H, TH, 2H,
2H-perfluorooctyl) silane (97%, Al _I digtilasic acid (37%, Merck) and hexane

(99%, Lab scan).
Three typcs.eSiD., pa --.u to modify surface
roughness: Aerosil® 200 - gl 58 Ave F\ arfigle Sizéof 12 nm), Aamperl' 300/30

(JJ degussa, average 3 bf \\\\\: ® 806/30 (JJ degussa,
average particle size of 80 I 3ot e Adros!! 00 and Aeroparr' 300/30 are
hydrophilic, while the A Almost all solutions were

prepared using de-ionized wale eropen B0 dispersed in hexane.

; Tra
!

3.1.2 Film deplsitighat- .- -

"#‘1’.&- ‘ '-‘-'I

JFEm in size was cleaned by

ultrasonication in ethabigly, Sa ectively and then dried at

100°C. The first layer Bﬁch was the PAH was -."5- by dipping the cleaned
substrate in 0.01 M PAH $bigtion (adjusted t84H of 8.7 using 1 M NaOH) for 15 min,
withdrawing at aETeuﬂ. %ﬁﬂnﬂiﬂg&ﬁ~l ized water. Then, the
PAA layer was dr-:gnsited by dipping the PAH-coateghsubstrate in 0601 M PAA solution
(pH = Safﬂ%mmﬁ& ﬂm&%ﬁﬂfﬁkﬁdﬂ rinsing twice
with de-lorﬂzed water. This dipping cycle gave 1 bilayer of the PAH/PAA. The dipping
cycle was repeated several times to achieve several PAH/PAA bilayers. Desired surface
roughness was created by etching the PAH/PAA film with HCI solutions at pH of 2.3 and
1.1, respectively, each for 180 min. The etched film was heated at 180°C for 2 h. Then,
SiO, particles were deposited onto the etched film by dipping the sample into a
suspension of SiO, particle. Finally, the sample was dipped into the PAH then solution of
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0.01 M trichloro(1H, 1H, 2H, 2H-perfluorooctyl) silane followed by cross-linking at 180

°C for 2 h. The flow chart of film depaosition is shown in Figure 3.1.

[ > etched with HCI and
heated at 180 °C,2 h

PAH

heated at
180°C, 2h

Si0, suspensio

(AR

Figure 3.1 Flow chée ;,;»,.L ifion by a LBL method.

1l s film resulted to open
["
pcsﬂmn of the SiO, particles

porosity for subsequent ch in turn affected surface

roughness of t ﬁ iﬁﬂ etching condition on
film's property. mﬂ mm A[iﬂ §1 solutions at various
conditio ,J] m hmr pH 2.3 and
1.1, for @Dﬁ ﬁ{ﬁf ﬁﬁ'ﬂﬁﬁ h. Then, SiO,
particles were deposited onto the etched films by dipping them into a suspension of
Aerosil® 200 SiQ,. Finally, the samples were dipped in solutions of PAH and trichloro(1H,
1H, 2H, 2H-perfluoroocty) silane followed by cross-linking at 180 °C for 2 h.
3.1.2.2 Effect of particulate types

As mentioned that surface roughness was created by deposition

of Si0, particles, three types of SiO, particles having different particle size as well as
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surface functionality were utilized to make a SiO, suspension to study their effects on
film's roughness. They were the Aerosil® 200 having average particle size of 12 nm and
bearing hydrophilic functionality, the J"'uarn:-mezrl'h 300/30 having average particle size of 30
pm and bearing hydrophilic functionality, and the Aeruperl' 806/30 having average
particle size of 30 pm and bearing hydrophaobic functionality. These SiO, particles were
deposited onto 3 PAH/PAA bilayers etched with HCI solutions at pH of 2.3 and 1.1,

respectively, each for 1.5 h as described in section 3.1.2.

roughness, they were etchegWili It .\ and 1.1, respectively, each
for 180 min. Finally, t d trichloro(1H, 1H, 2H, 2H-
perfluorooctyl) silane we PAA layers as described in

section 3.1.2.

3.2 Film deposition by organi

The h T:p-*__i - organicin Siiriterest since they possess

unique properties such g flexibility, the stability and environment stability because

¥

of synergistic propertiesq’ between the ingrganic and organic material. Hybrid

sganicrorgarf®hd S DL BIF NEAFNS potmer matne an

surface rnughnes!lenhancer metal oxide particle. Ee polymer maﬁi} was mixed with
oice pip QR NG T W HIEIF VR B
9
3.2.1 Organicf/inorganic hybrid film containing oxide particulate

3.2.1.1 Reagents
All of reagents used in the experiment were analytical grade or
equivalent. They were used without any further purification. The reagents employed for

preparation of organic/inorganic hybrid film containing oxide particulate were MH1107
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(> 60 wt% methyl hydrogen siloxane and 1-5 wt% methyl hydrogen cyclosiloxanes,
Dow corning), hexane (99%, Lab scan) and trichloro(1H, 1H, 2H, 2H-perfluorooctyl)
silane (97%, Aldrich).
Five types of oxide fillers were used to modify surface roughness.
They were Aerosil® 200 Si0, (average particle size 12 nm, JJ degussa), .lﬂ'utaru'.':-l::errl'l
300/30 SiO, (average particle size 30 pm, JJ degussa) and Aempeﬂ' 806/30 SiO,
(average particle size 30 ym, JJ degussa). Cotiox TiO, (average particle size 250 - 300

degussa).

=,

pdissolving 1 g of MH1107 in
"\: solution at a ratio of 0.01, 5
and 10 wt%. Finally, 1 Ml ofgimiflubrosilanel selufionprepared by dissolving 0.12 ml of

trichloro(1H, 1H, 2H,

hexane. Then, oxide particlgf

panol was added into the

suspension. The film was d€pa Ubstrate in coating solution and

m Was heated at 180°C for 1 h.

= I:Dheit}dananc'c, 1h
4 BIae

Figure 3.2 Flow chart of film deposition for the organic/inorganic hybrid film containing

withdrawing at a speed of 0.1

oxide particle.
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3.2.1.3 Optimization of parameter by Taguchi method
For film deposition by layer-by-layer method, synthesis parameter
in each layer can be optimized separately. However, the organic/inorganic hybrid film
containing oxide particle was deposited by only 1 dipping step from one single
precursor. Therefore, it is essential to find the optimum condition for some important
parameters which in this case are types and amount of oxide particle, and withdrawing

speed of the dip coater. To reduce a number of experimental run, an experimental

knowledge. Five types OF oxifle g3 - and three withdraw speeds
were selected. Thereforgffifteér 1..-- »The ratio of signal-to-noise

(S/N ratio) is defined accaiingto, he T
(3.1)

where n denotes the observed represents the contact angle
according to the experier suls. Table e three parameters that
idies. Table 3.2 shows the

designed lﬁJsing the Taguchi's DOE.

were varied at severaly&s

controlling factors with dﬂrent evels”

“F’IW“T‘H BN

Gunlmlllng Fanlors (unlts] Level 1 | € Level 2 | chevel 3 Layel 4 Level 5
X (TR T Ao || Reeet | o, pas
nangparticla 200 300/30 806/30
B: Solid ratio (%wt) 0.01 5 10
C: Withdrawing speed 0.01 0.5 1

(mm/sec)
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Table 3.2 Designed controlling factors with different levels by the Taguchi's DOE.

There is 15 conditions were employed to find optimum condition.

Oxide types Solid ratio Withdrawing speed (mm/sec)
Cotiox 0.01 0.01
Cotiox 5 0.5
Cotiox 1

Aerosil® 200 0.5

Aerosil® 200 1

Aerosil® 200 0.01

Aeroperi® 300/30 1
Aeroperi® 300/30 0.01
Aeroperl® 300/30 0.5
Aeroperi® 806/30 0.5
Aeroperi® 806/30 1

AN TUAMINGIAE

3.2.2 Organic/inorganic hybrid film containing oxide sol

3.2.2.1 Reagents
All of reagents used in the experiment were analytical grade or
equivalent. They were used without any further purification. For organic/inorganic hybrid

film containing oxide particle derived from liquid precursors, the following reagents were
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employed. A hydroxyl-terminated polydimethylsiloxane (PDMS, MW = 4,392, Aldrich)
was employed as organic matrix. A titanium tetraisopropoxide (TIP, 98%, Merck) was
employed as an inorganic precursor for TiO, nanoparticle. 1-propanol (99%, Fisher
scientific) was employed as a medium. Ethyl acetoacetate (EAcAc, 98%, Merck) was
used to suppress hydrolysis reaction of titanium tetraisopropoxide.

3.2.2.2 Film deposition

Coating solution was prepared by dissolving TIP in 1-propanol and

stabilized by addition of ethyl acetoacelgle’ (EAcAc). Then, the PDMS dissolved in 1-
tatio of PDMS:TIP being 1:1.5. Small
amount of DI water was addes , 5 e to hydrolyze the TIP to form
titanium oxide nanoparticle Dstrate was performed by dip

he resullingamet
- SEnrShC on '. e .
Rosting st a wiidwel Soag ‘ “\\:\\‘\;}\ s subjected to heat treatment
§ A

at various temperatures for

TIP/EAcCAC

1-propanol .

Figure 3.3 Flow chart for depgsition of organig/inorganic hybrid film containing oxide

ﬂﬂ%@%ﬁ&%@%&lﬂﬂ‘i
AT A DENRE . e

solution was prepared by dissolving TIP in 1-propanol and stabilized by addition of ethyl
acetoacetate. Then, the PDMS dissolved in 1-propanol was added into the TIP solution
having TIP: PDMS molar ratios of 1.0:0.5, 1.0:1.0, 1.0:1.5 and 1.0:2.0. Film deposition on
glass substrate was performed by using a dip coater operated at a withdrawing speed

of 0.01 mm-sec .
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3.2.2.4 Effect of heat treatment condition

The effect of heat treatment on films' hydrophobicity was investigated.
The films containing TIP: PDMS molar ratios of 1.0:1.5 were heat-treated at different 60,
100 and 200°C for 2 h in ambient air.

3.3 Characterization

3.3.1 Thermal propH

To study it was subjected to
thermogravimetric (TGAJ8RG! ysiE A1GH formed in the temperature
range of room tempera °C-min’. A sample was
placed in alumina pans Ig lysis was carried out under a

nitrogen inert atmosphere.
3.3.2 Surfac

serformed by using an atomic force

g#ntact mode. The software

Surface topologic ;_.'_,# T -h"? \.}
microscopy (AFM, SP.

provided by the foot-mean-square (RMS)

scanned area. I

Tﬂ wﬁd?}%% %Wﬁ}ﬂﬂg the film's surface

roughness. The rdlighness profile has Eeen filtered fmm the raw dat& and the mean line

"“"'“"?W‘Tﬁﬁ‘ﬂim URIINYIAY
= —Ey, (3.2)

[

roughness of the chose

where RMS is the root-mean-square roughness, n is spaced point along the trace, and y,

is the vertical distance from the mean line to the i" data point.
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The AFM was also used to measure the film thickness. Steps were
produced on the film. The thickness was determined by scanning The AFM lip across
the revealed step between the film and glass substrate. A height was assigned to be

positive in the up direction away from the bulk material.
3.3.3 Surface morphology

The films' morphology was examined by using a scanning electron

3.3.4 Filmaifycdob ity

The films o alaly ) |14 ’ETJ’

¥ Y

temperature by using a

3 T Tt
goniometer (ramé-hart). e giailif corldct SRgle, me

[

ent was repeated at least
five times at different locatiofis off the (WS ’ microsyring. Images of water
droplets on the film's surface Werdfszorded 2 CCD camera and then a curvature
profile at the left and right contaetatigie: 2d using the software provided by

the manufacturer. Finaiiwibecontact analewrasrme

The dynaﬂc contacl angle was measuredifl terms of water advancing

and receding caact anglesAdvancing andiseceding contact angle measurements
tmla

$ o VLEHL LWL Bleelfelcdontact angi. a1 the

advancing and receding angle values #vas recordedsguring drop volume increase and

secssse kB N T1 I T W1 IVIE 1R E

3.3.5 Film adhesion

were performed

For practical application, the hydrophobic films must adhere to the
substrate for the expected service life. With the proceeding hydrophobicity, the
excellent adhesion exists between the coating and substrate that was desired. To study

the adhesion property between the coating and glass substrate, A standard ASTM: D
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3359 - 02 tape test was used to measure the adhesion based on percent area
removed. This test method covers a procedure for the adhesion of coating film to
metallic or glass substrates by applying and removing a pressure — sensitive tape over
cuts made in the film (Appendix A). It is the most appropriate method that was designed
to assess the adhesion of coating films to substrates by applying and removing an
adhesive tape over the films. Images of these films before and after tape testing were

taken by using an optical microscope to evaluate the films' adhesion. Adhesion was

Films' by using a UV-visible

spectrophotometer (Oc 3 transmittance mode. The
optical transmittance — 700 nm. The bare glass
substrate was used as mitted through the film was

evaluated.
3.3.7 Film stability

The filgash€ he samples at ambient

condition and measuring /e pan of nearly 4 weeks (in

|
December 2008). The "I

J
tEc contact angle measuremeént was measured at room

B "'"“’F'T 9131001035 (e 111011 R

3. 3 Surface free energy

MBS0 UIIIANE AL e

properties ﬂf solid surfaces and represents a measure of the solid wettability. Solid
surface free energy can be determined only indirectly by measuring dynamic or static
contact angles of different liquids. Many experimental methods for contact angle
measurements and theoretical methods for solid surface free energy determination have
been reported [58, 69-73]. For porous solids, the thin layer was recommended by van
Oss et.al [49] and Chibowski [70-71], where the solid surface free energy components
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can be determined from the results of liquid penetration rate under the appropriate
conditions. The important limitation of this method is its application only to the substrates
that are wettable by common liquids and low contact angles. In the case of the low
surface energy substrates, their repellency to a majority of polar as well as non-polar
liquids prevents their penetration into the solid porous structure restricting the method
application. In this case, Owen - Wendt method is still the most appropriate for the liquid
contact angle determination with the use of a sessile drop deposited on the solid

surface.

were used to measure surfacg.iee snergy of (e WS, llis noteworthy to compare the
surface free energy calc hibowski methods. For the
Owen — Wendt method, 4
data taken with water g@@ndd dilo [98%, "Aldrich) using the following

equations[28, 74-75];

Gulated by the contact angle

(3.3)
and (3.4)
where &is contact angle =y i@ofient of solid and liquid, ;,P;"

]
il

i
|
»

and ¥ is the polar compehent of solid and liquid, ¥, is su ’ e free energy of liquid and

sy ﬂﬁﬁjﬂﬁﬂﬁ‘ﬂa 1010 i R
SRR MR FR e

quui{i 7, (mIm’) 7 (md/im?°) ¥ (mJim’)

Water 72.6 216 51

Dioodomethane 50.8 50.8 0




For Chibowski method, an apparent surface energy was calculated

from a contact angle hysteresis which is a different between an advancing and receding
contact angles by using the equation below [74-75]:

w __Yi(1+c0s6,)"

7 =t cos 8, +cosé, (68)

where ¥,” is the apparent surface energy, % is the liquid surface tension, and &, and @

are advancing and receding con

AULINENINYINS
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CHAPTER IV
RESULTS AND DISCUSSION
It is well realized that glass surface is hydrophilic since it contains

surface hydroxyl groups. To reduce its surface wettability and maintain its

transparency, coating it with a transpageftisbgerhydrophobic film is a practical method.

To deposit the superhydrophobit 0N glasé te, two deposition methods were
employed in this research: S Hybeic iic_method and a layer-by-layer
method. In this chapter, sl sorted and discussed. Film
properties such as d8Qre // AhODi “\ﬂr Bility), surface roughness,
morphology, adhesio / r | 5u \‘ \ ge erigrgy are characterized. A
relationship between sugice #oufihfess ar . face free pergy is also addressed to

further understand factors #at fhfllencalifid degreeiof
s -

4.1 Surface characterization of gla

Since 3 His-possess-vey-ine-sumed-curiace roughness, the AFM
was employed as a pri Ty to c ',J it has proven itself to be a

i
suitable tool for mvsshgatwg the structure nn a nanometer scale of solid surfaces.

Figure 4.1 is an ﬂ%ﬂ. ﬂ Wﬁdﬁwﬂ ﬁrfTﬁs substrate. It is seen

as a uniform flat s@ifface having RMS surface rnughness of 3.55 nm. Irraguiar ripples are
also ubsﬂw' Hﬂ ﬂmm wmrfasvrﬂhﬂ‘ [76]. The flat
glass surfages can be discerned from atomically flat crystal temmﬁﬁ ripple pattern
which has been found by AFM researchers on many glass surfaces and labeled
features, hillocks, waves, entities and so on. Although varying in its dimensions, this
pattern is common. This topography is referred to as ‘the glass pattern’. The bare glass
substrate had a water drop contact angle of 53 + 0.65 degrees which is in a hydrophilic

regime.
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4.2 Film deposition via layer-by-layer (LBL) method

4.2.1 Effect of etching condition

The film deposited by this method consisted of SiO, particles that were
deposited onto dimples or open porosity previously created on the PAH/PAA 3 bilayers
by acid etching. To study an effect of etching condition, the rough surface was created
by etching the poly(allylamine hydrochloride) (PAH) and poly(acrylic acid) (PAA)

the PAH/PAA 3 bilayers after
etched with HCI solution ¢

The polyelectrolyte bilayers
vorm features. Open porosity
or dimples are not clearfy Segf |y ectrolyte bilayers etched with
HCI solution of pH 2.3 hal sjighty diferent jealure ThexartiBulated worm features were
not observed as they wesé etghed yith = sIn | owever, the dimples were still

\

pH = 1.0 and 2.3 each for 3 jifcg sidt e »mr‘;. jles a \ nen porosity of a size as large as

e

not created. In contrast, with the combined acid of

500 nm. 7z _:J,,

Figure 4,3 shows AFM image elecrolyte bilayers before and
lf'j* for 3 h, and pH = 2.3
ac surﬁe roughness of 1.8 + 0.09,

after etching with HCI $o7gtion- faving &
for 3 h followed by pH :B] for
28+0.14,2.0 £ 0.09 and S‘D 0.25 nm, respee)vely, and the water contact angle of 50

+ 058, 79 + nﬂ uﬁ@ % ﬁ W§ wlﬁs’}eﬁ ‘%vely Obviously, the

polyelectrolyte bllé!brs were hydmpmlns, According to the previous study [77], when the
o s @ GRARERS BT V1 TEH)eee oo
groups). THis characteristic results to a hydrophilic property because of an interaction

between the COOH group of the PAA and the -OH group of water.

The surfaces obtained by etching the polyelectrolyte bilayers with HCI
solutions of pH 1.0 and 2.3 had similar roughness, while the one etched with the acid of
pH 1.0 followed by the acid of pH 2.3 had dimples or open porosity. The porosity of the
etched polyelectrolyte bilayers had two size ranges. The smaller porosity had diameter
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of about 0.1 — 0.25 pum, while the larger porosity has diameter of about 0.5 - 1.0 pum.

These AFM resuits are in good agreement with the result of SEM analysis.

As describes in chapter 2, the surface of a lotus leaf consists of a
combination of a two-scaled roughness: one of around 10 um (roughness structure) and
the other of around 100 nm (fine structure) [1]. These surfaces are also referred as
hierarchical micro- and nano-structure. To mimic the lotus leaf effect, it is necessary to

create surface texture with both micron- and,nano-scaled surface roughness. Thus, the

combination of two pH treatments {pH = ©.8 £l d 0) was selected to create template
for deposition of oxide particies, The-Surfac f such films made them ideally
-—

suited for use as the roughness oboc surface. As addressed

by Zhai et. al. [35] concegging h acid, two keys processing

elements enables the fg it is important that the

\_'

15, better than a single low pH

polyelectrolyte bilayers ng ing with the low-pH acid
solution, and second, a myll

treatment.

Figure 4.4 sh e Aerosil® 200 SiO, particles

deposited on the polyelectrolytet: h HCI of pH 1.0, 2.3, and pH 2.3

followed by pH 1.0. TRESE Suffaces had suface rouannesspt06.1 + 1.80, 40.0 + 2.00
Y s
and 44.4 + 2.22 nm, a .h, T A2 + 0.52 and 54 + 0.45

degrees, respectively. It s observed that film etched by B -
coverage, while m 0 and 2.3 were too
closely packed. EIE itio cﬂ ﬂMHmrilyelecmMe surface
resultad TI w‘ﬁ ﬁ’ tact angle as
the Aerosil ; maﬁiﬁ?m v Wﬁ ‘.T Oﬂ

2.3 exhibited low surface
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(a)

(b)

(c)

Figure 4.2 SEM images of 3 polyelectrolyte bilayers etched with HCI solution (a) pH 1.0
for 3 h, (b) 2.3 for 3 h and (c) pH 1.0 for 1.5 h followed by pH 2.3 for 1.5 h.



Figure 4.3 AFM topographical mapping and water droplet image of polyelectrolyte 3
bilayers (a) before, and after etching with HCI solution having a pH of (b) 1.0, (c) pH 2.3
for 3 h and (d) combination between pH 1.0 and 2.3 each 1.5 h, respectively.
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{a)

(b)

(c)

ﬂumwﬂmwmm

o QARG O B B o o

Aerosil® 200 on etched polyelectrolyte 3 bilayers by HCI solution (a) pH 1.0, (b) pH 2.3
for 3 h and (c) combination between pH 1.0 and 2.3 each 1.5 h, respectively.
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Figure 4.5 shows AFM images of the final film prepared by deposition
of Aerosil® 200 Si0, particles on the etched PAH/PAA 3 bilayers followed by deposition
of semifluorinated silane. Surface roughness of the etched PAH/PAA polyelectrolyte was
5.0 £ 0.25 nm, and increased to 40.3 + 2.01 nm after deposition with SiO, nanoparticles
and silane. The film weltability changed from hydrophilic (contact angle of 87 degree) to
superhydrophobic (contact angle of 172 degree) after depaosition of silica nanoparticle

and silane molecules. Moreover, it was found that the water droplets pinned in the

Values of water contact angies g nﬂe&ch layer are summarized in

Table 4.1.

(b)

e SREANNINEODS. ...,
QMNTUIIN TN
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Table 4.1 Summary of the water contact angle and surface roughness of each layer.

Sample Contact angle Roughness (nm)
(degree)
Bare glass 53 £ 0.65 36t0.18
PAH_PAA 3 bilayer 50+ 0.58 1.810.09
Etched PAH_PAA with pH 1.0 79+ 0.90 28+0.14
Etched PAH_PAA with pH 2.3 61+ 0.60 2.0%0.01
Etched PAH_PAA with combination pH 1.0.aiy nll 87 + 0.85 5.0+ 0.25
Etched PAH_PAA with pH 1.0/Aerosi®200. HH;;/}‘ 50 + 0.72 36.1%1.80
Eiched PAH_PAA with pH 2. 3/Aer0¢ o0 I 424052 40.0+2.00
4441222
Etched PAH_PAA with com +0.19 4031201

AT

e h)A

]

iF
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4.2.2 Effect of particulate type

In order to vary surface roughness and hydrophobicity of the films, three
types of SiO, suspensions, Aerosil® 200 (hydrophilic surface), Aeroperl® 300/30
(hydrophilic surface) and Aerupeﬁ' 806/30 (hydrophobic surface) with concentrations
ranging from 0.05 to 5 wt.%, were used as the precursor for dip coating. Figure 4.6
shows TEM images of the oxide fillers. The Aerosil® 200 (Figure 4.6(a)) which is a fumed
. The Aeroperl” 300/30 (Figure 4.6(b))
which is a granulated fumed Si0, IS 5es ' mbination of ~1-10 pm SiO,
aggregates and much finer SIO Farte! 6UWSB (Figure 4.7(c)) which is
a hydrophobized granulatéd Tumetrs) ) ar feature. According to the
Size of both the Aeroperl”

300/30 and Aemped' ever, a much finer size and

broader size distribution lue to vigorous stirring that
broke up the agglomerates hirafore, it at the size of both Aemparl

fillers in the suspension was Mudh fineritia r Spegifications.

Figure 4.7(a) sho he etched PAH/PAA polyelectrolyte
bilayers. It is clearly sagn thatlSUB-mitron si ; wege created at the surface.
¢ particles which enhanced
orate ﬁhe polyelectrolyte bilayers.
Figure 4.7(b)-(d) are SEM‘EEQEE of the wter-repellent films containing various

contents of the Aﬂa w ‘}rﬁ Wﬁo‘w ﬁ é't}lﬂ "Elyelactrnlyta bilayers.

The film prapamd%m 0.05 wt.% suspﬁnsmn cunsmted of islands of a ngglumerated SiO,

e ARV IFITEH VNI B e

fully coverfid when the SiO, was deposited from 5 wt.% suspension (Figure 4.7(d)).

These dimples then y a5 e Site

the surface roughness. Iﬁon ote

Figure 4.8 shows SEM images of the water-repellent films containing various amount of
the ;il'w.rri::»;:u‘:eﬁ'II 300/30. The result is essentially similar to the films consisting of the
Aerosil® 200 that the surface was covered with sub-micron, agglomerated SiO, particles,
and the surface coverage increased with the increase of suspension concentration.

However, some large particles of tens of microns were also found (insets). Note that
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none of the 30 pum particles which is an average size of the Aemperi' 300/30 was
found since such large particle settled down to the bottom of the beaker during a dip

coating step.

Table 4.2 shows relationship between content of SiO, nanoparticles
employed and values of contact angle of the films. For a typical AFM analysis, an area of
5 um x 5 um was scanned. Regardless of the SiO, type, contact angle increased with

increasing amount of the SiO,. However, the effect is not significant in the case of the

Aerosil® 200 as the films had co mparable v contact angle within an experimental
error. Moreover, the increase, gl COnae e of hydrophobicity) did not in
the same factor as the incregse pesult can be explained based
on the amount of SiO, thg supolyelectrolyte bilayers. The
amount of deposited SiC, electrolyte bilayers rather
than concentration of the S0, 1ount of SiO, content, the film
containing Aerosil® 200 gdve f le. The films containing the
Aeroper® 300/30 and Aeropdr B Apydrophobicity and lower than
the films containing the Aerogil 2884 Hasig largé particle deposited on the film
should give rise to high surface roliai uch larger area of 100 pm x 100 pm
scanning area was investigated for fiin o Aer aﬁ' 300/30. The results
showed that larger @_—— 3 ﬁ.'i;i may be caused by the
presence of large parﬂcﬁ size 0 's @%e. However, it is believed
that this surface roughness did not influencg gthe hydrophobicity. Figure 4.9 shows

drawing of wateﬂ'outg ‘}%ﬁi%ﬁe‘w M‘Eﬂmupeﬂ' 300/30. In

case of fims cun‘ginmg the ﬁeroper& 300/30, it i most likely thwmar droplet sit
e R P G Ry B e
the mughr&ss obtained from 5 um x 5 pm is more reliable since it did not take into
account the size of 10 um particle. The effective roughness should be the one obtained

from smaller scanned area.

Figure 4.10, 4.11 and 4.12 shows AFM images of the films containing
various amounts of the Aerosi’ 200, Aeroperl® 300/30 and Aeroperl® 806/30,

respectively. It is clearly seen that the films were covered with SiO, nanoparticles, and
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the coverage increased with increasing SiO, content in the suspension. In case of
Aarperl' 300/30 and Aamp-aﬂ' 806/30, it was observed that films fabricated from the low
concentration solutions exhibited low surface coverage, while films fabricated from the
high concentration solutions were densely packed. Therefore, as it was mentioned
earlier that the amount of deposited SiO, did not increase by the same factor as
concentration of the suspension. Surface roughness of these films was 37.9 £ 1.90, 41.7

+2.09 and 60.7 + 3.03 nm for the films prepared from 0.05, 1 and 5 wt.% Aerosil® 200,

respectively. Under the synthesis ﬂ / aemployed in this study, the maximum
asS A

contact angle of 174 + 0.90 degy ddrom the film possessing highest

surface roughness as a

Aeroperl® 300/30 and AefBPeL806/50, e4hibited simar fiydrophobicity since they had

e Note that the film containing

similar particle size whick

However, e j#E3 e 10, content deposited onto etched
multilayer polyelectrolyte filghs dlic ' Jy content in the suspension. It may

be caused by limited sizglfo stche *\'\‘- ilayer polyelectrolyte films.

Nevertheless, as shown in Tab 4, afeld, ssangthat high surface roughness give
r-l--'l‘

high contact angle since surface™ gnother factor to be considered. This

result demonstrates that e 3 be obtained from low
content such as 0.05 -‘y: ior the Aeroperl® 300/30 and
Aeroperl” 806/30, resp ]

AULINENINYINS
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Figure 4.6 TEM images of (a) Aerosil” 200, (b) Aeroperl” 300/30 and (c) Aeroperl®

RB06/30.
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ia . (b)

= __,..r‘ “,-r i"’"‘n'-l"—

Figure 4.7 (a) SEM nnage of the etched pdiyetectmlytam . and (b-d) SEM images

of the water-repelleng f] #E greated by dipping into

Aerosil” 200 susperlsjﬂn at a solid content o 005, 1 a‘@ 5 wt.%, respectively,
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ARIAN TN INYAE

Figure 4.8 SEM image of the water-repellent films by which surface roughness was
created by dipping into Aeruperlﬁ' 300/30 suspension at a solid content of (a) 0.05 wt.%,

(b) 1 wt.% and (c) 5 wt.%.
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Table 4.2 Contact angle and surface roughness (scanning area = 5 um x 5 um) of the
films containing different type and amount of the SiO, nanoparticles. Numbers in

parenthesis were obtained from a scanning area of 100 pm x 100 pm.

Contact angles
Type of SiO, Si0, content (wt.%) | Surface roughness (nm)
(degrees)
0.05 37.9+1.90 169 £0.27
Aerosil® 200 T
SN2
(particle size 12 nm, o ﬂ +2.09 171+ 0.69
SSA = 200 m°/g) :
174 £0.90
©n2+3.36 132 £0.75
Aeroperl® 300/30 }
(particle size 30 pm, 365) 150 £ 0.33
SSA = 300 m'/g) S
\H":: j:4,41} 154 £0.99
* — 0+ 0.05 135+ 0.45
(particle size 30 pm, 151£0.19
SSA=300m’g) L7 '
F! P 158 £ 0.19

ﬂ‘IJEI’J'VIEWIﬁWEI'lﬂ‘i
ammmmumawmaa
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roughness 88.3 nm
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Figure 4.9 Drawing & ater droplel on (a) liims contaird : g Aerosil® 200 and (b)
eroperl” 308/30
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films tyntaining (a) 0.05, (kg 1 and (c) 5 ﬂ% of Aemperl';}(){]m{].
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In order to evaluate an optical property, transmittance of the films
containing Aerosil® 200, Aeroperl® 300/30 or Aeroperl” 806/30 of various contents were
measured. Figure 4.13 shows the optical transmittance spectra of the films at
wavelengths ranging from 300 to 700 nm. The transmittance of the films decreased with

increasing SiO, content. All the prepared films show good optical property about 90 %

transmittance.

In case of films containing 0,05 and 1 wt.% Aerosil® 200, transmittance of
film is higher than that of bare glass s \ i f . reason is not well understood, but it
is possible that the films with nanamele A iofgliness may effectively reduce the
reflection at the surface, resulliagnan enhe ance. The SiO, nanoparticles
may be present of more gpef Sg (porasity) w2englose to wavelength of visible

light, resulting in more sg
particles onto the etched pdfyelécifoljte Milljayar Bxibited significant roughness while
maintaining the optical trangParghal. This crepertyiof ‘_'\"\\: eans that good visibility can

be maintained for a coated ¢

AULINENINYINS
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100 - (a)
LIS
glass substrate
ﬁ_n .
_E | Aerosil200 005 wit.%
[g 40 - Acrosil200 1 wi %
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o
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(c)
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Figure 4.13 Transmittance of bare glass substrate and the glass substrate coated with
films containing 0.05, 1 and 5 wt.% of (a) Aerosil® 200, (b) Aeroperl® 300/30 and (c)
Aeroperl” 806/30.
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4.2.3 Effect of number of polyelectrolyte bilayers

As mentioned previously that surface roughness is one of the two key
parameters that affect degree of hydrophobicity. It is therefore worthy to investigate
whether etching a thicker polyelectrolyte multilayer would result to rougher surface. In
this respect, the polyelectrolyte multilayer films of various thicknesses were prepared.

The thickness was varied by varying a number of layers to 1, 3, 5, 10 and 20 bilayers.

bilayers. Then, the desired surfages ) ghes eated by etching the PAH/PAA film

with HCI solutions at pH ofwge Fevd |2
PAH/PAA film was hea

Figure 4.1 ot e _S max of the etched polyelectrolyte

NS

ayers. It is clearly seen from the

multilayer films containing Ofand 20-BAHIPAA L

images that the films cOntajs edst porous. In contrast, the films

A

containing 3-20 bilayers them. However, there was no

dramatic different porosity#Base the polyelectrolyte multilayer
film must be made of at ledst yers o gain sufficient thickness and
porosity. It has also been learn ot hat, by making the polyelectrolyte
layer thicker it was Sesiec io create oorooie oo e ensbald by means of chemical
etching. High purnsi 'H C 'r—::n;:ns:rtg,ur for templates for
fabrication of superhydrophobic film by layer-by-layer deposition. This porosity then

‘o o/
sernved as the sifg) i tie turn determined the
W I BN TNEINT

surface roughnesgjo im.
¢

ARANIATAUNBIIVY AR e

result for -:?Etermination of surface roughness. In order to gain better understanding of
surface roughness, surface topology of the etched polyelectrolyte films was further
investigated by AFM. The water contact angle was also measured by using a
goniometer. Table 4.3 summarizes the water contact angle and surface roughness of
the etched polyelectrolyte films of various number of PAH/PAA bilayers. It was observed

that the contact angle did not vary dramatically with number of the bilayers. It was in a
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range of 86 — 92 degrees with the maximum contact angle obtained in film containing
20 bilayers. Some of them can be viewed as the same value within an experimental
error. This result is not beyond expectation since the water contact angle is determined
by wettability of the outermost layer which is the PAA layer. The hydrophilicity was
attributed to the hydrophilic carboxyl groups containing along the backbone of the PAA
molecules. The previous work illustrated that the surface wettability of sequentially
adsorbed polyelectrolyte bilayer was sensitive to the number of polyelectrolyte bilayer

[84-85]. However, such relationship,didpefedidently observe in this study.

Values of 3re-[DUC o i from AFM analysis were 3.7

0.18,50+£1.25, 27+ 0.1 s containing 1, 3, 10 and 20

PAH/PAA bilayers, respg ace roughness did not vary

significantly with the nug AFM results showed that the

F\\:\i\\t ghness of film in some extent.
2NN

number of polyelectrol

That is, there was a tendg 3 * ghness with increasing number

of polyelectrolyte bilayers. S corresponds well with the SEM

result. It should be noted hg erhydrophobic surface, the much

more surface roughness is desirekie— ifface roughness can be obtained by
deposition of oxide-garti to the et ctroiyte bilayers as previously

mentioned in sectioni 72 i €«dstence of oxide particle on

polyelectrolyte multlFay&Lgn - s -;g=jﬁ- hydrophobicity.

ﬂ‘lJEl’J‘VIEWIﬁWEI'm‘i
ammnim AN Y



(a)

(b)

(c)

Figure 4.14 SEM images of etched PAH/PAA film with (a) 1, (b} 3, (c) 10 and (d) 20

bilayers.
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Table 4.3 Summary of the water contact angle and surface roughness of etched

polyelectrolyte bilayer.

Sample Contact angle (degree) Roughness (nm)
Etched PAH_PAA 1 bilayer 86 + 0.62 3.7+0.18
Etched PAH_PAA 3 bilayers 87 £ 0.85 50+125
Etched PAH_PAA 10 bilayers 91+0.52 2.7+0.13
Etched PAH_PAA 20 bilayers 92 £ 0.70 7.6+0.38

] YElectrolyte film, the scratch was
made across the film to at. *\ " s5.was determined by scanning an

3 \\\ m andlglass substrate. A height was
assumed to be positive i he bulk material. Figure 14.15
shows the AFM heighl imdgaes of i ‘ﬂr 5 gontai and 4 PAH/PAA bilayers. The
thickness was 36.14 a6 ¥nm, iesoectively k\ It indicates that the thickness
did not linearly increase ; e 'Nevertheless, this analysis gave
an approximation of a thi ' A bilayer of 13 — 18 nm which is

close to the value (12 nm e [83]. A small different can be

P #

efferf &n 5415:: yte bll ers to layer thickness has
been studied ru»ﬂ;lil W w t/rJT j layer thickness can be
achieved by simple adjustments of E of dipping solution®” The solution's pH

conrotd e LA TIEL R 8 e e

of the prewously adsorbed polymer layer. In case of weak polyelectrolytes such as PAH

attributed to a differt ‘fﬁ S e ey E e B orted work, the pH of PAH

solution is 8.5 and tha

and PAA, it was reported that dramatic changes in the thickness of an adsorbed layer
can be induced by very small changes in the pH of the dipping solutions. The thickness
of PAH/PAA bilayers building block is highly sensitive to solution's pH. By simply
controlling the pH, it is possible to deposit unusually thick bilayers (=12 nm) or very thin

bilayers (<1 nm). In this work, thick layer is desired.
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To create the superhydrophobic surface, the Aerosil® 200 Si0, was
deposited onto the etched polyelectrolyte bilayers. Finally, the semifluorinated silane

molecules were deposited by dipping the sample into silane solution followed by cross-

linking at 180 °C for 2 h, Figure 4.16 shows a plot of contact angle of the final films
versus number of polyelectrolyte bilayers. The contact angles were 171.6, 171.8, 172.6,
174.2 and 174.6 degrees for the films containing 1, 3, 5, 10 and 20 PAH/PAA bilayers,

respectively. Obviously, all the ﬂlm superhydrophobic, and the films containing

higher number of bilayers
explained in term of the inoreas

bilayers films, which wa W setiabld tenif Uperhydrophobic surface.

Contact angle (degrees)

iyt

1 bilayers S‘bﬂaym 5 hlla 10 b:la I‘J h:laym

ammﬂimummﬂmﬂ

Figure 4.16 Relationship between hydrophobicity and number of PAH/PAA layers.
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Figure 4.17 shows an optical transmittance of the uncoated and
coated glass slides. The optical transmittance in a visible spectrum of all films was
approximately 90% indicating that the films were transparent. Al the wavelength of <
550 nm, the films transparency slightly decreased with the increase of film thickness,
and the films were slightly less transparent compared to the bare glass slide. The slight
decrease of the optical transparency of the thicker films may be attributed to more

content of the silica and the presenc ore open porosity with size close to the

wavelength of visible light. Nevefthe shows that the film prepared in this

study satisfied the requirel transmittance of the films was
closed to that of the &

literature [6].

phobic films reported in the

E as /r.ul _ 20 bilayers

FIUINTHINYINT

¢ Gglass subn&ln 'Y
VW ERT G B TR T T B =

wavelength (nm)

Figure 4.17 Relationship between wavelength and percent transmittance of glass
substrate, of the film containing 1, 3, 5, 10 and 20 PAH/PAA bilayers.
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In order for the superhydrophobic films to be practically applicable, it

must exhibit satisfied stability. Aside from developing an inexpensive, easily applicable
and versatile coating procedure, their stability is an important consideration which
determines the technological success. Figure 4.18 shows the change of contact angle
when the films were kept in open air in the laboratory at room temperature for about a
month. The initial values of contact angles of the films containing 1, 3, 5, 10 and 20
PAH/PAA bilayers were 171.6, 171.8, 172.6, 174.2 and 174.6 degrees, respectively.

Upon exposure to ambient atmosp H ! /; degree of superhydrophobicity was

gradually decreased during e Arfadtended to be constant afterward,
regardless of number of tHE il eVERAIMIS still had superhydrophobicity
after 24 days as the contag \ 2e5=The films containing higher number
| x \ alicipated that the contact angle

joor. It is well known that the

of bilayers were slightly
can be further decrease
excellent hydrophobil
gradually degrades ove

superhydrophobic surface
Urfe. This is the fatal obstacle to
be surmounted for practic f the causes of the degradation

is the accumulation of stains ace [14].

180 “,.

s -*’L.k

A ANENSTNYINS

RN TUNNTINGIAY

(degree)

le

0
e 120
s
5 110 1 bilayer
3]
laﬂ T T T T T T T T L — ]
0 i 10 15 20 25
days

Figure 4.18 Relationship between number of bilayers and film stability.



4.2.4 Film adhesion

The results of adhesion testing for films containing the Aerosil® 200,
Aempeﬂ' 300/30 and Aemp-er!' 806/30 at various contents are presented in Table 4.4,
The tape test result demonstrates the strong adhesion of the films containing 0.05 and 1
wt.% particle. However, the films containing 5 wt.% particle have flaked slightly along
the cuts made in the coating and yielded rating of 4B for 5 wt.% Aerosil® 200 and

Aeruperf' 300/30 containing film apd 3B for ﬁemperi“ 806/30 containing film,

properties. At high percen entof particlalimtiesuspension, the films tended to peel

off from glass substrate gaSieLThe festa .:\_\\ Iso analyzed under an optical
microscope to provide ' ook at x\;“'«,~;‘ ion, of each coating. The images

Table 4.4 -&- sig MB-3359-02 tape test.

L T 1:"1
= -

Types of particle Classification
Aerosil® 200 58
58
4B
Aeroperl” :ma] 005 ¢ Done 'y 58
JWIANN LU AWV NN ET =
q 5 Less than 5% 4B
Aeroperl” 806/30 0.0 None 58
1 None 58
5 5-15% 3B
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Figure 4.20 Film containing Aeroperl” 806/30 at 5 w.% after tape test.

. "h\_ % before tape test.
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4.2.5 Surface energy

Table 4.5 summarizes values of the static contact angle of water and
dioodomethane, and the surface free energy calculated by using the Owen — Wendt
method which was the most widely used method for calculation of surface free energy of
solids. The results show that the films containing the Aerosil® 200 have surface free
energy in a range of about 1-12 mJim’, depending on the SiO, content employed. The

similar surface free energy of about 1-13

films containing Aeroperi® 300/30 shg
the hydrophobic treated surface.
Values of surface free engig ollowing the Owen — Wendt's
method were of comparg he literature [74]. According
to the Fowkes theory [4B], iftgratfiorsSbelween nomspolar solid and liquid can be
attributed to London diépe® _ ] Wendt [47] suggested that the
dispersive (d) and hydrogén - ndy B e fmpo ant across the interface for polar
solid and liquid. In order to £algllale thé 5o hstrface fiee energy, both of contact angle

and the polarity of two liguid Was used -
A
In addition to the Ciwen - \ie od, the Chibowski method was also

used to estimate sudage free energy from dynamic-contal :..-" 1gle. However, it is noticed
A — o Ad
that this method is applie '"[T-"V act angle (typically < 130

degrees). Table 4.6 shoWs a summary of the advancing =H'| d receding contact angles of
water as well as~ ‘rjl?' - ardless of the types
of particle emm/ry;z; tdc Hmlﬂ:ﬂl:r ing amount of the Si0,
cove ﬁiﬁaﬁﬁtﬁ jﬁ. i asults that the films
mm;\% "2 nﬁ:ja ﬁe‘- e :E[out 0.03 - 05

mJ/m’. The films containing the Aeroper® 300/30 and Aeroperl® 806/30 showed much

L")

higher surface free energy of about 3 — 11 and 0.5 — 9 mJ/m’, respectively. Al the films
had narrow hysteresis of only 3.0 — 9.0 degrees, indicating that water droplets can roll
off easily on the tilted surface. MNote that the surface free energy obtained in this work
following the Chibowski's method was less than that reported in the literature because of
very high contact angle obtained in this work [70-71].
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By comparison the surface free energies calculated by using the
Owen — Wendt and Chibowski methods, it was noticed that for the films containing the
Aempﬁﬂ' 300/30 and 808/30 the calculated surface free energies were of similar values.
Note that values of contact angle of these films were in a range of 132 - 158 degrees.
However, for the films containing the Aerosil® 200 the surface free energies calculated
from the two methods were significantly different. The values calculated from the Owen -

Wendt method were around 20 times higher than the values calculated from the

act angle calculated from the two
methods can be explair nn | the used in the equation. For the
Chibowski method, surfa @TIE O alculal solely from value of water contact
angle. At very high valu bnfeditangle®as fortheliims containing the Aerosil® 200,
the calculated free bowski method, the Owen —
Wendt method takes o ur ! polg iy and dispersion of the liquid for
of high contact angle, the Owen -

sthod. Nevertheless, both methods

calculation of the surface
Wendt method is more sui
gave similar trend of calculated gy that it decreased with the increase

Hatsess! which increased with the
| : o) ',J Figures 21 and 22 show

relationship between ¥ ater contact angle and surface€ roughness and surface free

o “'““"ﬁ'ﬁ?f':l Wfﬁﬁﬂ“’l‘ﬂ e
AR AINIURIINA Y

of contact angle (RUSES;
Vg
i

increased concentra



Table 4.5 Values of contact angle and Owen -
films containing different type and content of Si0, particle.
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Wendt method's surface energy of the

Types

of Si0,

Content Contact angle (degrees) ¥ ;«‘-‘ y ; Surface
(wt.%) mdimd) | (mamd) | eneray
(mdim?’)

12,54

5.88

1.16

13.05

i 7.56

AV 2.89

9.27

2.82

1.30
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Table 4.6 Values of contact angle and Chibowski method's surface energy of the films

containing different types and contents of SiO, particle.

Contact angles (deg.) Surface
Sio,
type energy
{wt. %) (deg.)
Advancing Receding i (mJim®)
Aerosil” 200 0.05 167+1.4 158 £ 1.2 9.0 0.51
(particle size = 12
nm, SSA = 200 3.0 0.30
m'lg)
5.0 0.03
Mmpw. 300/30 40 11.29
(particle size = 30
pm, SSA = 300 4.0 4.40
m/g)
6.0 3.07
Aeroperi” 806/30 A 9.51
({particle size = 30
pm, SSA = 300 7.0 297
m'/g) ;
'-'-I 4.0 0.53

AULINENINYINS

PRIAATUAMINYAE
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Roughness (nm)
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Figure 4.21 Relationship between (a) hydrophabicity and roughness and (b)
hydrophobicity and surface energy from Owen - Wendt method of films containing
Aerosil® 200 (@), Aeroper® 300/30 () and Aeroper!® 806/30 ( A).
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On the other aspect, degree of wetting can be determined by the
cohesive forces of liquid molecules among themselves and the adhesive forces that
result from molecular interactions between the liquid and the solid as illustrated in Figure
4.23. As the contact angle decreases, wetting increases. Conversely as the contact
angle approaches 180°, wetting decreases. Wettability can be explained by the relative
strength of the cohesive (liquidliquid) and adhesive (solidliquid) forces. Strong
low

adhesion with weak cohesion produces contact angles with nearly complete

wetting. As the solid/liquid ial
R i ' - téﬂs .F rtai f liquid,
strengthen, wetting diminis ntﬁ: a es. For a certain type of liqui

the adhesive force has.eonsStari-alue. S,ifie Ponhesive force between liquid and

and the liquidiiquid interactions

solid phase becomes infit

r-*ﬂ" THNIEYH .

- Wurli, of Cuhes ion (L/L)

9 W’W £ ) WK BAARSIoHY6A9 7

Figure 4.23 Diagram of work between liquid/liquid and solid/liquid.
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Based on the work shown in Figure 4.23, ti-;e surface free energy
between liquid and solid was calculated to explain work of adhesion between solid and
liquid. The surface free energy of solid can be calculated from Owen - Wendt method
as shown in Table 4.5. According to the drawing in Figure 4.24, surface free energy

between liquid and solid can be express as:

Vst =Vw =Yy c0s8 (4.1)
where @is contact angle, y,,is vetween solid and liquid, y,, is surface
energy between solid and ¥ energy between liquid and vapor

J
Surface free energy betw wm} various type and content of
silica particle can be cal atign anfekthe results are shown in Table 4.7

containing the -:'. ; free energy between solid and
liguid was abo mﬂ ree energy of water (72 mJ/m’
[75]). These ﬁﬁf’ﬂ ﬁﬁ ﬁ %ﬁﬂ jﬂﬁamd to that of the films
containing the Aemsrl‘ 200.

’Qﬁ?ﬁﬂﬂ‘imﬂﬁﬂﬂﬁﬂﬁﬂ
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Table 4.7 Values of contact angle, surface energy of solid and surface free energy

between solid and liquid obtained from the films containing different types and contents

of Si0, particle.
Surface
Content Contact angle Surface energy of energy
Si0, type (wt.%) (degrees) soild (mdim?) between liquid and
solid (mJ/m’)
Aerosi® 200 (particle | 008 HH{/ 83.41
size = 12 nm, SSA =
. m:-’ﬂ]' 77.19
72.96
61.36
(particle size = 30
BREE=Re 70.09
67.78
60.32
(particle size = 30 4
pm SSA =300 mz'.'.g} —
68.24

1119

MR TUAMINYAE
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4.3 Film formation by organic/inorganic hybrid method

4.3.1 Organicfinorganic hybrid films containing oxide particulate

4.3.1.1 Optimization of parameter by Taguchi method

Table 4.8 lists 15 conditions and properties of the fims prepared
according to the condition obtained from the Taguchi's DOE method. The films prepared

charts of levels of all faett L édped: fc \’h article, solid ratio and withdraw
speed of the dip coals _
Aeroperl® 300/30 > Ti0 895 # Af I 806/30>'Cot or solid ratios, the rank is as
follow: 5 2 10 > 0.01. Fagths 565 & rapk s as follow 0.01 > 1.00 > 0.50.
The S/N ratio curves (Larger : ; best condition for getting the
highest contact angle is the giaxiz h parameter. The best condition
in this study as follow: particle ypgsAsrasiE280; solid ratio: 5; and withdraw speed:

0.01. The predlctedc e is 169.7: 5 r,gm film was prepared from

the best condition. The _c;:*'."l 0.69 degrees which was

close to the predicted Y&lue. Therefore, The maximum hdraw speed was chosen for
economic reas ﬁ The mfiﬁm condition wéls’ as follow: type of particle: Aerosil® 200;

AU LA WS . v

speed would lead to better S/N ratio. Hlowever, suclery low speedisnot practical.

AN IUNATING TN

solid ratio; 5;



Table 4.8 The conditions obtained from the Taguchi DOE analysis (larger is better).

82

Type of particle Solid ratio Contact angle % Transparent
Speed (mm/sec)
(degrees)
Aerosil® 200 0.01 0.5 106 £ 0.75 914138
Aerosil® 200 5 1 166 £ 0.16 89 + 1.64
Aerosil® 200 10 0.01 154 £ 0.18 61+ 1.42
Aeroperi” 300/30 0.01_ st 103 + 0.44 95+0.75
Aeroperi®300/30 - ﬁ 151 0.78 93+ 1.23
Aeroperl® 300/30 /%ﬁ 1£0.38 92+ 1.70
\\\‘Q\b
Aeroperl” B06/30 /é&b\ "\\ 4 +0.82 97 +0.74
| \
Aeroperl® 806/30 //E ’\\\ {07 +0.22 94 +0.90
% @\ \:\
Aeroperl® 806/30 IA@ ’\\\\ 53 £0.92 93+ 1.15
L J = )
TiO, P25 ‘ 04 + 0.68 96 + 1.58
...;-';ﬁ:: l
1 R
TiO, P25 4 153 £ 0.96 91+ 1.26
TO, P25 _____ 24.40.90 94 + 1.49
Cotiox ;rz +0.80 72+0.89
Cotiox 0§, 102 £ 0.22 94+ 1.79
B i TR =0 = = —

Cotiox Pikd ) ) bl 88 + 1.64

PRIAATUAMINYAE



43 -

(a)

g 42 4

z ——

8

B /

A B C D £

(b)
(c)

AUy METEwETT
ARANSHUAIINIAN

withdraw speed (mm/sec)

Figure 4.25 Main effects plot for S/N ratios to contact angle (A: Cotiox, B: Aerosil® 200,
C: Aeroperl® 300/30, D: Aeroperi® 806/30 and E: TiO, P25).



4.3.1.2 Film topography

Figure 4.26 shows 2-dimesion and 3-dimension AFM topological images
of the hybrid organic/inorganic film prepared from the best condition obtained from the
Taguchi's DOE method. Surface roughness is 60.05 nm. The Aerosil® 200 nanoparticles
were seen as agglomerates having an average size of 1-2 um. Each aggregated
consists of several nanoparticles that gave rise to surface roughness at the nanoscale.

On the rough surface, air can still be gfieglively trapped between the water droplet and

the solid. Thus, the Cassie staté © ‘ : ined to achieve a superhydrophobic

3-dimensional image

Figure 4.26 AFM topographical mapping of hybrid organic/inorganic film prepared from
the optimum condition obtained by the Taguchi's DOE.
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In order to determine thickness of the hybrid organic/inorganic film,
AFM was employed as described in section 3.3.2. Figure 4.27 shows the AFM height
image of the hybrid organic/inorganic film containing 5 wt.% Aerosil” 200. The film
thickness was 690 nm. The thickness of this type of film was much higher than the
thickness of the polyelectrolyte multilayer film. The simplicity of the process, and quality
of the films obtained suggests that this hybrid film is the most appropriate way to obtain

thick-films with controllable thickness in a sub-micron to micron range. Moreover, the

method also opens-up possibilitiegy i ential applications [82-83]. However,

since the transparent of film We s coating in this research, the

transparent urganicﬁnnrgw ﬁlﬂﬂvas@t thickness of less than 1 pm

within a single dip coating

297541

[nm]

Figure 4.27 AFM heightdmage of the hybndfilm containing 5 %wt Aerosil” 200. The

e SN 3
RIAINTUNNINYIAY

4.3.1.3 Film stability

The usefulness of a superhydrophobic coating is determined by its
stability. For practical use, the surface should retain its property. In order to study film
stability, the hybrid organicfinorganic film was kept in ambient condition for about a

month. Figure 4.28 shows contact angle of film versus duration. After keeping for about
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one month, the contact angle decreased from 166 + 0.71 degrees to 158 + 0.62
degrees. When the film kept for over ten days, the contact angles gradually decrease.
However, after twenty days the contact angles tended to be constant. After keeping for
about one month, the contact angle was still higher than 150 degrees, exhibiting
superhydrophaobicity behavior. Comparing film stability of the hybrid organic/inorganic
film and polyelectrolyte multilayer film, the polyelectrolyte multilayer film was slightly

more stable than the hybrid organic/inorganic film.

Contact angle (degrees)

e
ays

iF

Figure ﬂzﬁaﬁﬁmﬁ? c%ataﬁ aﬁl;inﬁ exposure duration.
QRINRBINUNIN Y

To study the adhesion property between coating and glass substrate,

The tape test ASTM: D 3359 - 02 was used to measure adhesion by percent area
removed. The images of films containing 5 wt.% Aerosil® 200 before and after the tape
test are shown in Figure 4.29 and 4.30, respectively. The films containing the Aerosil®
200 5 wt.% had flakes slightly along the cuts made in the coating. The film removed by

the tape test was less than 5% which was classified in a class 4B, demonstrating strong
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adhesion between the film and substrate. The adhesion observed in the hybrid
organicfinorganic film was slightly less than that in the polyelectrolyte multilayer film. It

may be caused by its higher thickness.

Figure 4.29 Film containifig Atrosit 2. at 5 wt.% before tape test.

= %
e r‘.’-’.-" _“r.“l e

Q T g

i o

AusIngniguins
Wl HeBE

TaNAR

Figure 4.30 Film containing Aerosil” 200 at 5 wt.% after tape test.



4.3.1.4 Surface free energy

Surface free energy of hybrid organic/inorganic film preparing from the
optimum condition was calculated by Owens — Wendt method. The contact angle of
water and diiodomethane were 166 + 0.16 and 120 + 0.85 degrees, respectively. The
calculated data fory”, y"and , were 3.18, 1.03 and 4.20 mJ/m’, respectively. The
film shows low surface free energy of 4.20 mJd/im’ which was in same range of surface

free energy that obtained from the palyglédtrolyte multilayer of about 1-13 mJ/m”.

ing oxide sol

the value of contact angle
and the TIP:PDMS ratic GAr Clle \ re on film's hydrophobicity is
also illustrated. The prec ' n g8d [0 prepare these films were aged for 2

decreased with increasing heat-

days. At a given TIP:PDM3faljgi e, con ]

ireated temperature. The decrea gle may be due to the effect of surface

morphology as :u_.;.._______. ed .'_ mdres rounded protrusion. The
e —————————————————————————,

—

L% Y
surface consisting ld ot , ol ’
i 1
water droplet and thersiore exhibit lower contact angle. phrtial decomposition of a low-

b 6110V 0111 L S
qRARINY AU IFPIRE ) rovs nos

ratio of 1.0:1.0, and heat-treated at 60 °C. The effect of TIP:PDMS ratio on film's

axtend of contact area with

hydrophobicity was not well understand. It was expected that the hydrophobicity would
increase with the increase of the PDMS content which was the constituent having low
surface energy compared to the titanium hydrous oxide, provided that surface
topography was unchanged at any TIP:PDMS ratio. However, this scenario might not be

the case as surface topography might have changed. For instance, Iketani etal.
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reported that surface of the hybrid film became rougher and more porous with
increasing PDMS content [24].

160 -

140] - o <
| —Ja00c

FV'

Contact angle {(degrees)

The coaﬁ sulutﬁrﬂms rmesﬂﬂatﬁ' for thermal property by using TGA.

i ¥k ed b AN ans contact ange

goniometer, resp&ctwely Figure 4.32 shows the TGAsprofile of the pegpared hybrid film.

moere vl il e bl oo cd D Bk e s vere

observed at higher temperature. The first loss of 38% was in the temperature range of

Topology and

200 - 400 °C while the second loss of 54% was in the temperature range of 400 - 550
°C. However, the residual mass was found after reaching 600 °C. The two weight
losses were attributed to decomposition of organic constituent in the TIP and

degradation of the PDMS, respectively [84-85). Based on this thermal result, it is



recommended the film should be heat-treated to only 200 °C to preserve chemical

nature of the PDMS.
100 -
80 4
£ 60 T
g
= BT
g -54.16 %
20 .
0.4
600
Figure 4.32 TGA profile of the 3 & #irapar om the precursor having the TIP:PDMS
osphere.
Y
Figure 4. 1 shnws AFM iap-ographicm imes of the films containing

TIP:PDMS ratinﬂ i{jﬁ rT ?ﬁ respectively. The
precursor solutiomwas age:; mﬂnr& epcs on. ﬁ ms treated at 60 and
1007°C g protrusions
[dimensH m qammmqﬁm Hm and 3.0 +

0.15 nm, respectively. The two films had water contact angle of ~100 degrees. Some
bright features, ~0.3 - 0.5 pm in size, which might be titanium (hydrous) oxide particles
were also observed. The film heated at 200°C consisted of large protrusions of ~0.1 -
0.3 um, and had higher surface roughness of 8.7 + 0.43 nm and lower contact angle of
91 degrees. Based on the TGA result which shows slight weight loss (few percents) at

the temperature between 100 - 200 °C, it was believed that such large feature was
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formed as a result of evaporation and/or partial decomposition of the organic

constituents such as solvent or perhaps the PDMS molecules.

(a)

na

(b)

o0

j[=m]
-

Y J

. m {c)
jnanens

¢

Figure 4.33 AFM topographical images of the PDMS-based hybrid films coated on glass
substrate heat-treated at (a) 60 (b) 100 and (c) 200 %.
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Values of contact angle and surface roughness of the films heated at
various temperatures are summarized in Table 4.9. It has been reported that
hydrophobicity depends on both surface topography and chemical composition. High
surface roughness usually gives rise to more hydrophobicity. Scale of roughness is also
another important parameter to be taken into account. In this present study, it has been
illustrated that fine protruding feature gave more hydrophobicity than larger, rounded

feature although it has lower value of roughness, as well as lower contact angle area

with water droplet.
Table 4.9 Values of conlact angie- e.foUgNress of the films obtained at
Heating temperature {n 3 \ Surface roughness (nm)
80 1.2+ 0.06
100 30+0.15
200 8.7 £ 0.43

AULINENINYINS
PMIANTUAMINYAE
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4.4 Comparison of the polyelectrolyte multilayer and hybrid organic/inorganic films

The methods for preparation of water-repellent, superhydrophobic films
have been described. In this section, comparison of two types of superhydrophobic
films - polyelectrolyte multilayer and hybrid inorganic/organic films — are summarized.
Important aspects of the preparation method and film quality are shown in Table 4.10.
Regarding the preparation procedure, the polyelectrolyte multilayer films prepared by

together. However, t

roughness values.

s of films show good optical

transparency of abo preparation condition. These

films have good adh based on a standard tape test.

They also exhibit good sfab in the laboratory for months. At

ongi scifblyte and hybrid organic/inorganic

the optimum preparation |

films are of 50 nm and 690 Both of films show excellent water
repellency as thejEbave_veny high waler contaci—Snal ‘, 166 degrees for hybrid
organic/inorganic fil 3;| ane Slea sfolyte multilayer film which can

]
be regarded as an "L r hydmphobm film {water confact angle of 170 degrees and

o ﬂ‘lJEl’J‘VIEWIﬁWEI'm‘i
ammnim AN Y



Table 4,10 Comparison of the polyelectrolyte multilayer and hybrid films. The listed

values are at the optimum condition for each coating method.

Properties Polyelectrolyte multilayer Hybrid organic/inorganic
1. Procedure Complicate Simply
2. Transparency ~90 %

3. Adhesion

4. Stability (in door)

5. Thickness

6. Water contact angle

7. Surface mughn ;

8. Surface free energy
q L]

Good

690 nm

166 degrees

~60 nm

4 mJim’

PMIANTUAMINYAE




CHAPTER V

CONCLUSIONS

Inspired by lotus effect found at surface of some plant's leaves, the
superhydrophobic films were prepared by employing two different methods: layer-by-

er film and dip coating of organic/inorganic

layer deposition of polyelectrolyte multilz

hybrid film. The films were pregared baseg e same principle that the surface
roughness was enhanced whils the s was reduced.
—

gdep . B the films were prepared by
‘ \ Dilayers, followed by the SiO, and

= 4 "'-;

g' AN

deposition of the transparg

silane layers. Three types & R/ erosil® 200, Aeroperl® 300/30

AR
2

stage etching with HCI sol@tiog of rsﬁ Y 1_ ollo

found to be more effective than fhestep et itAeither HCI solution of pH = 1.0 for

and Aeroperl” 806/30# wafe gmploy ghfess enhancer. It was found

that film's preparation céndjiorfhad “""r e film's hydrophobicity. Two-
ed by pH = 2.3 for 1.5 hwas
3horpH =23 for 3 h. It was® Im having highest contact angle of
174 1+ 0.90 degreessWa z _’,-‘ as utilized as a surface
\ Y )

roughness enhancer. f-‘ 2 ¢ , 'tr increase concentration of

the SiO, particle emplG ad regardleas of the SID;, type, ich can be related to the

increased surf Wﬂ atad by incorporation
of the Aerope an Aampaﬂ’ which are tens of microns in size was

o RS L Ty e

transmittance which were transparent, and had good adhesion and stability.

For the organic/inorganic hybrid films, the organic matrix was a methyl
hydrogen siloxane-based material which is a low surface energy material while the
inorganic particles were incorporated in the form of either particulate or sol. The

particulates employed were Aerosil® 200, Aeroperl” 300/30, Aeroperl” 806/30, P25 TiO,



96
and Cotiox TiO,. They were mixed with the methyl hydrogen siloxane matrix as a

surface roughness enhancer. Since the film was coated by only 1 dipping cycle and
many preparation conditions were concerned for film preparation, the experimental
condition was optimized by using a Taguchi's DOE method. The optimum condition for
film's preparation was as follow: the methyl hydrogen siloxane-based matrix consisting
of the Aamsilm 200 having a solid ratio of 5 and coated at the withdrawal speed of 1

mm/sec. This film had the contact angle of 166 degrees. The film was transparent, had

good adhesion and stability of organic/inorganic hybrid film was

prepared from the polydim U Eisting of the TiO, sol derived from
J

titanium tetraisopropoxid ; r@mﬁnulatlnn had the maximum

Deg ig, dependent on two important factors:

surface roughness an he highest surface roughness

ot \ ilager film containing Aerosil® 200.

of 60 nm was achieved

Surface free energy of thegpolge B¢ tiayer film calculated by using the Owen -

\

Wendt method was in a ra dapending on the type and content of

incorporated Si0O, particle, whil #‘_ﬁ‘_f 0 id film was 4.2 mJ/m"°. However, much
lower surface free €iliig sbtained fro sK(s method. It was in a range
of only 0.03 - 0.51 wdim’ for the 't‘j‘! Im containing the Aerosil®

| : I !
200, and in a range [_l about 0. m for thé&Jpolyelectrolyte multilayer film

containing the ﬁmp&ﬂ‘f“:‘.ﬂz It is concludéd that the surface energy calculated from

bl JIE Hhod PEN AL @ acooun e et o

polarity and dlsp-arsmn of water, ThefCorrelation between degree ofisuperhydrophobicity

ons soloBleN B bdedded brdod b | helhe. e s

hydrophublmty increased with the increase of surface roughness and the decrease of

the Owen —

surface free energy.
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Suggestions for Future Work

Although the superhydrophobic films were successfully prepared with
satisfied properties, some suggestions are given below to further improve the film's
property.

Other films' properties such as thermal stability, chemical stability as well
as UV-resistant property should be investigated.

The films can be & e e substrates such as wood, concrete or
brick for practical use. Deposit -shaped substrates should also

be attempted.

Further ig .‘ groups is suggested. In

this study, ATR — FTIR afaly eliable results were obtained

since the films were too t

In case off thE rganic film, particulate inorganic
component such as the P25Qx ;; résult at high water contact angle. As

well known of its excellent phota q it is attractive for further study.

ﬂ'lJEl’JVIEWIﬁWEI’]ﬂ’i
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Table A.1 Classification of adhesion test results. Grid size is 1 mm x 1 mm.

Classification Percent area Surface of cross-cut area from which flaking have occurred for

removed six parallel cuts and adhesion range by percent
5B 0%
None
4B Less than 5%
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Figure B.2 Film containing Aerosil® 200 at 0.05 wt% after tape test.



Figure B.4 Film containing Aerosil® 200 at 1 wi% after tape test.
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Figure B.6 Film containing Aerosil® 200 at 5 wt% after tape test.
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Figure B.8 Film containing Aeroperl” 300/30 at 0.05 wt% after tape test.
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Figure B.10 Film containing Aemperl" 300/30 at 1 wit% after tape test.
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Figure B.11 Film g P cped \
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Figure B.12 Film containing Aeroperl” 300/30 at 5 wt% after tape test.
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Figure B.14 Film containing A&mpeﬂ'&ﬂﬁa’&ﬂ at 0.05 wit% after tape test.
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Figure B.16 Film containing Aeruperl. 806/30 at 1 wi% after tape test.
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Figure B.18 Film containing Aeroperl” 806/30 at 5 wt% after tape test.
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