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Artificial superhydrophobic films were deposited onto a glass slide by performing layer-by-layer deposition of
3.5 bilayers of poly(allylamine hydrochloride)/ poly(acrylic acid) polyelectrolyte, followed by a layer of SiO:2
nanoparticles of various amounts to enhance the surface roughness and a fluorosilane to reduce the surface free energy.
Higher SiO2 content incorporated into the films resulted in rougher surface and higher water contact angle. The total
surface free energy determined by using the Owens-Wendt equation dramatically decreased from 31.46 mJ-m for the
film having the relatively flat surface to only 1.16 mJ-m? for the film having the highest surface roughness of 60.2 + 1.1
nm. All the films were optically transparent and had excellent adhesion based on the peel test. Indoor and accelerated

weathering tests revealed good weathering stability.
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1. INTRODUCTION

Solid surface can interact with its surrounding that
comes into contact with it in many ways. For the surface
that is in contact with the liquid, it is known that the
minimization of total energy of the system is reflected by
wetting ability of the solid surface by the liquid. In case of
a superhydrophobic surface, the wetting ability is
controlled by two parameters: the surface-free energy and
the surface roughness. The degree of hydrophobicity can
be increased, and thus the wetting ability decreased, with
the decrease of the surface free energy and the increase of
the surface roughness. A variety of superhydrophobic
surfaces has been fabricated by increasing the surface
roughness and reducing the surface free energy by using
several fabricating methods [1-9].

It is practically difficult to determine the surface
energy between the solid and the liquid directly by an
experimental measurement. However, it can be calculated
based on the measurement of a contact angle between the
solid and the liquid. The contact angle, the angle between
the solid surface and the static droplet of the liquid, is
determined by a balance between three interfacial surface
energies: the liquid/vapor surface energy (jv), the
solid/vapor surface energy (v) and the solid/liquid surface
energy (). For each interface, each point on the three-
phase junction is three vectors. An equilibrium relation
between these vectors is known as Young’s equation [10].
The solid/liquid surface energy has been widely discussed
by modification of Young’s equation. Owens and Wendt
proposed the method of measuring polar and dispersive
components of the surface-free energy from the contact
angles measured by using polar and non-polar liquids [11].
This approach has been used to measure surface-free
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energy of polymer-based coatings such as polymethyl
siloxane and octyl triethoxysilane coated onto the TiO,
pigment [12], latex in the kaolin pigment coating [13], and
surface-modified multi-walled carbon nanotubes [14].

Recently, the superhydrophobic coating based on
Si0O;-polymer hybrid material has been widely investigated
due to its interesting properties, such as an optical
transparency, a specific electrical and mechanical
behavior, a thermal and weathering resistance, an abrasion
and impact resistance [2,15]. In this study, the
superhydrophobic SiO,-polyelectrolyte multilayer films
were coated onto a glass substrate by layer-by-layer
deposition of the positively charged poly(allylamine
hydrochloride) (PAH) and the negatively charged
poly(acrylic acid) (PAA) polyelectrolytes to obtain
3(PAH/PAA) bilayers and another layer of the PAH,
followed by a layer of SiO, nanoparticles and fluorosilane,
respectively. The oppositely charged PAH/PAA
polyelectrolytes were selected due to their ionic cross
linking in the bilayer thus yielding high durability. The use
of the positively charged PAH as the last layer is beneficial
for the subsequent deposition of the SiO, nanoparticles,
which are negatively charged. The relationship between
the hydrophobicity, the surface roughness and the surface-
free energy of the film was investigated. To alter the film’s
surface roughness, different amount of the SiO;
nanoparticles was incorporated into the film. To access the
possibility for a practical use, the film’s weathering
stability was evaluated by means of an accelerated
weathering test and an indoor exposure.

2. EXPERIMENTAL DETAILS
2.1. Materials

A poly(allylamine hydrochloride) (PAH, Aldrich) and
a poly(acrylic acid) (PAA, Aldrich) having molecular



weights of 70,000 and 100,000, respectively, were
employed to fabricate the polyelectrolyte bilayers. An
Aerosil 200 fumed SiO; (average particle size = 12 nm,
specific surface area = 200 m?-g’!, JJ-Degussa Chem.) was
employed to enhance surface roughness of the coating. A
trichloro(1H, 1H, 2H, 2H-perfluorooctyl) silane (Aldrich)
was employed as a surface-energy reducing substance.

2.2. Film preparation

A superhydrophobic film was deposited on a
25cmx 5cm glass slide, which was cleaned in a
sonication bath with ethyl alcohol, followed by acetone
and distilled water, respectively. The procedure for film
fabrication was the modification of the previous study,
which can be explained as follow [16]. Firstly, the cleaned
glass slide was coated with 3 bilayers of the PAH/ PAA by
alternating deposition of the PAH and PAA by using a dip-
coating machine. To obtain strong adhesion with the
negatively charged glass slide, the positively charged PAH
layer was deposited as the initial layer by immerging the
glass slide into a PAH solution (concentration =0.01 M)
for at least 3 minutes. Then, the specimen was withdrawn
at a rate of 0.1 mm s followed by rinsing with distilled
water. Next, the negatively charged PAA layer was
deposited by immerging the PAH-coated specimen into a
PAA solution (concentration=0.01 M) for at Ileast
3 minutes, withdrawing at the rate of 0.l mms' and
rinsing with distilled water. The same procedure repeated
two more times, thus 3 PAH/PAA bilayers were obtained.
The deposition of another PAH layer was conducted by the
same procedure, thus the positively charged 3.5 PAH/PAA
bilayers was obtained. Then, the specimen was etched by
immerging it in 2.3 M HCI for 180 minutes, followed by
immerging in 1.1 M HCI for another 180 minutes. The
etching was performed to create dimples for the
subsequent deposition of SiO, nanoparticles. After rinsing
twice with distilled water, the etched specimen was cured
in an oven at 180 °C for 2 hours. The SiO, nanoparticles
were deposited onto the etched specimen by immerging it
in a 0.05, 1.0 or 5.0 wt.% SiO; suspension for 5 minutes,
and then withdrawing at the rate of 0.0l mms™'. The
concentration of SiO, nanoparticles was varied to alter the
surface roughness of the coating. Finally, the specimen
was immerged in a trichloro(1H, 1H, 2H, 2H-
perfluorooctyl) silane solution (0.4 vol.% in 1-propanol)
followed by curing at 180 °C for 2 hour. The notations
S 0.05, S 1.0 and S 5.0 are referred to specimens
fabricated from the 0.05, 1.0 and 5.0wt% SiO;
suspensions, respectively. The film’s structure is
schematically depicted in the Fig. 1.

44— silane
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LIS Y €— 3.5 PAH/PAA bilayers

Glass slide

Fig. 1. Schematic illustration of the film’s structure
2.3. Characterization

An SPA 400 atomic force microscope (AFM, Seiko
instruments) was  employed for  topographical
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characterization. A non-contact mode was performed using
an NSGO1 silicon cantilever. A USB4000 UV-visible
spectro-photometer (Ocean Optics) was employed for
optical transparency measurement. The degree of
hydrophobicity was determined by using a goniometer
(ramé-hart instrument). The volume of water droplet was
6 pL. The measurement was conducted for at least 3 times.

The film’s weathering stability assessment was
performed in a Ci3000 Xenon Weather-Ometer (Atlas
Material Testing Solutions) following the ASTM standard
(G 155-04a) using a xenon arc light and a water apparatus
to simulate a natural weathering condition [17]. Operating
parameters for the weathering test are as follow: an
irradiation = 0.35 Wm2-nm™ at 340 nm; a black panel
temperature = 63 °C; a relative humidity =50 %. The
testing was conducted for a total time of 500 h during
which the samples were periodically taken out for contact-
angle measurement. The film’s stability was also evaluated
by placing the samples at an ambient condition in the
laboratory, and measuring the contact angle over a time
span of ~ 4 weeks.

The adhesion between the film and the glass substrate
was evaluated by means of a peel off test following the
ASTM standard (D 3359-02) [18]. This test was conducted
by applying an adhesive tape (3M Scotch® tape) over cuts
made in the film, rubbing with uniform pressure, and then
peeling off the adhesive tape. Images of the specimen
before and after the tape testing were taken by using an
optical microscope to observe the film removed. A
classification of 5B, 4B, 3B, 2B, 1B and OB was assigned
for a percentage of area removal of 0, <5, 5—15, 16—35,
36—65 and > 65 %, respectively.

The surface-free energy was calculated from the
contact angle data measured by using water and
diiodomethane (DIM, 99%, Aldrich) using the Owens-
Wendt equation as follow [11]:
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where @is the contact angle; %P and y#P are the dispersion
component of the solid and the liquid, respectively; jsF and
1" are the polar component of the solid and the liquid,
respectively; sy is the surface-free energy of the liquid;
is the total surface-free energy of the solid.

Also, based on the Young’s equation [10], the surface-
free energy between the solid and the liquid can be
calculated by:

7SL=7$V_7/LVCOS9’ 3)

where @ is the contact angle; ys is the surface-free energy
between the solid and the liquid; v is the surface-free
energy between the solid and the vapor; v is the surface-
free energy between the liquid and the vapor.

3. RESULTS AND DISCUSSION

AFM images taken on the samples containing various
amounts of the SiO; nanoparticles are shown in Fig. 2. The
film without SiO, deposition is given in Fig.2a as a



control sample. This film consists of 3.5 PAH/PAA
bilayers and the silane layer. The surface consists of nano-
scaled dimples which were created during acid etching of
the 3.5 PAH/PAA bilayers. This sample had the surface
roughness of 5.0 +0.25nm, and the contact angle of
87.0 £ 0.85deg. It is evident from the images that the
amount of the deposited SiO, nanoparticles increased with
an increase of the SiO; concentration in the suspension. As
the SiO, nanoparticles were incorporated into the film as
the surface-roughness enhancer, the films containing the
SiO, nanoparticles possessed much higher surface
roughness which were 38.0 +2.5,41.5+ 1.2 and 60.2+ 1.1
nm for the samples S_0.05,S_1.0 and S_5.0, respectively.

Fig. 2. AFM images of: a—control sample; b—S_0.05; c—S_1.0;
d—S_5.0 samples, respectively

Table 1 summarizes the value of contact angles of
water and diiodomethane, and the total surface-free energy.
The total surface-free energy calculation took into account
both dispersive and polar components at the solid-liquid
interface. Rougher surfaces exhibited larger values of the
contact angle, which is consistent with the prediction of the
Wenzel and Cassie models [19, 20]. The total surface-free
energy of the control sample was 31.46 mJ-m?. With the
incorporation of the SiO, nanoparticles as the surface-
roughness enhancer, the total surface-free energy was
decreased to 12.54, 5.88 and 1.16 mJ-m? when the surface
roughness was increased to 38.0+2.5, 41.5+1.2 and
60.2 + 1.1 nm, respectively. The plot of the surface
roughness and the total surface-free energy versus the
contact angle is shown in Fig. 3. To exhibit low wetting
ability (i.e., high contact angle), the surface must possess
high surface roughness and low surface-free energy
[1,3-5].

The result of the film’s adhesion testing is as follow.
For the sample S _0.05 and S_1.0, there was no removed
area observed under the optical microscope after the
adhesive tape was peeled off. Thus, the film’s adhesion
was classified as 5B, demonstrating a strong adhesion
between the film and the glass surface. Flaking along the
cuts made in the film of <5 % was observed on the S 5.0
sample, and thus the adhesion was classified as 4B. Based
on the result of the adhesion test, it is evident that the
superhydrophobic films prepared under the reported
conditions were of sufficient adhesion for the practical use.

Table 1. Values of the contact angle, 75 and 5L

Sample Contact angle, degree 7, 7L,
Water DIM mJ: m32 mJ- m2
Control 87+0.85 61 +0.31 31.46 27.68
S 0.05 169 +0.27 99 +£0.92 12.54 83.41
S 1.0 171+£0.69 | 115+242 5.88 77.19
S 5.0 174+0.90 | 138+2.16 1.16 72.96
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The degree of wetting ability can also be justified by
making a comparison of the surface-free energy which is
essentially the interfacial energy between the solid surface
and the air (%v) and the interfacial energy between the
solid surface and the liquid (js.). Values of the y_ for the
samples, which consists of various amount of the SiO,
nanoparticles, are summarized in Table 1. The 5 of the
control sample was 27.68 mJ-m™. For the films with higher
surface roughness, the p_ increased to a range of
~73-83 mJ'm? which was much higher than the
interfacial energy between the film’s surface and the air.
The increase of the energy at the interface between the
film’s surface and the liquid means that the system
becomes less thermodynamically stable. To be more
thermodynamically stable, the solid-liquid interfacial free
energy must be minimized. That is, water will bead up on
the superhydrophobic surface to reduce this interface area,
resulting in high water contact angle. The water droplet
can roll off easily on the tilted superhydrophobic surface,
and picks up dirt along its path, thus exhibiting self-
cleaning property.

The optical transmission spectra of the prepared films
at wavelengths ranging from 300 to 700 nm are shown in
Fig. 4.
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Fig. 3. The plot of the RMS surface roughness and the surface-
free energy versus the contact angle
The S 0.05 and S_1.0 samples had the transmittance
0f 93 + 2 % which was comparable to that of the bare glass
substrate indicating their excellent optical transparency.
The transmittance of the S_5.0 sample was in a range of
80—90 % which was optically transparent.
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Fig. 4. Transmittance of the uncoated specimen, and the coated
specimen consisting various amounts of the SiO:
nanoparticles

Fig. 5 shows the change of the contact angle when the

S 5.0 sample was kept in ambient condition in the

laboratory for about a month.
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Fig. 5. Indoor weathering stability of the S 5.0 sample

The initial contact angle was 174 deg. Upon exposure
to ambient atmosphere, the contact angle slightly
decreased during the first 10 days because of the
accumulation of very fine dust that adhered to the surface,
and was constant at ~ 160 deg. afterward. It is known that
the hydrophobicity of an artificial superhydrophobic
surface gradually degrades over long period of outdoor

exposure. For instance, the contact angle of the
superhydrophobic silicone nanofilament coating dropped
to below 150 deg. after 1 week of outdoor exposure [21].

To evaluate its outdoor stability, the S 5.0 sample was
subjected to the accelerated weathering test and the result
is shown in Fig. 6. Similar to the indoor testing result, the
contact angle decreased slightly at an early stage of the
testing and became relatively constant after an accelerated
weathering exposure for 500 h which was equivalent to an
actual weathering exposure for ~7 weeks. The result of the
accelerated weathering test indicated sufficient stability for
the practical use.
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Fig. 6. Accelerated weathering stability of the S_5.0 sample

4. CONCLUSIONS

Transparent, superhydrophobic films consisting of 3.5
PAH/PAA polyelectrolyte bilayers, and a layer of the SiO»
nanoparticles and the fluorosilane were coated on glass
slides by layer-by-layer deposition. The SiO, nanoparticles
were incorporated into the films at different amount to alter
the film’s surface roughness. By increasing the SiO»
content, the surface roughness increased resulting in the
increase of the water contact angle. The total surface-free
energy calculated by the Owens-Wendt equation was in the
range of 1.16 — 12.54 mJ-m™. All the prepared films have
excellent adhesion based on the peel test, and good
stability based on the weathering tests.
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