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ABSTRACT: Inspired by naturally occurring superhydrophobic
surfaces such as “lotus leaves”, a number of approaches have been
attempted to create specific surfaces having nano/microscale rough
structures and a low surface free energy. Most importantly, much
attention has been paid in recent years to the improvement of the
durability of highly transparent superhydrophobic surfaces. In this
report, superhydrophobic surfaces are fabricated using three steps.
First, chemical and morphological changes are generated in the
polyester mesh by alkaline treatment of NaOH. Second, alkaline
treatment causes hydrophobic molecules of 1H,1H,2H,2H-perfluor-
odecyltrichlorosilane to react with the hydroxyl groups on the fiber
surfaces forming covalent bonds by using the chemical vapor
deposition method. Third, hydrophobicity is enhanced by treating
the mesh with SiO2 nanoparticles modified with 1H,1H,2H,2H-
perfluorooctyltriethoxysilane using a spray method. The transmittance of the fabricated superhydrophobic mesh is approximately
80% in the spectral range of 400−1000 nm. The water contact angle and the water sliding angle remain greater than 150° and
lower than 25°, respectively, and the transmittance remains approximately 79% after 100 cycles of abrasion under approximately
10 kPa of pressure. The mesh surface exhibits a good resistance to acidic and basic solutions over a wide range of pH values (pH
2−14), and the surface can also be used as an oil/water separation material because of its mesh structure.
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■ INTRODUCTION

In nature, the surfaces of many plant leaves,1−3 insect legs,4,5

hairs,6 and wings,7 and animal fur and feathers show extremely
high water repellency, wherein the water contact angle (WCA)
of the surfaces is over 150° with small water sliding angles
(WSA). Such surfaces are often referred to as super-
hydrophobic. Generally, wetting behavior is dependent upon
both the surface chemistry and the surface topography,8,9 and
the presence of hierarchical roughness such as that found in
lotus leaves further increases the contact angle by creating more
trapped air pockets on the surfaces and lowers the WSAs.10

Therefore, the combination of micro- and nanoscale roughness
increases the contact angle of water such that water droplets
cannot adhere but are forced to roll off.11 Providing proper
roughness is an important requirement for the processing of
superhydrophobic surfaces, and numerous methods to fabricate
the surfaces have been reported.12−19 Because of their
characteristics, superhydrophobic surfaces have numerous
applications in self-cleaning windows and paints,20 nonwetting
fabrics,21−23 antifogging,24 anti-icing,25−27 buoyancy,28 and flow
enhancement.29

For practical applications, it is important that the coating is
mechanically durable against wear, shear, and ice adhesion.
Mechanical robustness is particularly critical because the
nanoscale roughness can easily be destroyed irreversibly,

leading to a rapid decrease of the WCA and an increase of
the WSA.30 Several methods have been proposed to improve
the durability of superhydrophobic surfaces, including enhance-
ment of mechanical stability,31−33 improvement of corrosion
resistance,34 self-healing of topographic structures, and self-
repairing of surface chemical properties.35−37 It is also
important that the superhydrophobic surfaces are transparent
to expand the range of possible applications. Recently,
increasing interest in energy efficiency has promoted research
in developing coatings that are both self-cleaning and
transparent.38−42 In general, however, surface roughness and
transparency are competitive properties because surface
roughness, although a prerequisite for fabricating super-
hydrophobic surfaces, may also lead to opacity because of
increased light scattering. Light scattering is a function of
roughness size and the refractive index of the materials, so
careful control of the roughness and matching the refractive
index of the coating materials with that of the substrate are
important to prevent light scattering and to fabricate both high
transparency and superhydrophobic surfaces. For the practical
applications of transparent superhydrophobic surfaces, it is

Received: December 10, 2014
Accepted: January 27, 2015
Published: January 27, 2015

Research Article

www.acsami.org

© 2015 American Chemical Society 4809 DOI: 10.1021/am508726k
ACS Appl. Mater. Interfaces 2015, 7, 4809−4816

www.acsami.org
http://dx.doi.org/10.1021/am508726k


critical that they possess long-term durability of the self-
assembled nanostructures against mechanical wear, shear, and
liquid flow. However, it is especially challenging to improve the
abrasion resistance of the highly transparent superhydrophobic
surfaces because, in general, if there is no chemical or physical
bonding between the particles or the particles and the substrate,
the coating can be easily removed by Scotch tape peeling. In
addition to Scotch tape peeling and the tribology wear test,
waterfall/jet and sand abrasion tests have often been used to
evaluate the robustness of the transparent superhydrophobic
coating, where changes in the WCA and WSA and in the
coating morphology before and after the tests are compared.
Generally, abrasion tests have often been used to evaluate the
robustness of superhydrophobic and superoleophobic coatings;
however, few abrasion tests have been reported on transparent
superhydrophobic coatings. Yanagisawa et al. designed super-
hydrophobic surfaces based on a surface microstructure
combination on a rigid base film with craterlike hemispherical
holes and acicular nanoparticles, where the WCA of the coating
was 163 ± 1° and the transparency was approximately 85%
before rubbing abrasion. After two rubbing abrasion cycles, the
WCA of these surfaces was under 150° and further decreased to
approximately 127° after 30 cycles of rubbing abrasion.43

Clearly, the superhydrophobic coatings must be easy to
fabricate, transparent, and mechanically resistant and must
exhibit long-term stability, and, to date, none of the existing
methods or coatings developed have fulfilled all of these
requirements. We have been investigating a method for
superhydrophobic surface fabrication to produce surfaces with
high transparency and increased mechanical durability against
wear and abrasion resistance, selecting the strategy of using the
see-through structures of polyester mesh.44 Fabrics and meshes
have been used as substrates in many previous studies of
superhydrophobic thin films.44−46 For example, fabric-based
superhydrophobic and superoleophilic thin films have been
used as oil/water filters.47−52 In our previous study, we
designed a mesh-based superoleophobic surface with SiO2
nanoparticles. Although the contact angles of hexadecane and
water droplets were over 150° and the transparency was
approximately 61%, the high durability of the film has not been
achieved due to exposure of native mesh surfaces by removing
the SiO2 nanoparticles after abrasion.44 Therefore, the
maintaining superhydrophobicity of the surface after abrasion
can be improved by two approaches; one is developing the
surface structures to protect the SiO2 nanoparticles against the
abrasion. The other is that the mesh surface with low surface
energy should appear and keep superhydrophobic property in
the case that the SiO2 nanoparticles are removed by the
abrasion. To the best of our knowledge, however, no studies
have reported the possibility of a mesh-based highly transparent
and superhydrophobic thin film with enhanced mechanical
abrasion resistance. A mesh structure has four important roles:
the vacant space between the fibers of the fabric allows the
penetration of visible light and traps an air layer to realize the
Cassie state, which is very important for producing super-
hydrophobicity. Because the transparency of the mesh is due to
the penetration of visible light between the fibers, it is
unnecessary to control roughness or to carefully match the
refractive index of the coating materials with that of the
substrate. However, the microroughness of the three-dimen-
sional microstructure of the meshes should be optimized to
improve its mechanical stability and to maintain and protect the
nanoroughness provided by the SiO2 nanoparticles. Finally, the

fabrics have high flexibility. For these surfaces, we react
1H,1H,2H,2H-perfluorodecyltrichlorosilane (PFDTS) at the
fibers of the fabric as a precaution against the removal of the
SiO2 nanoparticles modified with 1H,1H,2H,2H-perfluorooctyl-
triethoxysilane (PFOTS) at the mesh surfaces. In this way, even
if the hydrophobic SiO2 nanoparticles are removed by abrasion,
the mesh surfaces treated with PFDTS maintain a low surface
energy property and retain their superhydrophobicity.
In this paper, we investigate the possibility of a highly

transparent and superhydrophobic thin film with enhanced
mechanical abrasion resistance by combining a see-through
hydrophobic mesh with a hydrophobic SiO2 nanoparticle
hierarchical structure. This simple but novel and effective
method may be useful for the improvement of highly
transparent superhydrophobic surfaces for various applications.

■ EXPERIMENTAL SECTION
Materials. Polyester fabrics supplied by Clever Co., Ltd.

(Toyohashi, Japan) were used as a substrate, possessing fiber
diameters of 55 μm, a fiber separation distance of 370 μm, and a
transmittance of approximately 75%. The SiO2 nanoparticles with an
average primary particle diameter of 40 nm were obtained from
Nippon AEROSIL Co., Ltd. (Tokyo, Japan). The 1H,1H,2H,2H-
perfluorodecyltrichlorosilane (PFDTS) was obtained from Tokyo
Chemical Industry Co., Ltd. (Tokyo, Japan), the 1H,1H,2H,2H-
perfluorooctyltriethoxysilane (PFOTS) was obtained from Gelest, Inc.
(United States), and the tetraethoxysilane (TEOS) was obtained from
Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Distilled water,
with an interfacial tension of liquid vapor of γlv = 72.8 mN m−1, was
used as a solvent and also as a probe liquid to evaluate the WCAs and
WSAs. To prove the repellency against any pH solution, acidic and
basic aqueous solutions were prepared by adding hydrochloric acid
and NaOH, respectively. Hydrochloric acid and NaOH were obtained
from Kanto Chemical Co., Inc. (Tokyo, Japan).

Fabrication of Highly Transparent Robust Superhydropho-
bic Mesh Film. The original mesh films used as substrates were
rinsed sequentially with deionized water and ethanol and then dried at
room temperature. The superhydrophobic surfaces were fabricated
using the three steps, including the coating procedure, presented
schematically in Figure 1. First, chemical and morphological changes

were generated in the polyester mesh by an alkaline treatment with
NaOH. The prepared mesh was then immersed in a 200 g/L sodium
hydroxide solution, whereupon the solution was heated to 75 °C for
140 min and the soaked meshes were subsequently washed with
abundant deionized water and dried at room temperature.53 Second,
hydrophobic molecules of PFDTS were reacted with the hydroxyl
groups existing on the fiber surfaces caused by the alkaline treatment,
forming covalent bonds by using the chemical vapor deposition
method. The meshes were placed in a 100 mL sealed vessel along with

Figure 1. Schematic of the fabrication procedure for the super-
hydrophobic polyester mesh. First, a polyester mesh undergoes an
alkaline treatment with NaOH. Second, PFDTS is reacted on the fiber
surfaces using the chemical vapor deposition method. Third, the mesh
is treated with SiO2 nanoparticles modified with PFOTS using a spray
method.
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a container filled with 0.2 mL of PFDTS with no direct contact
between the liquid and the meshes, whereupon the vessel was heated
to 70 °C for 180 min and then cooled to room temperature.54 These
steps made the obtained hydrophobic textiles durable against strong
abrasion. Third, to enhance the hydrophobicity, the meshes were
treated with SiO2 nanoparticles modified with PFOTS using a spray
method. The amount of 0.38 mg of SiO2 nanoparticles was added to
35.08 mg of acetone and stirred for 5 min, after which 0.80 mg of
TEOS and 0.45 mg of PFOTS were added to the solution and stirred
for 5 min, whereupon 0.09 mg of hydrochloric acid and 0.76 mg of
deionized water were added. Acetone, PFOTS, and hydrochloric acid
are used as a solvent, a lower energy material, and catalyst, respectively.
TEOS is used for bonding between the particles or the particles and
the substrate in order to enhance the durability. After stirring for 30
min, the solution was sprayed on the meshes using a spray gun (nozzle
diameter: 0.6 mm, XP7; Airtex Co., Ltd., Tokyo, Japan), and the
meshes were subsequently dried at room temperature.44,55 The
spraying pressure of a spray gun was 0.6 MPa, the amount of the
sprayed solution was 0.3 mL/cm2, and the spraying distance between
spray gun and substrate was 30 cm.
Characterization. A commercial contact angle system (FACE;

Kyowa Interface Science Co., Ltd., Niiza, Japan) was used to measure
the WCAs and WSAs of the thin films at room temperature, wherein
water was used as probe liquid. The reported WCAs and WSAs in this
report are the averages of measurements obtained at five different
points on each sample surface, with each static contact angle
measurement performed using liquid droplets 10 μL in volume. The
morphological characterization of the samples was examined using a
field emission scanning electron microscope (FE-SEM, S4700; Hitachi,
Japan), where all samples were coated with osmium before
observation. The transmittance of the obtained fabrics was measured
using a spectrophotometer (UVmini-1240; Shimadzu, Kyoto, Japan).
The chemical composition of the surface was measured by X-ray
photoelectron spectroscopy (XPS, JPS-9010TR; JEOL Ltd., Akishima,
Japan), and the surface mechanical durability was observed using an
abrasion device (Tribogear Type 18 L; Shinto Scientific Co., Ltd.,
Tokyo, Japan), where cellulose fibers (cotton) were used as the
abrasive material.

■ RESULTS AND DISCUSSION

Mesh Morphology. The FE-SEM images of pristine
polyester meshes (Figure 2a and 2d) demonstrate that the
original fibers are smooth and the diameters of the fibers can be
estimated to be 55 ± 1 μm, with the distance between the fibers
approximately 370 ± 2 μm. However, FE-SEM images of the
meshes after alkaline treatment with NaOH (Figures 2b, 2e,
and Supporting Information S1) reveal that pits are formed on
the fiber surfaces, which appear to be in locations identified as
having lower crystallinity,56 while the fiber diameters are
estimated as 45 ± 1 μm and the distance between the fibers is
approximately 378 ± 2 μm. Figure 2c and 2f displays a large
area of the meshes covered with hydrophobic SiO2 nano-
particles, where the spray coating covers the polyester meshes
uniformly, providing a roughness at the nanoscale to comple-
ment the microscale roughness inherent in the mesh weave.
This resulting hierarchical roughness at the nanoscale and the
microscale formed in the coated fabric is well-known to
enhance liquid repellency.
Wetting Characteristic of the Fabricated Mesh. The

native meshes are all superhydrophilic, where water droplets
can completely wet the mesh surfaces and, additionally, the
meshes after alkaline treatment with NaOH are also super-
hydrophilic. However, the surface fluorination process turns the
surfaces of the mesh hydrophobic, though the surfaces exhibit
high WSAs before and after abrasion. The meshes treated with
SiO2 nanoparticles modified with PFOTS using a spray method

are found to be superhydrophobic, and the surfaces exhibit a
lower WSA than that of the mesh prior to the nanoparticle
coating, as listed in Table 1.

Mechanical stability is important for practical application of
the transparent superhydrophobic coatings, so the abrasion
durabilities of the coated meshes are evaluated. The method-
ology of the abrasion test is illustrated in Figure 3, wherein
cellulose textiles serve as an abrasion surface and the
superhydrophobic meshes to be tested face this abrasion
material. With a load pressure of ∼10 kPa applied to the mesh,
the cotton is moved back and forth with a speed of 10 mm/s.
The variation in the values of both the WCA and WSA on

the coated mesh after an increasing number of abrasion cycles
is shown in Figure 4, where it can be seen that, after 100 cycles
of abrasion, the WCA of the coated mesh decreases to 152° and
the WCA value undergoes a slight change with the number of
abrasion cycles. Although the WSA increases with the number
of abrasion cycles, it is still lower than 25° after the mesh is
subjected to 100 cycles of abrasion. Water droplets still
maintain a spherical shape on the superhydrophobic meshes

Figure 2. FE-SEM images of (a) pristine polyester meshes, (b)
polyester meshes after alkaline treatment with NaOH, and (c)
polyester meshes after spray coating with nanoparticles. (d, e, and f)
Higher magnification images of the fibers in (a), (b), and (c),
respectively.

Table 1. Water Contact Angles and Sliding Angles before
and after Spray Coating with SiO2 Nanoparticles Modified
with PFOTS

contact angle (deg) sliding angle (deg)

before spray coating 147.2 ± 3.3 38.9 ± 9.7
after spray coating 153.2 ± 2.5 11.1 ± 2.5
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before and after 100 cycles of abrasion and can easily roll off at
a small WSA. These results indicate that the coated meshes can
withstand 100 abrasion cycles without a significant reduction in
its superhydrophobicity. The WCAs for water droplets placed
on the coated surfaces vary from 153° in the initial state to 152°
after 100 cycles of abrasion, whereas the WSA has a range of
11−24°. It is found that the rough surface texture of the mesh is
retained after abrasion, which is essential for the robust
superhydrophobicity of the mesh. However, the WSA increases
to 24°, which can be ascribed to a partial loss of the surface
roughness and the removal of PFOTS-modified SiO2 nano-
particles at the mesh surfaces. Observation using FE-SEM
(Figure 5) reveals that the coating of PFOTS-modified SiO2
nanoparticles is mostly retained on the mesh, with only those
areas exposed to the abrasive forces (white dotted frame in
Figure 5b) exhibiting signs of damage, and the majority of the
nanoparticles protected by the three-dimensional micro-
structure of the mesh. Because the postabrasion residual layer
also remains hydrophobic, the overall superhydrophobic
properties of the mesh are retained. It is generally assumed
that the relative robustness of the superhydrophobicity of the
lotus leaf is owing to its two-tier roughness. Indeed, even if
more particles are removed in these meshes, the overall
superhydrophobic properties remain because the PFDTS-
treated polyester surfaces are not hydrophilic but hydrophobic
and, therefore, the meshes after 100 cycles of abrasion do not
exhibit a high WSA, as listed in Table 2.
The XPS measurements investigate the chemical condition of

the surfaces with and without PFDTS treatment after 100
cycles of abrasion. Figure 6 shows the survey spectra and the C
1s core level spectra of the polyester surfaces with and without
PFDTS treatment postabrasion, which clearly reveals the
presence of elements such as C, O, F, and Si. Table 3 shows
the atomic percentage measured by XPS on the polyester
surfaces with and without PFDTS treatment postabrasion.
Figure 6b and 6c shows the higher resolution C 1s core level

spectra acquired from the surfaces with PFDTS treatment after
abrasion, resolved into five components, namely, CF3 (293.6

Figure 3. Schematic of the abrasion test employed to evaluate the
mechanical durability of the coated meshes.

Figure 4. Water contact angle and sliding angle of the super-
hydrophobic surface as a function of abrasion cycles with a pressure of
∼10 kPa.

Figure 5. FE-SEM images of (a) the superhydrophobic polyester
meshes after 100 cycles of abrasion with a pressure of ∼10 kPa, (b) a
higher magnification of a fiber in (a), and (c) the SiO2 nanoparticles
modified with PFOTS on a residual layer of (b).

Table 2. Water Contact Angles and Sliding Angles with and
without PFDTS Treatment before and after 100 Cycles of
Abrasion

contact angle (deg) sliding angle (deg)

before after before after

with PFDTS
treatment

153.2 ± 2.5 152.3 ± 2.3 11.1 ± 2.5 24.1 ± 1.5

without
PFDTS
treatment

154.6 ± 3.6 145.6 ± 5.9 11.2 ± 2.6 39.3 ± 3.8

Figure 6. XPS spectra of the polyester surfaces with and without
PFDTS treatment after 100 cycles of abrasion: (a) XPS survey spectra;
(b) XPS core level spectra of the C 1s peaks.
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eV), CF2 (292.3 eV), O−CO (288.2 eV), C−O (285.9 eV),
and C−C (284.5 eV). The intensity of the F 1s peak in the
mesh treated with PFDTS is higher than that of the mesh
without PFDTS treatment, while the peak intensities of the rest
of the elements remain relatively unchanged, which implies that
the polyester surface with the PFDTS treatment is covered with
F (Figure 6a and Figure S2 of the Supporting Information).
Therefore, even if the SiO2 nanoparticles modified with PFOTS
are removed by the abrasion, the mesh surfaces treated with
PFDTS maintain their low surface energy property and retain
their superhydrophobicity and low WSA. This concept is
illustrated in Figure 7.

Additionally, the contact angles and sliding angles of acidic
and basic aqueous solutions with pH values from 2 to 14 are
measured (Figure 8). All solution contact angles exceed 150°
with sliding angles not beyond 15°, which indicates a good
resistance to acidic and basic media.

Transparency of the Fabricated Mesh. These super-
hydrophobic meshes are highly transparent, as is verified by
UV−vis transmittance spectra (Figure 9), where the trans-
mittance of the fabricated superhydrophobic mesh is
approximately 80% in the spectral range of 400−1000 nm
and possesses a maximum transmittance of 81.2%. The
transmittance remains at approximately 79% in the spectral
range 400−1000 nm and with a maximum transmittance of
80.2% after 100 cycles of abrasion under about 10 kPa of
pressure. These results indicate that the coated meshes can
withstand 100 abrasion cycles without a significant reduction in

transparency. For the see-through structures of the original
mesh, the transmittance is almost equal to the aperture ratio of
the fabrics, so the transmittance of the mesh is almost constant
in value for the spectral range of 400−1000 nm (Figure S3 of
the Supporting Information). This transparency is reflected by
the easy readability of the character underneath the coated
mesh, and the superhydrophobicity of the mesh is demon-
strated by the high contact angle of the blue-colored water
droplets in Figure 10.

Oil−Water Separation. To evaluate the oil wettability of
the superhydrophobic mesh, we drop an n-octane droplet on
the fabricated mesh surface, whereupon the n-octane droplet
spreads through the mesh instantly upon contacting the
substrate (Figure 11a and Movie S1of the Supporting
Information). This demonstrates the oleophilic property of
the mesh, which may be due to the large pore size of the mesh
and the low surface tension of the n-octane droplet. In the case
of water, however, the water droplet does not spread through
the fabricated mesh but rebounds several times before
undergoing damped oscillations and, finally, rests on the
surface in the Cassie state (Figure 11b and Movie S2 of the
Supporting Information). With the combination of super-
hydrophobicity and oleophilicity in the substrate, this mesh
may be used for oil/water separation.
To evaluate the possibility of a functional mesh to separate

oil from water, we design the simple oil/water separation setup
shown in Figure 12a. The fabricated mesh is placed in a clamp
with a tube on both sides. Because the mesh is almost
transparent, the character picture pattern can be seen from the
opposite side (Figure 12a inset). We then mix the dyed water
and n-octane where, owing to its lower density, the oil remains
above the water (Figure 12a). When the mixture of water and
n-octane is poured into the feed inset, the oil/water mixture is
separated successfully because of the superhydrophobic and
oleophilic behavior of the mesh, wherein the water remains on

Table 3. Surface Composition of the Polyester Surfaces with
and without PFDTS Treatment after Abrasion from XPS
Analyses

%C %O %F %Si F/O

with PFDTS treatment 53.6 22.0 17.8 6.5 0.81
without PFDTS treatment 55.1 23.5 14.2 7.1 0.61

Figure 7. Effect of wear upon a surface with topography for the (a)
pristine polyester mesh surface and (b) superhydrophobic surface
without PFDTS treatment and (c) with PFDTS treatment.

Figure 8. Contact angle and sliding angle measurements of the
superhydrophobic meshes using aqueous solutions with a pH range of
2−14.

Figure 9. Ultraviolet−visible transmittance spectra of the super-
hydrophobic surfaces before and after 100 cycles of abrasion.

Figure 10. Photograph of blue-colored water on the coated polyester
mesh surface (left) and a photograph of an uncoated surface on white
paper for comparison.
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the superhydrophobic mesh while the oil penetrates the mesh
and flows down (Figure 12b and 12c). This oil/water
separation can be conducted continuously, which indicates
that the fabricated mesh maintains superhydrophobicity even
after being wetted by n-octane.

■ CONCLUSIONS

A superhydrophobic polyester mesh possessing both mechan-
ical stability and high transparency in the visible light range is
fabricated by coating the PFDTS-treated fibers, after chemical
etching, with SiO2 nanoparticles modified with PFOTS. It is
found that the fabricated mesh maintains its superhydropho-
bicity and low water sliding angle because of the PFDTS
surface treatment, although the SiO2 nanoparticles modified
with PFOTS are removed by the abrasion. The vacant space
between the mesh fibers allows the penetration of visible light
and protects the nanoroughness provided by the SiO2

nanoparticles; thus, it is unnecessary to control the refractive
index of the materials for improving transparency and to
contain strong chemical or physical bonding between the
particles or the particles and the substrate for improving the
abrasion resistance. Therefore, compared with the traditional
technology, the combination of the see-through mesh and the
SiO2 nanoparticle hierarchical structure is an effective and
simple method for improving the abrasion resistance and
transparency of these superhydrophobic films. This simple but
novel and effective method may be useful for the improvement
of highly transparent superhydrophobic surfaces for various
applications.
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