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perhydrophobic thin films on
various substrates using SiO2 nanoparticles coated
with polydimethylsiloxane: towards the
development of shielding layers for gas sensors†
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and Young Dok Kim*

Superhydrophobic membranes with high gas permeability were prepared and characterized. Materials such

as a metal mesh, paper, fabric and polytetrafluoroethylene were dip-coated in a hexane-based solution of

SiO2 nanoparticles coated with polydimethylsiloxane (PDMS). The dip-coating provided a

superhydrophobic characteristic to the surfaces of our membranes with water contact angles exceeding

160�. On the other hand, a high membrane permeability of CO2 and dimethyl methylphosphonate vapor

were obtained, indicating that our preparation method is useful for the fabrication of gas sensor

shielding layers that allow selective permeation of gas vapors from gas/aqueous-liquids mixtures.
Introduction

Superhydrophobicity refers to the surface property of a water
contact angle exceeding 150�, which can result from a combina-
tion of dual surface roughness and hydrophobic surface func-
tionality.1–4 A hierarchical surface structure forming dual surface
roughness can minimize the contact area between the solid
surface and a water droplet, resulting in water repellant properties.

A superhydrophobic surface can be prepared by patterning a
at solid and hydrophobic surface, resulting in a hierarchal
surface structure.5,6 Alternatively, distribution of hydrophobic
nanoparticles can result in a superhydrophobic surface, since
nanoscale surface roughness due to the intrinsic particle size
superposes the (sub) micrometer-scale roughness formed by the
agglomeration of nanoparticles.7–9 Diverse strategies for a more
facile and economic fabrication of superhydrophobic surfaces
have been developed, and the improved chemical and
mechanical stability of superhydrophobic surfaces have
received broad interest.10–16

Superhydrophobicity is of great interest in various elds.
Superhydrophobic foams can be used for selectively isolating oil
from oil/water mixtures, and this technology is related to effi-
cient removal of spilled oil from global waters.17–19 Super-
hydrophobic surfaces can also show self-cleaning behaviors,
i.e., dust particles existing on superhydrophobic surfaces can be
University, 440-746 Suwon, Republic of
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swept away from the surface by rolling water droplets.20–23 When
such self-cleaning properties can be combined with high optical
transparency of thin lms, many interesting applications
become possible, such as in photovoltaic panels.24–26

Many chemical sensors, playing a crucial role in environ-
mental science and technology, are based on the detection of
vapors, and these sensors are oen easily contaminated by the
introduction of aqueous liquids.27–29 A shielding layer in the
aperture of the sensor can be used to protect the sensor from
aqueous liquids and allow selective permeation of gas mole-
cules, which can ultimately protect the vapor sensor from the
fatal contamination by aqueous liquid. In the present study, we
developed a wet-chemical process for the preparation of such
shield layers, thereby inhibiting permeation of aqueous liquids
and allowing gas transmission. Our method is based on simple
and cost-effective wet-chemical dip coating and SiO2 nano-
particles coated by polydimethylsiloxane (PDMS).30–35
Experiments
Materials

Silica nanoparticles (Degussa, Aerosil 200, mean particle size ¼
24 nm), hexane (DAEJUNG, purity ¼ 100%), ethanol (DAEJUNG,
purity ¼ 95%) and uidic PDMS (Dow Corning, Sylgard 184)
were used as received. The average molecular weight (Mn),
weight average molecular weight (Mw) and polydispersity index
(PDI) of PDMS used in this work were�4200 g mol�1,�14 000 g
mol�1 and 3.3, respectively (measured by gel permeation chro-
matography; GPC, Agilent 1100s). Two types of polytetra-
uoroethylene (PTFE) membranes were purchased from Meari,
one with pore size of 0.2 mm and membrane thickness of 30 mm
RSC Adv., 2015, 5, 40595–40602 | 40595
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(PTFE-1) and the other one 5, and 100 mm of the respective
values (PTFE-2). Stainless steel-meshes with different pore sizes
(100 mesh and 165 mesh) were obtained from Ehwa Chulmang,
and are denoted as mesh-1 (rectangular pores with a side length
of 141 mm and a wire diameter of 100 mm) and mesh-2 (rect-
angular pores with a side length of 100 mm, and a wire diameter
of 53 mm), respectively. Paper (80 m2 g�1), cotton fabrics (fabric-
1: 30 counts, fabric-2: 100 count) and umbrella fabric were
obtained from a local store.

Preparation of hydrophobic silica nanoparticles

In order to fabricate PDMS-coated silica nanoparticles, a thermal
vapor deposition method was used. Bare silica nanoparticles
and uidic PDMS were placed at a weight ratio of 1 : 1 in a
Fig. 1 Schematic diagram of the experimental set-up for (a) the prepara
aration of dip-coating solution and superhydrophobic films.

40596 | RSC Adv., 2015, 5, 40595–40602
stainless steel reactor. PDMS and bare silica nanoparticles were
separated with a metal mesh (30 mesh) partition (Fig. 1a). Then,
the reactor was sealed with polyimide (PI) tape and heated to 300
�C for 15 h. The reactor was equipped with a power supply, k-type
thermocouple, heating band, and temperature controller. Using
this procedure, PDMS vapor was deposited on the surfaces of
bare silica nanoparticles, forming a thin PDMS layer.

Dip coating

Solution A was prepared by dispersing PDMS-coated silica
nanoparticles (0.2 g) in hexane (29 ml), and solution B was a
mixture of solution A (29 ml) and an adhesive solution (1 ml),
which was prepared by dissolving PDMS (1 ml) and curing agent
(0.1 ml) in hexane (8 ml).
tion of hydrophobic coating on silica nanoparticles, and (b) the prep-

This journal is © The Royal Society of Chemistry 2015
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Metal mesh-1 was used as a substrate for dip coating. The
mesh surface was cleaned in ethanol for 10 min, wiped clean,
and dried at room temperature. The mesh was dipped into
solution B for 10 s, placed vertically, and dried for 5 min under
atmospheric conditions. This dip coating process was repeated
three times. Hereaer, the mesh-1 coated with solutions B and
A are referred to as mesh-1B and mesh-1A, respectively. Other
substrates, mesh-2, PTFE-1 and 2, fabric-1 and 2 and paper,
were coated using the same method (Fig. 1b).

Characterizations

For the characterization of the chemical structure of bare and
PDMS-coated nanoparticles, X-ray photoelectron spectroscopy
(XPS) and Fourier transform infrared (FT-IR, BRUKER, Optics/
vertex 70) spectroscopy were used. The XPS system was equip-
ped with concentric hemispherical analyzer (CHA, SPECS,
PHOIBOS-Has 3500) and Mg Ka-source (1253.6 eV). XPS spectra
were obtained under a base pressure of 2.0 � 10�9 Torr. Static
and dynamic water contact angles were measured for charac-
terizing the surfaces consisting of PDMS-coated silica nano-
particles using a Theta optical tensiometer (KSV Instruments,
Ltd.) equipped with a digital camera connected to a computer;
Young–Laplace curves were employed for the tting process
required for contact angle determination. The static contact
angle was measured by dropping �5 ml of distilled water onto
the surface, and the dynamic contact angle while gradually
Fig. 2 Schematic description of the experimental set-up for (a) sand a
measurement using SPME.

This journal is © The Royal Society of Chemistry 2015
adding and removing water from the water droplet. Contact
angle hysteresis was determined by the difference between
advancing and receding contact angles. The advancing contact
angle is the maximum contact angle obtained upon adding
water volume, while the receding contact angle is the minimum
contact angle observed during receding water volume. Contact
angle values were the averages of three measurements at
different spots on each sample. In order to analyze structures
and chemical elements of surfaces before and aer dip-coating
on substrates, scanning electron microscopy (SEM, JEOL, JEM-
2100F) equipped with energy dispersive spectrometry (EDS) and
atomic force microscopy (AFM, Park system, NX-10) were used.
In order to determine the chemical stability of mesh-B, the
sample was exposed to acidic (HCl (aq), pH 2.5) and basic
(NaOH (aq), pH 12) solutions for 40 min or UV irradiation
(VILBER LOUGMAT, UV lamp, l ¼ 254 nm) for 80 h.

Sand abrasion test

To evaluate the mechanical resistance of fabricated dip-coating
lms with and without adhesives, a sand abrasion test was
conducted in the following conditions: sand (20 g in each test)
was dropped from a 30 cm height onto fabricated lms, at a tilt
angle of 45� with respect to the axis vertical to the bottom
surface of the experimental set-up (Fig. 2a). Average particle size
of the sand was 100 mm and its velocity at impact was about
0.22 ms�1 in our experimental conditions.
brasion experiment, (b) gas permeation test, and (c) gas permeability

RSC Adv., 2015, 5, 40595–40602 | 40597
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Gas permeation test

In order to evaluate the gas permeability of the fabricated lms
using solution B, a gas permeation test was performed using a
CaCO3 precipitation reaction (Fig. 2b). A Ca(OH)2 aqueous
solution (20 ml, 4 mM) was added to three vials, and printed
letters were attached to the sidewall of the vials such that the
letters could be seen. A hazy aqueous solution, which indicated
the presence of a precipitate, can be formed by diffusion of CO2

gas into the vials. Aer sealing the glass reactor, CO2 gas was
continuously owed through the reactor at 30 pounds per square
inch (psi). Information regarding gas permeability of the fabri-
cated lms was qualitatively obtained based on letter clarity.

Gas permeability was quantitatively determined using solid
phase micro-extraction (SPME) and gas chromatography (GC).
An SPME ber (divinylbenzene (DVB)/carboxen (CAR)/PDMS
ber, SUPELCO, 50/30 mm thickness) was placed in a vial con-
taining a smaller vial lled with dimethyl methylphosphonate
(DMMP, Sigma-Aldrich, 97%) (Fig. 2c). The smaller vial was
either open or sealed with lms having a superhydrophobic
coating, and the DMMP vapor was extracted through the SPME
ber above the smaller vial for two minutes. During the
extraction process, the vial and ber temperature was kept at
50 �C. The extracted DMMP on the SPME ber surface was
subsequently desorbed and analyzed using gas chromatography
(GC, HP 6890, Agilent Technologies).
Static column water resistance test

Static column water resistance test was performed based on
ISO-811 standard method to evaluate waterproof ability of the
fabricated samples. The bottom part of a column was sealed
with the fabricated lms and distilled water was poured from
the top. The water level at which the water begins to penetrate
the lm was recorded and the test was performed three times
for each sample.
Fig. 3 (a) FT-IR spectra of silica nanoparticles before and after PDMS-
coating. (b) Images after dispersing bare (left) and PDMS-coated (right)
silica nanoparticles in distilled water.
Result and discussion
Characterizations of bare and PDMS-coated silica
nanoparticles

The surface chemical compositions of bare and PDMS-coated
silica nanoparticle were analyzed using XPS (Fig. S1†). In the
Si 2p core-level spectra, the bare sample showed a peak centered
at 103 eV, and additional PDMS-coating resulted in appearance
of a shoulder at�101 eV. The intensity of the C 1s peak centered
at 284.1 eV was increased upon PDMS-coating due to the methyl
group in the framework of PDMS.36 The intensity ratio of Si 2p
and C 1s peaks attributed to the PDMS layer was 2.19, which is
similar to the atomic ratio of Si and C in the PDMS framework.
Surface functional group of bare and PDMS-coated silica
nanoparticles was investigated with FT-IR (Fig. 3a). Before
PDMS-coating on silica nanoparticles, a Si–O–Si asymmetric
stretching band centered at 1095 cm�1 and a Si–O–Si symmetric
stretching band located at 810 cm�1 were observed in the FT-IR
spectra.37,38 Aer the PDMS-coating of bare silica nanoparticles,
additional vibrational features of PDMS included an sp3 C–H
stretching mode39,40 located at 3000 cm�1 and 2900 cm�1 and
40598 | RSC Adv., 2015, 5, 40595–40602
the CH3 deformation of Si–CH3 was observed at �1400 cm�1.41

Note that, in the previous study, it was conrmed that peaks of
PDMS-coated silica nanoparticles prepared using the same
method corresponded to those of PDMS elastomer in terms of
band position, which means that PDMS-layer deposited on
silica nanoparticles has no signicant structural change with
regard to the pristine PDMS.33 Considering the FT-IR and XPS
results, one can expect that the dimethylsiloxane network of
PDMS was preserved aer the deposition on silica nano-
particles. In order to conrm the water-repellent properties of
silica nanoparticles aer PDMS coating, 0.2 g of either bare or
PDMS-coated silica nanoparticles were placed in vials lled with
20 ml of distilled water. Fig. 3b shows that bare silica nano-
particles were almost completely mixed with distilled water,
whereas PDMS-coated silica nanoparticles oated on the water.
Surface characterizations before and aer dip-coating on
substrates

The static water contact angle values (qsta) of samples before and
aer dip-coating in solution B and water contact angle hyster-
esis (qad� qre) of the substrates aer dip-coating were measured
for various substrates, as shown in Table 1. The qsta values of
uncoated substrates were smaller than 150�, whereas those of
This journal is © The Royal Society of Chemistry 2015
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Table 1 The static water contact angles (qsta) of various substrates before
and after dip-coating, and water contact angle hysteresis (qad � qre)
values of substrates after dip-coating

Sample

Bare (�) Coated lm (�)

qsta qsta qad qre qad � qre

Mesh-1B 117.6 166.0 162.5 159.1 3.4
Mesh-2B 113.3 160.4 161.5 154.0 7.5
PTFE-1B 137.3 163.2 162.8 155.1 7.7
PTFE-2B 138.7 162.3 159.4 154.8 4.6
Paper-B 139.2 162.6 158.9 156.1 2.8
Fabric-1B 111.1 163.8 161.2 154.6 5.6
Fabric-2B 44.0 161.0 160.7 155.0 5.7

Fig. 4 SEM images of (a) plain metal mesh-1, (b) magnified image of
(a), (c) dip-coated metal mesh-1B, and (d) magnified image of (c). EDS
mapping images of (e) Si and (f) C for the SEM image of (d).
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the coated-substrates were larger than 150�. In addition, for dip-
coated substrates, the water contact angle hysteresis values were
determined to be less than 10� (Table 1). All substrates used in
this work became superhydrophobic aer dip-coating. It is
worthmentioning that the use of the solutions A instead of B for
the dip-coating resulted in almost the same water contact
angles (result of the solution A not shown here).

The signicant change in surface structure before and aer
dip-coating the metal mesh-1 with the solution B was conrmed
with SEM images (Fig. 4). As shown in Fig. 4b, the wire of the
plain metal mesh-1 was originally smooth and, aer dip-coating
(mesh-1B), the wires were randomly covered with PDMS-coated
silica nanoparticles, which resulted in an increased roughness
of the wire surface (Fig. 4c). High magnication (Fig. 4d) clearly
shows that aggregation of hydrophobic-coated silica nano-
particles produced surface roughness on the micrometer scale.
The EDS element mapping images (Fig. 4e and f) show that the
particles adhered to the mesh-1B surface consisted of Si and C,
each originating from silica nanoparticles, a PDMS thin layer
present on the silica and adhesives, respectively. Since
micrometer-scale roughness caused by aggregations of PDMS-
coated silica nanoparticles superposes the nanoscale-
roughness induced by the intrinsic sizes of individual nano-
particles, superhydrophobic surface properties are produced.
Here again, the use of the solutions A and B resulted in almost
the same surface morphology characterized by the SEM (SEM
images of the mesh-1A are not shown here).
Surface stability aer dip-coating on a substrate

In order to examine the effect of PDMS adhesive on the super-
hydrophobic stability, a sand abrasion test was performed for
mesh-1A and mesh-1B. Fig. 5 shows the change in water contact
angle as a function of the amount of sand dropped onto the
surface. Prior to the test, all the samples showed super-
hydrophobic properties with water contact angles exceeding
160�. With an increasing amount of sand dropped onto the
sample surface, the water contact angle gradually decreased due
to mechanical abrasion. However, when the total amount of
fallen sand exceeded 60 g, the contact angles of mesh-1A and
mesh-1B showed a signicant difference; aer 100 g, only mesh-
1B maintained a superhydrophobic property with a water
This journal is © The Royal Society of Chemistry 2015
contact angle of �150�. However, mesh-1A showed a much
lower water contact angle (�120�). This result implies that the
superhydrophobic surface of mesh-1B was mechanically more
stable than that of mesh-1A. Comparing the SEM images in
Fig. 6 aer the sand abrasion test with those of Fig. 4c and d
before the test, many SiO2 nanoparticles on mesh-1A were
removed during the sand abrasion test (Fig. 6b), whereas mesh-
1B showed few changes in the surface structure aer the sand
abrasion test (Fig. 6d). This result suggests that PDMS-coated
silica nanoparticles attached to mesh-1B were more stable
than those bound to mesh-1A due to the existence of adhesives
in the dip-coating solution B.

In order to shed light on more details of the surface
morphology of mesh-1A and mesh-1B, AFM analyses were
carried out (Fig. S2†). It is clearly shown that, by dip-coating
with either solution A or B, the nanometer-scale roughness
has been increased by PDMS-coated silica nanoparticles
covering the surface. For mesh-1A, rough feature of the surface
disappeared aer the sand test whereas it was maintained to
some extent on mesh-1B, i.e., PDMS-coated silica nanoparticles
on the surface was washed away on mesh-1A but remained
intact on mesh-1B upon sand abrasion. A similar result can also
be seen for PTFE substrates, even though the change in the
surface morphology of paper upon dip-coating could be hardly
seen, due to the intrinsically high roughness of the paper
surface (Fig. S3†). For fabric, the surface roughness was so high
that AFM measurement could be hardly performed. It is worth
mentioning that root mean square (rms) roughness values
summarized in Fig. S4† should be taken with care since the
RSC Adv., 2015, 5, 40595–40602 | 40599
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Fig. 5 Change in water contact angle of mesh-1A and -1B as a
function of amount of sand dropped onto the surface.
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value includes the intrinsic roughness of substrates, which is
quite high, and also vary much depending on the local positions
of the surface. More importantly, alteration in the sub-
micrometer and nanometer scale structures upon coating
should be more carefully considered.

Aer being exposed to two different pH conditions and UV
irradiation, the chemical stability of mesh-1B was evaluated by
measuring the water contact angle aer each treatment. The
sample was immersed into either acidic (HCl (aq), pH 2.5) or basic
(NaOH (aq), pH 12) solution for 40 min, washed with distilled
water, and dried before measuring the water contact angle. As
shown in Fig. 7a, the water contact angle did not change signi-
cantly aer the acid/base treatment, i.e., the superhydrophobicity
of the mesh-1B surface was sustained under harsh chemical
conditions. In addition, when the surface of mesh-1B was irra-
diated by UV light (245 nm, 4 W) for 80 h, the surface maintained
its water contact angle greater than 160� (Fig. 7b).
Gas permeability and waterproof ability of fabricated lms

The gas permeability of mesh-1B was tested with a simple
experimental design, shown in Fig. 2b: a vial without a cap
(open, ①), a vial wrapped with fabricated lm (②), and a vial
Fig. 6 SEM images after the sand abrasion test on (a) mesh-1A, (b)
magnification of (a); and (c) mesh-1B, (d) magnification of (c).

40600 | RSC Adv., 2015, 5, 40595–40602
sealed with a cap (③) were placed in a glass bottle with a branch
for CO2 gas injection. In each vial was 20 ml of Ca(OH)2 aqueous
solution, which produces a precipitate, CaCO3, by reacting with
CO2 gas. Fig. 8 shows images of the vials before and aer CO2

gas injection. Before the injection, the Ca(OH)2 aqueous solu-
tions in each vial were clear, whereas the solutions in vials ①

and ② became turbid aer injecting CO2 gas at 30 psi, indi-
cating that CO2 gas molecules had permeated through the
fabricated lm and reacted with Ca(OH)2 in the solution. In
addition to mesh-1B, we tested CO2 gas permeability of other
materials (mesh-2B, PTFE-1B and -2B, fabrics-1B and -2B, and
paper-B) coated with the PDMS-coated SiO2 nanoparticles via
dip-coating in solution B. In all vials wrapped with these
superhydrophobic lms, CaCO3 precipitations were observed,
which indicates that the lms offered permeability for CO2 gas.

Using the experimental set-up with SPME shown in Fig. 2c,
the gas permeability of the solution-B-treated meshes, PTFE
membranes, paper, and fabrics were quantitatively analyzed in
greater depth. As shown in Table 2, the amount of DMMP vapor
captured by the SPME ber with meshes-B between DMMP
liquid and SPME ber reached over 90% of the respective value
of the situation without the superhydrophobic shield. PTFE
Fig. 7 Change in water contact angle as a function of mesh-1B
surface exposure to (a) acidic (HCl (aq), pH 2.5) and basic (NaOH (aq),
pH 12) conditions and (b) UV irradiation.

This journal is © The Royal Society of Chemistry 2015
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Fig. 8 Images of vials containing Ca(OH)2 solution before (left) and
after (right) the gas permeation test. ① Without cap (open), ② with a
dip-coated mesh-1B, ③ with cap (sealed).

Table 3 Waterproof ability evaluation on various substrates

Sample Waterproof (mm H2O)

Mesh-1B —
Mesh-2B —
PTFE-1B >4000
PTFE-2B 3300
Paper-B 190
Fabric-1B 180
Fabric-2B 733
Umbrella 402
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lms-B reached over 70% of permeability and gas permeability
of paper-B, fabric-1B and 2B were 53%, 29% and 69%, respec-
tively. For comparison, gas permeability of a commercial
umbrella fabric was tested and determined to be 40%. It is
worth noting that DMMP is a chemical warfare agent, making
detection of its vapor very important.32 Aer the gas perme-
ability test, the water contact angle did not change signicantly,
Table 2 Gas permeability measurements on various substrates

Sample Gas permeability

Mesh-1B 100%
Mesh-2B 91%
PTFE-1B 71%
PTFE-2B 77%
Paper-B 53%
Fabric-1B 29%
Fabric-2B 69%
Umbrella 40%

This journal is © The Royal Society of Chemistry 2015
and the superhydrophobic properties of the surfaces were
maintained.

Table 3 shows waterproof ability of the fabricated lms and
commercial umbrella fabric. PTFE-1B withstood the water level
more than 4000 mm H2O, which was beyond the limit of our
experimental condition. The PTFE-2B and fabric 2 also had
higher waterproof ability compared to that of umbrella fabric,
suggesting that those can completely block the penetration of
water even under heavy rain. In case of meshes-B, water pene-
trated through mesh surface as soon as the water was poured
from the 4 m height, even though the water droplet falling from
a lower height did not penetrate through themesh. Themeshes-
B could be the best materials for the selective permeation of gas,
when only gas permeability is considered, however, when the
sensor should be used under circumstance of certain water
pressures, shielding layers based on PTFE can be a better choice
due to its higher waterproof ability and relatively high gas
permeability.

It is challenging to concrete the relationship between
substrate structure and gas permeability or waterproof ability.
Nonetheless, it seems that both the pore structure and thick-
ness of the substrate can have effect on gas permeability and
waterproof ability. Mesh-1B, for example, has micrometer scale
pore size and therefore it can easily reach the gas permeability
ratio of 100%. On the other hand, although the pore size of the
PTFE-1B is much smaller than that of mesh-1, the gas perme-
able ratio of PTFE-1B was over 70% since the lm is very thin
(�30 mm). The waterproof ability can be related to not only pore
size but also pore structure of the substrates. Mesh-1B has
aligned micrometer scale pores with high regularity, and
therefore it is hard for mesh-1B to bare the water pressure and
block the water penetration. On the other hand, PTFE-1B is
composed of stacks of poorly aligned nanometer scale pores
connected by irregular channels, which can help the substrates
endure the pressure of water column. Since superhydrophobic
coating does not have much inuence on the internal pore
structures of lms, we suggest that the gas permeability is not
much inuenced by the superhydrophobic coating.
Conclusions

In this work, we reported a simple and versatile method for the
fabrication of superhydrophobic lms with gas permeability
using a dip-coating process. The high water repellent property
RSC Adv., 2015, 5, 40595–40602 | 40601
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of coated substrates was revealed by measuring the water
contact angle on the lm surface. Also, by adding PDMS and
curing agent to the coating solution, adhesion of PDMS-coated
silica nanoparticles to a substrate was enhanced. Even aer
being exposed to acidic and basic environments and UV-
irradiation, the superhydrophobicity of the lms was main-
tained. We also demonstrated the fabrication of a gas perme-
able membrane with highly water repellant properties using our
method. The superhydrophobic and gas permeable membrane
can be used as a shielding layer in gas sensors, thus preventing
contamination of the sensor with aqueous liquids.
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