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Abstract—We demonstrate the fabrication of superhydrophobic, flexible and gas-permeable membranes by a simple
one-step process consisting only of thermal evaporation of a fluid polydimethylsiloxane (PDMS) polymer, without the
use of any other chemicals such as curing agents or solvents of PDMS. As a substrate for the PDMS coating, a stainless
steel mesh approx. 100 um thick was used, which is flexible and becomes superhydrophobic after PDMS coating,
attaining a water contact angle above 160°. The flexible mesh remained gas-permeable upon superhydrophobic coat-
ing, since PDMS evenly coated each strand of the metal mesh, and the vacancies between wires remained unclogged
upon coating. The mechanical and chemical stability of the superhydrophobic, flexible and gas-permeable membrane is

demonstrated herein.
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INTRODUCTION

Superhydrophobicity is the phenomenon whereby a water drop-
let on a solid surface shows a contact angle exceeding 150° and an
extremely low sliding angle (typically less than 5°) [1-7]. A water
droplet can easily roll over the surface of a superhydrophobic mate-
rial, thereby sweeping away dust particles in a so-called self-clean-
ing process that also occurs on lotus leaves in nature. Superhy-
drophobicity has been one of the most widely studied subjects in
material science and technology in recent decades, and its micro-
scopic origin is relatively well understood: it results from surface
termination with hydrophobic functionality such as alkyl or fluo-
roalkyl groups, coupled with a unique geometric surface structure
consisting of superposed microscale and nanoscale roughness [1,8-
15]. A water droplet in contact with a hydrophobic surface with
such dual surface roughness does not easily wet the surface but is
repelled by air pockets at the water/solid interface.

Many strategies for the fabrication of superhydrophobic surfaces
have been developed so far. One can use lithographic techniques
to make hierarchical surface structures, and then cover them with
hydrophobic molecules [16-18]. One can also prepare superhydro-
phobic structures by self-assembly techniques using hydrophobic
or hydrophobically modified nanoparticles; appropriately selected
nanoparticles coated on a solid surface will spontaneously form the
requisite structure of dual roughness, with microscale roughness
arising from the agglomeration of nanoparticles, and nanoscale
roughness arising from the individual nanoparticles [19-21]. Among
the various methods for the deposition of hydrophobic nanoparti-
cles onto the surface in such techniques, aerosol deposition is often
used [22-26]. In this method, a hydrophobic polymer such as poly-
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dimethylsiloxane (PDMS) is dissolved in a solvent (e.g,, chloroform)
and ultrasonically evaporated to form an aerosol precursor which
is then delivered by a carrier gas and deposited on the surface.

In the present work, we show that a superhydrophobic surface
can be prepared by simple vapor deposition of PDMS without
using any other chemicals, such as curing agents or additional sol-
vents, and without the use of any physical or chemical treatments
other than the thermal heating of PDMS. 1t is first time to use direct
evaporation of PDMS to a flat substrate to form superhydropho-
bic layer instead of using nanostructured substrate surfaces. As an
example of this technique, we prepared a superhydrophobic coat-
ing on a flexible and gas-permeable metal mesh.

EXPERIMENTAL

1. Materials

Fluid PDMS (Dow Corning, Sylgard 184) and acetone (Dae-
jung, 99.5%) were used as received. The average molecular weight
(Mn), weight average molecular weight (Mw) and polydispersity
index (PDI) of PDMS were 4,200 g-mol ', 14,000 g-mol ' and 3.3,
respectively (measured by gel permeation chromatography; Agi-
lent Technologies, Agilent 1100s) [27]. Stainless steel mesh of wire
diameter 53 pm and having rectangular pores 100 pm square was
provided by Ehwa Chulmang.
2. Preparation of the Superhydrophobic Mesh Film

Before PDMS coating, the stainless steel mesh substrate was
cleaned in acetone for 15 min and dried with a heat gun for 1 min.
Superhydrophobic mesh film was prepared by a one-step vapor
deposition method, as follows: the bare mesh and fluid PDMS
source (16 g) were physically separated inside a stainless steel reac-
tor, and the reactor was sealed with polyimide (PI) tape (Fig. 1).
The distance between the metal mesh and the PMDS-container
was approx. 7 cm. The reactor was equipped with a power supply; a
k-type thermocouple, a heating band and a temperature controller.
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Fig. 1. Schematic description of the stainless steel reactor showing
the position of stainless steel mesh (sample) and fluidic PDMS
during chemical vapor deposition.

The reactor was heated at 300 °C for 8 h to carry out the coating,
Note that the chamber wall, which was close to the PDMS precur-
sor, was set at 300 °C; however, the substrate (metal mesh) was
located in the middle of the reactor with a temperature of ~200 °C,
which is lower than the chamber wall temperature. PDMS evapo-
rates at 300 °C, and these vapor species are deposited on the metal
mesh at ~200 °C.
3. Characterization

Water contact angle measurements were conducted using a
Theta optical tensiometer (KSV Instruments, Ltd.) equipped with
a digital camera connected to a computer; Young-Laplace curves
were employed to carry out the fitting process required for deter-
mining contact angles. Water droplets of approx. 5 il were used to
measure the static water contact angle (6,,). Contact angle hystere-
sis (6},,) was examined by subtracting the receding contact angle
(8,) from the advancing contact angle (6,,); 6,4 is the maximum
contact angle obtained upon adding water to the droplet, whereas
@, is the minimum contact angle observed upon withdrawing water
from the droplet. All water contact angles reported were deter-
mined by averaging the results measured at three different positions
on a sample. Chemical structural characterization of bare and PDMS-
coated samples was by Fourier transform infrared (FI-IR) spec-
troscopy (BRUKER, Optics/vertex 70). The surface morphologies
of the mesh before and after PDMS coating were imaged at vari-
ous magnifications by means of scanning electron microscopy (SEM,
JEOL, JSM-7100F).
4. Mechanical and Chemical Stability of Superhydrophobic
Surfaces

To evaluate the chemical stability of the superhydrophobic sur-
faces, specimens of PDMS-coated mesh were exposed to acidic
(HCI (aq), pH 2.5) and basic (NaOH (aq), pH 12) aqueous solu-
tions for 40 min. In addition, the photostability of the coated mesh
surface was evaluated by means of a 12h UV light irradiation test
(Vilber Lourmat UV lamp, A1=254nm). A sand abrasion test was
performed to evaluate the mechanical resistance of the superhy-
drophobic surfaces: in each test, 20 g of sand (average particle size of
100 um) was dropped from a height of 30 cm onto a mesh surface,
which was tilted at the angle of 45°. The velocity of the dropped
sand was about 0.22 m-s "' (Fig. 2(a)).
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Fig. 2. (a) Schematic description of the sand abrasion test apparatus
showing the position of sand and PDMS-coated mesh (sam-
ple) during the abrasion test. (b) Schematic description of the
glass reactor showing the position of vial wrapped with a
PDMS-coated mesh (sample), syringe containing distilled
water dyed with methylene blue and direction of CO, gas
flow.

5. Gas Permeation and Water Repellency Test of Superhydro-
phobically Coated Mesh

Gas permeation testing was carried out using a CaCO; precipi-
tation reaction (Fig. 2(b)). A vial was labelled by affixing printed
letters to its sidewalls, and Ca(OH), aqueous solution (3.2 mM) was
added to the vial such that the letters could be seen. The mouth of
the vial was wrapped with a PDMS-coated mesh and then the vial
was placed in a glass reactor with branches to allow CO, gas flow
(30 pounds per square inch). CO, that permeated into the aque-
ous solution reacted with Ca(OH), to form CaCO; precipitation,
whereby a clear aqueous solution would become hazy. After the
gas permeation testing, distilled water dyed with methylene blue
was dropped onto the PDMS-coated mesh sample using a syringe
that was fixed at the cover of the glass reactor. The water repellency
of the mesh sample was then examined by observing the action of
the water droplet on the surface.

RESULTS AND DISCUSSION

1. Characterization of Bare and PDMS-coated Meshes

The wetting of bare and PDMS-coated meshes was studied by
measuring the static water contact angle (8,,) and the contact angle
hysteresis (6},,,). The bare mesh had a static water contact angle of
113.3% the static water contact angle of the PDMS-coated mesh
was about 50° higher. Also, the contact angle hysteresis of the PDMS-
coated mesh was below 5° (Table 1). Thus, it was confirmed that
the mesh surface became superhydrophobic after the PDMS coat-
ing process, which means that a change in chemical structure and
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Table 1. Static water contact angles (6,,) of bare and PDMS-coated
meshes and water contact angle hysteresis values (6,,) of
PDMS-coated mesh. Optical pictures showing the shape of
water droplet on bare and PDMS-coated meshes are also

presented
Bare PDMS-coated
Sample
gsta Hsta ths
113.3° 162.3°
Mesh . 46°
i Si-0-Si

asymmetric stretching

C-H stretching of CHs

CH:s asymmetric

Intensity (arb. units)

deformation of Si-CH: Si-0-Si
symmetric
stretching
Bare mesh
—— PDMS-coated mesh

3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 3. FT-IR spectra of bare and PDMS-coated meshes.

surface morphology on the mesh surface occurred.

The chemical structures of bare and PDMS-coated meshes were
identified using FT-IR analysis. Several new vibrational peaks were
clearly evident in the FT-IR spectrum of the PDMS-coated mesh
(Fig. 3). Peaks observed at 800 cm™ and 1,039 cm™ were attributed
to the characteristic absorption bands of Si-O-Si symmetric and
asymmetric stretching, respectively [28]. A peak at approx. 1,260
cm ' was attributed to CH, symmetric deformation in Si-CH; [29
30], and peaks located at 2,968 and 2,900 cm ™" were respectively
attributed to the asymmetric and symmetric stretching of sp’ C-H
[31]. Based on the FT-IR results, one can suggest that the chemi-
cal structure of the deposited layer on PDMS-coated mesh consisted
of a dimethylsiloxane network of PDMS, providing a hydropho-
bic functionality on the mesh surface [32-36].

The surface morphology of bare and PDMS-coated meshes was
studied by analyzing SEM images (Fig. 4). The bare mesh had a
smooth wire surface with a wire diameter of approx. 100 pm, and
rectangular pores of side length comparable to the wire diameter
(Fig. 4(a) and (b)). Contrastingly; the PDMS-coated mesh was highly
rough over the entire wire surface (Fig. 4(d)). Most of the PDMS-
coated mesh surface was evenly covered by particles several hun-
dreds of nanometers in size, and a sparse distribution of larger par-
ticles in the size range of several micrometers was also observed, most

Fig. 4. SEM images of (a), (b) bare mesh and (c), (d) PDMS-coated
mesh; (b) and (d) are magnified views.

likely corresponding to agglomerations of smaller nanoparticles.

A hierarchical structure formed by the superposition of dense
nanostructures and micrometer-sized particles of PDMS can pro-
duce superhydrophobicity [37,38]. Most likely, PDMS vapor evap-
orated in the sealed reactor agglomerated in the vapor phase into
aerosol particles, thereby forming upon deposition the rough sur-
faces observed. The micrometer-scale roughness caused by deposi-
tion of PDMS vapor on mesh substrate induced superhydrophobic
surface, which means that PDMS-coated mesh has anti-wetting
property. It is also notable that the apertures of the mesh pores
remained fully unclogged after the coating process, allowing gas to
pass freely through the PDMS-coated mesh.

Note that selection of a PDMS deposition temperature lower than
300 °C could not produce such a superhydrophobic surface struc-
ture. The deposition temperature could not exceed 300 °C, since at
these temperatures, SUS reactor can be oxidized and PDMS pre-
cursor can be burned.

To shed more light on the mechanism of the formation of hydro-
phobic layers in our experiment, we performed pyrolysis gas chro-
matography-mass spectroscopy (GC-MS) analyses of the species
vaporized from PDMS heated at 300 °C (Fig. S1). We found that
the species actually vaporized from our PDMS are mainly the spe-
cies with relatively low molecular weights (below 400 amu): the major
vapor species are relatively low-molecular-weight siloxane such as
pentasiloxane. Even though there are also species vaporized during
heating PDMS at 300 °C other than these siloxane species, we sug-
gest, based on the pyrolysis GC-MS data, that the relatively low-
molecular weight siloxane species are vaporized and deposited on
the metal mesh surface, forming superhydrophobic thin films.
Another possible path for the hydrophobization is that the silanol
species, which are formed by decomposition of PDMS during
heating PDMS (which was also detected with less abundance than
the siloxane in the pyrolysis GC-MS data) undergo condensation
reaction on metal mesh surface and form hydrophobic layer.

2. Stability of Superhydrophobic Surface on PDMS-coated Mesh

To study the mechanical stability of the superhydrophobic sur-
faces formed by our vapor deposition method, PDMS-coated meshes
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Fig. 5. Results of the sand abrasion test of PDMS-coated mesh: (a)
change in water contact angle of PDMS-coated mesh as a
function of amount of fallen sand, (b) SEM images of the
coated mesh after sand abrasion test.

were subjected to a sand abrasion test. Note that the organic mole-
cules such as stearic acid widely used for the hydrophobization of
the surface suffer from low stability under acidic and basic condi-
tions and UV irradiation, which is regarded as hurdle of applica-
tion of superhydrophobic surfaces. For application of the super-
hydrophobic layers, chemical, and mechanical durability of the layer
should be warranted [32,33]. For example, gas permeable superhy-
drophobic layer can be used as a shielding layer of chemical gas
sensor, which can allow selective permeation of gas and repel aque-
ous solutions for protection of the gas sensor. For such applica-
tion, chemical and mechanical durability of the superhydrophobic
layer is of importance.

Fig. 5(a) shows the static water contact angle as a function of
the amount of sand dropped onto the PDMS-coated mesh surface.
The water contact angles before and after five repetitions of the
sand abrasion test (20 g of fallen sand for each test) were almost
identical (163.3° to 159.3°), indicating that the surfaces superhy-
drophobicity was sustained after abrasion. By comparison to the
surface morphology of the PDMS-coated mesh before the sand
abrasion test (Fig. 4(c) and (d)), one can conclude that the surface
of the PDMS-coated mesh was hardly altered by the sand abra-
sion test (Fig. 5(c)). In addition, another abrasion test was carried
out with sand paper (Fig. S2). PDMS-coated mesh was faced and
dragged on the sandpaper, which was repeated five times. Fig. S2(b)
shows that the water contact angle after five repetitions of sand
paper abrasion test was shown to be above 150°, which means that
superhydrophobic film was maintained on the mesh surface. These
results demonstrate the high mechanical stability of our PDMS-
coated metal meshes.

To evaluate the photostability and chemical stability of the PDMS-
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Fig. 6. Results of the photostability and chemical stability tests of
PDMS-coated mesh: (a) water contact angle change of PDMS-
coated mesh as a function of UV irradiation time. (b) water
contact angles change of PDMS-coated mesh as a function of
exposure time to acidic (HCI, pH 2.5) and basic (NaOH, pH
12) aqueous conditions.

coated mesh, it was exposed to UV light or acidic/basic aqueous
solutions, and then the static water contact angle was measured
after each treatment. When the mesh sample was irradiated with
UV light for 12 h, the water contact angle of the mesh surface re-
mained above 150° (Fig. 6(a)). In addition, when specimens of the
PDMS-coated mesh were immersed in either an acidic (pH 2.5)
or basic (pH 12) aqueous solution for 40 min, washed with dis-
tilled water and dried under atmospheric conditions, their water
contact angles were still over 150°. These results reveal that the super-
hydrophobic surface on PDMS-coated mesh had good photo-re-
sistance and chemical stability.
3. Gas Permeation, Water Repellency, and Flexibility of PDMS-
coated Mesh

A gas permeation and water repellency test of the PDMS-coated
mesh was carried out using the simple setup shown in Fig. 7. During
the injection of CO, gas into the branch, the clear Ca(OH), aque-
ous solution gradually became hazy and the printed letters attached
to the sidewall of the vial slowly became invisible (Fig. 7(a)), indi-
cating that the CO, gas could penetrate the PDMS-coated mesh,
allowing the precipitation of CaCO; from the aqueous solution.

Using the same experimental setup, a water repellency test of the
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(a)

Fig. 7. (a) Images showing a vial containing Ca(OH), solution before
(left) and after (right) gas permeability test in glass reactor;
(b) snapshots of a dyed water droplet bouncing on a PDMS-
coated mesh during a water repellency test with syringe.

mesh was performed. When dyed aqueous solution was dropped
on the PDMS-coated mesh using a syringe, the water droplet was
observed to bounce off the meshs surface (Fig. 7(b)). It was thus
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Fig. 8. (a) Image showing a flexibility of PDMS-coated mesh during
bending motion; (b) change in water contact angle of PDMS-
coated mesh as a function of number of bending motions.

demonstrated that the PDMS-coated mesh is gas-permeable and
superhydrophobic, allowing selective passage of the gas in gas/lig-
uid mixtures. To demonstrate flexibility and endurance of super-
hydrophobic film, a bending test was performed Fig. 8(a) shows
the good flexibility of PDMS-coated mesh. After repeated bend-
ing of the mesh, the water contact angles still were above 150°
(Fig. 8(b)), which indicated that our sample was a flexible super-
hydrophobic film.

CONCLUSIONS

We demonstrated a simple vapor deposition method for the
preparation of gas-permeable, flexible superhydrophobic mem-
branes based on metal mesh. The hierarchical surface structure
formed by deposition of PDMS vapor resulted in a water contact
angle exceeding 160°. A sand abrasion test showed that the super-
hydrophobicity of the PDMS-coated mesh was mechanically quite
stable. The superhydrophobic surface on the mesh was also sus-
tained after UV irradiation and acidic and basic treatments under
aqueous conditions. We show that this PDMS-coated metal mesh
is flexible, gas-permeable and superhydrophobic. We suggest that
our PDMS-coated mesh has some potential for application in var-
ious fields; for example, in gas sensors, which can be easily con-
taminated by aqueous solutions, our mesh could act as a shielding
layer, selectively filtering gas vapor (analyte) and protecting the
sensor from the aqueous solutions. The mesh could also be used
in buildings as water filters in air circulation systems, allowing the
passage of gas while preventing the entry of rainwater [34,39-41]
and application for oil-water filter, which means that our mem-
brane can repel water and can trap oil [42-44].
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PDMS-coated mesh wrapped under bottom of material (40 g) ity and abrasion length are 2 cm-s' and 20 cm, respectively.
was dragged on the sandpaper (2,000 mesh). The abrasion veloc-
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Fig. S1. (a) Pyrolysis gas chromatography data obtained from PDMS heated at 300 °C. (b) Molecular structures of major species in (a) are
derived based on the mass spectrometry analyses.
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Fig. S2. (a) Schematic illustration of the experiment set-up for sand-
paper abrasion test. (b) Change in water contact angle of
PDMS-coated mesh as a function of number of sandpaper
abrasion test.
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