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ABSTRACT: This paper investigates the stability of the Cassie
state of wetting in transparent superhydrophobic coatings by
comparing a single-layer microporous coating with a double-
layer micro/nanoporous coating. Increasing pressure resistance
of superhydrophobic coatings is of interest for practical use
because high external pressures may be exerted on surfaces
during operation. The Cassie state stability against the external
pressure of coatings was investigated by squeezing droplets
sitting on surfaces with a hydrophobic plate. Droplets on the
single-layer coating transformed to the Wenzel state and
pinned to the surface after squeezing, whereas droplets on the
double-layer micro/nanoporous coating preserved the Cassie state and rolled off the surface easily. In addition, the contact angle
and contact-line diameter of water droplets during evaporation from surfaces were in situ investigated to further understand the
stability of coatings against Wenzel transition. A droplet on a microporous coating gradually transformed to the Wenzel state and
lost its spherical shape as the droplet volume decreased (i.e., the internal pressure of the droplet increased). The contact line of
the droplet during evaporation remained almost unchanged. In contrast, a water droplet on a double-layer surface preserved its
spherical shape even at the last stages of the evaporation process, where pressure differences as high as a few thousand pascals
were generated. For this case, the droplet contact line retracted during evaporation and the droplet recovered the initial water
contact angle. The demonstrated method for the preparation of robust transparent superhydrophobic coatings is promising for
outdoor applications such as self-cleaning cover glasses for solar cells and nonwetting windows.
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■ INTRODUCTION

A water droplet sitting on a superhydrophobic surface (i.e., the
water contact angle is >150°) can be in either the Wenzel or
Cassie state depending on the morphology and chemistry of
the surface. In the Wenzel state, the surface is completely
wetted and the droplet pins to the surface, whereas in the
Cassie state, the droplet wets the surface partially and air
pockets form between the surface and water droplet.1−3 The
Cassie state of wetting provides a large apparent water contact
angle with low contact-angle hysteresis and results in a roll-off
superhydrophobic surface, which is desired for practical
applications such as self-cleaning windows and solar panels,4−6

underwater drag reduction,7,8 and anticorrosion coatings.9

Various successful methods have been developed by mimicking
well-known examples from nature (e.g., Lotus leaves and
butterfly wings) to prepare artificial superhydrophobic surfaces
with the Cassie state of wetting using lithographic meth-
ods,10−12 sol−gel techniques,4,9,13−15 phase separation in
polymer blends,16 electrospinning,17,18 and others.5,19−23

However, the Cassie state of wetting (roll-off) can easily and
irreversibly transform to the Wenzel state of wetting (sticky)
under external stimuli such as pressure, vibration, droplet
impact, and droplet evaporation by complete filling of the air

pockets with water.24−26 The poor stability of the Cassie state
remains as an unsolved drawback against practical applications
of superhydrophobic surfaces.26 Particularly, the applications
that require outdoor or underwater operation, where surfaces
are exposed to external conditions such as droplet impact or
hydrostatic pressure, require a robust Cassie state. Several
authors have investigated the parameters that affect the stability
of the Cassie state in superhydrophobic coatings.5,26−40

However, in almost all of these studies, lithographically
fabricated silicon or poly(dimethylsiloxane) (PDMS) pillars
were used,26−30,32−36 which are not suitable for practical
applications because of their high cost, limited material choice,
and inefficiency for large-area fabrication. In addition, in none
of these studies were fabricated surfaces optically transparent,
which is a prerequisite for many applications of nonwetting
coatings such as self-cleaning windows and solar cells in terms
of the appearance and device performance.4,5 Therefore, facile
fabrication methods for transparent superhydrophobic surfaces
with a stable Cassie state of wetting are still needed.
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Here, we investigated the effect of different levels of surface
topography on the stability of the Cassie state of wetting in
large-area and transparent superhydrophobic coatings. Three
different organically modified silica (ormosil) coatings, (i)
nanoporous hydrophobic coating (NC), (ii) microporous
superhydrophobic coating (MC), and (iii) double-layer super-
hydrophobic coating with nanoporous bottom and micro-
porous top layers (MNC), were prepared on glass surfaces. The
stability of the Cassie state of coatings against the external
pressure was examined by applying compression/relaxation
cycles to water droplets sitting on the surfaces. The changes of
the apparent contact angle, contact-angle hysteresis, and
sliding-angle values of the surfaces before and after
compression cycles were studied to determine the Cassie/
Wenzel transition behavior of the surfaces. In addition, water
droplets were allowed to evaporate from the surfaces under
ambient conditions, and the changes in the contact angles and
contact-line diameters with increasing Laplace pressure were
analyzed. We demonstrated that, upon combination of coatings
with different levels of topography (i.e., MNC), it is possible to
fabricate transparent superhydrophobic surfaces with extremely
stable Cassie states of wetting on glass surfaces.

■ EXPERIMENTAL SECTION
Materials. Methyltrimethoxysilane (MTMS), oxalic acid, and

ammonium hydroxide (25%) were purchased from Merck (Germany),

and dimethyl sulfoxide (DMSO) and methanol were purchased from
Carlo-Erba (Italy). All chemicals were used as received.

Preparation of NC. Ormosil coatings were prepared according to
our previous report.41 Initially, 1 mL of MTMS was dissolved in 2 mL
of DMSO, and 0.5 mL of an oxalic acid solution (10 mM) was slowly
added to the mixture and stirred for 30 min. Then 0.42 mL of an
ammonia solution (25%) and 0.19 mL of water in 5 mL of DMSO
were added, and the solution was further stirred for 15 min. Finally,
the solution was left for gelation at 25 °C. The gels are typically
formed in about 1 h. After gelation, approximately 20 mL of methanol
was added onto the gels and incubated for at least 6 h at 25 °C to
remove DMSO and unreacted chemicals. This treatment was repeated
for four times to ensure complete removal of DMSO and other
chemical residues. After washing, 12 mL of methanol was added onto
the gels and gels were sonicated using an ultrasonic homogenizer for
45 s at 20 W to obtain ormosil colloids that are suitable for thin-film
deposition. Then ormosil colloids were spin-coated on clean glass
substrates at 2000 rpm and dried at room temperature overnight. To
increase the integrity and hydrophobicity, coatings were heat-treated at
450 °C for 1 h.

Preparation of MC. The superhydrophobic microporous coatings
were prepared according to our previous report.13 First, 1 mL of
MTMS was dissolved in 9.74 mL of methanol. Then 0.5 mL of an
oxalic acid solution (1 mM) was added to the mixture and gently
stirred for 30 min. The mixture was left for hydrolysis for 24 h at room
temperature. After hydrolysis, 0.42 mL of an ammonia solution (25%)
and 0.19 mL of water were added slowly to the mixture, and the
reaction mixture was stirred for 15 min. The solution was left for 2
days at 25 °C for gelation and aging. After aging of the gel network, 12
mL of methanol was added onto the gels and gels were sonicated using

Figure 1. Characterization of the ormosil coatings. (a−c) SEM images of MC, NC, and MNC, respectively. The glass surface exposed through the
openings in MC is outlined in orange. In the MNC, the bottom NC is outlined in orange. (d−f) AFM images of MC, NC, and MNC, respectively.
(g−i) Photographs of water droplets sitting on MC, NC, and MNC, respectively.
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an ultrasonic homogenizer for 45 s at 20 W to obtain ormosil colloids.
Then ormosil colloids were spin-coated on clean glass substrates at
2000 rpm and dried at room temperature overnight. To increase the
integrity and hydrophobicity, coatings were heat-treated at 450 °C for
1 h.
Preparation of MNC. A double-layer coating was prepared by

successive spin coating of ormosil colloids. Initially, a nanoporous layer
(bottom layer) was spin-coated on clean glass substrates at 2000 rpm
and dried at room temperature overnight. Then a microporous layer
(top layer) was spin-coated on the nanoporous layer at 2000 rpm and
dried at room temperature overnight. Finally, double-layer coatings
were cured at 450 °C for 1 h.
Characterization. The surface topography of the coatings was

investigated with scanning electron microscopy (E-SEM; Quanta
200F, FEI) at high vacuum after coating with 5 nm of gold or
platinum. Atomic force microscopy (AFM; XE-100E, psia) was used in
noncontact mode to characterize the surface morphology and
roughness of the coatings. Root-mean-square (rms) roughness values
were calculated from three separate AFM images of the coatings, all of
which were obtained from 10 × 10 μm2 area. The thicknesses of the
coatings were measured with an ellipsometer (V-Vase, J. A. Woollam).
Optical transmission experiments were performed with a UV−vis
spectrophotometer (Cary 5000, Varian). Contact-angle measurements
were performed using a contact-angle meter (OCA 30, Dataphysics).
For static contact-angle measurements, 10 μL of water droplets was
used with the Laplace−Young fitting. Advancing and receding angles
were measured by the addition and subtraction of 5 μL of water to/
from the 10 μL of droplets sitting on the surfaces. Sliding-angle
measurements were performed using 10 μL of water droplets.

■ RESULTS AND DISCUSSION
Preparation and Characterization of Ormosil Coat-

ings. MC and NC transparent ormosil coatings on glass
surfaces were prepared according to our previous reports.13,41

MNCs were prepared by the subsequent coating of these two
ormosil films: a dual-layer coating with NC as the bottom layer
and MC as the top layer.
The first column of Figure 1 shows the SEM images of

ormosil surfaces. MC demonstrated microporous and rough
surface topography (Figure 1a). An underlying glass substrate
can be observed through the openings of the coating (orange
outlined area in Figure 1a). On the other hand, NC fully covers
the surface and demonstrates nanoporous and uniform surface
topography (Figure 1b). Lower-magnification SEM images are
provided in the Supporting Information (SI; Figure S1) to
demonstrate the uniformity of the coatings. Both layers of
MNC coating can be clearly distinguished in the SEM image:
rough microporous structure of MC at the top and nanoporous
NC at the bottom (Figure 1c). Average surface roughness
values of the coatings were calculated from their three separated
AFM images (10 × 10 μm2) and are given in the second
column of Figure 1 with the representative AFM images of the
surfaces. As can be expected, MC and NC have high (218 ± 18
nm) and low (11 ± 2 nm) rms surface roughness values,
respectively. The surface roughness of double-layer MNC is on
the same order with MC, 248 ± 3 nm.
Because of the low-energy surface methyl groups, coatings

are intrinsically hydrophobic. In addition to the hydrophobic
surface chemistry, their micro/nanostructured surfaces provide
superhydrophobicity. The MC demonstrates roll-off super-
hydrophobicity (Cassie state) because of its rough and
hydrophobic surface with a water contact angle of 162° and a
sliding angle of smaller than 1° (Figure 1g). In comparison,
even if the NC surface is also highly hydrophobic with a water
contact angle of 145°, water droplets pinned to the surface
(Wenzel state) because of its low surface roughness (Figure

1h). MNC demonstrated a Cassie state superhydrophobic
property with water contact and sliding angles similar to those
of the MC (Figure 1i).
Transparency of superhydrophobic coatings is desired for

many practical applications including self-cleaning windows and
solar panels.4−6,42−45 Figure 2 shows the transmission spectra

of the ormosil coatings. Despite its high surface roughness
value, MC demonstrates high transparency (up to 85%) in the
visible wavelengths. The slight decrease in the transmission
compared to the bare glass is due to the light scattering from its
microporous surface, which is more pronounced in smaller
wavelengths.46 The transmission of NC is even higher than
bare glass (i.e., antireflection property) because of its smooth
surface and porous nature, which introduces a gradual refractive
index change and reduces the reflectance of the glass.4,41,47

Lastly, the transmission spectrum of double-layer MNC is
almost identical with that of MC because of the same scale of
their surface porosity and roughness.

Compression Experiments. Squeezing water droplets
between two surfaces is often used to investigate the stability
of the Cassie state of wetting of superhydrophobic coatings
against the external pressure.2,31,32,38 During compression of a
droplet placed on a superhydrophobic surface, pressure
differences as high as 300 Pa can be generated depending on
the distance between two surfaces and the apparent contact
angles of the surfaces.2 The pressure difference generated
during compression can be calculated using the following
Laplace equation:2

γ θ θΔ = + < <P x x R(cos cos )/ , forb t (1)

where γ is the surface tension of water, R is the radius of the
droplet, x is the gap between the top and bottom surfaces, and
θb and θt are the water contact angles of the bottom and top
surfaces, respectively.
For compression experiments, first we placed a droplet (10

μL) on a NC surface (top plane) and slowly approached a
bottom plate (MC or MNC) to squeeze the water droplet
between two surfaces up to an interplanar distance (Δx) of
∼0.4 mm. Then we slowly relaxed the top surface. Figure 3a
shows the frames of the water droplets during squeezing and
relaxation between NC and MC (upper row) and NC and

Figure 2. Transmission spectra of ormosil coatings and an uncoated
glass substrate. All of the coatings are highly transparent at the visible
wavelengths. The inset shows a photograph of transparent coatings.
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MNC (lower row). In the first stages of compression (the
second column in Figure 3a), the bottom contact lines largely
preserved their high water contact angle values for both MC
and MNC. However, for the highest compression (the third
column in Figure 3a), a significant decrease in the apparent
contact angle of MC was observed, which suggests a transition
between the Cassie and Wenzel states.2,31 On the other hand,
double-layer MNC preserved the high water contact-angle
value even at this high compression. The wetting difference
between two coatings is more obvious during relaxation. It can
be clearly seen from the fourth and fifth columns in Figure 3a
that after compression a water droplet strongly sticks to the
MC surface, indicating the Wenzel transition; quite the reverse,
a droplet on the MNC surface relaxes easily without changing
its spherical shape, indicating that the MNC surface preserved
the Cassie state.31,32 Figure 3b shows the in situ contact-angle
measurements during compression of the surfaces, and Figure
3c shows the generated pressure as a function of Δx. The
contact angle of the MC sharply decreased below 150° in the
first stages of squeezing. On the other hand, the water contact
angle of the MNC is larger than 150° even at the lowest Δx
value. The generated Laplace pressure difference (eq 1) at
highest compression (Figure 3c) is almost 2-fold higher for the
MNC because it demonstrates higher water contact-angle
values than the MC during compression. From Figure 3b,c, it
can be observed that, for the MC, Cassie to Wenzel transition
occurred at a pressure difference of roughly around 80 Pa,
whereas no transition was observed for the MNC even at a
pressure difference of 260 Pa.

Besides the decrease in the apparent contact angle, increases
in the contact-angle hysteresis and sliding angle are indicators
of Cassie to Wenzel transition.48 Surfaces with the Cassie state
of wetting demonstrate low contact-angle hysteresis values and
smaller sliding-angle values due to easy roll-off of the droplets;
however, for the Wenzel state of wetting, droplets pin to the
surfaces with high contact-angle hysteresis values. To measure
the water contact and sliding angles and contact-angle
hysteresis of MC and MNC after droplet relaxation, we
designed a compression experiment where a water droplet (10
μL) is squeezed between two identical surfaces (MC or MNC;
Figure 4, inset) and released. Figure 4 shows the contact angles
of surfaces after release from a compression distance of 1 mm.
The contact angle of a released droplet on the MC sharply
decreases to 127°, which is in good accordance with initial
compression experiments. In contrast, there is only 5°
difference in the contact angles of the MNC before and after
squeezing. Figure 5a shows the water droplet sliding angles
before and after the compression test. Before squeezing, both
surfaces were highly water repellent with sliding angles lower
than 1°. However, a droplet on the MC strongly sticks to the
surface after pressure release, and it remains pinned even at 90°
tilting. For the MNC, although an increase in the sliding angle
after pressure release was observed, the droplet can easily roll
off from the surface at 15° of tilting. Figure 5b shows the
contact-angle hysteresis of the surfaces before and after
compression. Both surfaces have contact-angle hysteresis values
of around 2° before compression. After compression, the
increase in the contact-angle hysteresis is much more
pronounced for MC (∼11°) than for MNC (∼6°).

Figure 3. Compression experiments using the NC as the sticky hydrophobic top plate. (a) Photographs of the water droplets compressed and
released between NC and MC (upper row) and NC and MNC (lower row). (b) Contact-angle change of coatings during compression. (c)
Generated Laplace pressures for coatings during compression. Wenzel transition was observed for the MC at the first stages of compression; on the
other hand, the Cassie state was preserved in the MNC even at the highest compression.
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The excellent Cassie state stability of the MNC can be
attributed to its double-layer structure (Scheme 1). For the
MC, the contact line gradually slides down from the walls of
microporous structures with increasing pressure; after a critical
pressure difference, the contact line touches the hydrophilic
glass substrate and pins to the surface instantly (transition to
the Wenzel state). On the other hand, for the MNC the bottom
NC layer prevents interaction between the glass substrate and
contact line. Under a critical pressure difference, the contact
line must touch the NC surface, and at that point, transition to
the nano-Cassie state from the initial micro-Cassie state can be
expected.36 After removing the pressure, contact line can
partially recover to the initial micro-Cassie state. The increase
in contact-angle hysteresis and the sliding angle and the slight
decrease in the apparent contact angle support the proposed
partial transition model between nano- and micro-Cassie states.
Evaporation Experiments. During evaporation of water

droplets from superhydrophobic surfaces, Laplace pressures as
high as a few thousand pascal can be generated because of size

reduction of the droplet, which is around 1 order of magnitude
larger than the pressure difference generated during compres-
sion experiments.49,50 Therefore, to further demonstrate the
Cassie state stability of the MNC, we performed evaporation
experiments by placing water droplets (6 μL) to the surfaces
and allowing their evaporation at ambient conditions
(approximately at 22 °C and 23% humidity).
Figure 6a shows time-dependent evaluation of the shape of

water droplets on the MC and MNC. A water droplet on the
MC lost its spherical shape gradually during evaporation and
pinned to the surface, which indicates the Wenzel transition.
On the other hand, a water droplet on the MNC preserved its
spherical shape even at the last stages of evaporation, which

Figure 4. Droplet squeezing between two identical surfaces. Contact
angles of surfaces before and after compression. The inset shows the
squeezed water droplet between two MNC surfaces. There is only a
slight decrease in the contact angle of the MNC after compression.
The large decrease in the MC shows loss of the superhydrophobic
property.

Figure 5. Droplet squeezing between two identical surfaces. (a) Sliding angles of surfaces before and after compression experiments for the MC (left
column) and MNC (right column). A droplet on the MC sticks to the surface after compression due to Wenzel transition, whereas a water droplet
on the MNC easily rolled off from the surface at 15° tilting angle, indicating that the water droplet is still at the Cassie state. (b) Contact-angle
hysteresis of the surfaces before and after compression. The increase in contact-angle hysteresis is significantly larger for the MC.

Scheme 1. Schematic Representation of the Proposed Model
for the Excellent Cassie State Stability of the MNC Coatinga

aFor the MC, the contact line gradually slides down from the walls of
microporous structures with increasing pressure; after a critical
pressure difference, the contact line touches the hydrophilic glass
substrate and pins to the surface instantly (transition to the Wenzel
state). On the other hand, for the MNC, the bottom NC layer
prevents interaction between the glass substrate and contact line.
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shows that the water droplet was still at the Cassie state. Figure
6b shows the apparent contact-angle change of the surfaces
during evaporation. The contact angle of the water droplet on
the MC continuously decreased to 120° in about 22 min and
sharply decreased to almost 0° after approximately 30 min,
where the droplet completely evaporated. The contact angle of
the water droplet on the MNC decreased similarly to the MC

for the first 10 min. However, at this point, a jump in the
contact angle occurred and it almost completely recovered to
its initial value. Then it started to decrease again, and a second
jump occurred after 19 min. Similarly, a third jump was
observed after 31 min. At the 35th minute, the size of the
droplet largely reduced, and after approximately 10 s, it
completely evaporated. The reason for this behavior will be
discussed in more detail below. Note that the time required for
complete evaporation of a droplet is slightly lower on the MC
compared to the MNC, which is due to the increased
evaporation rate after Wenzel transition (i.e., improved
wettability) for this coating. To compare the Cassie state
stability of coatings during droplet evaporation, we calculated
the Laplace pressures27 (ΔP = 2γ/R, where γ is the surface
tension of water and R is the droplet radius with a spherical
shape) at the points where the contact angle of the water
droplets decreases to around 120° (t = 21 and 35 min for the
MC and MNC, respectively; Figure 6b, inset). The Laplace
pressure at this point for the MNC (1620 Pa) is almost 7-fold
higher than that of the MC (248 Pa). We note that the Cassie
state stability of the MNC is even better than that of the Lotus
leaf, where the same transition was observed slightly above 400
Pa.27 The difference between the pressure values where the
contact angles of the MC and MNC surfaces and Lotus leaf
reached 120° demonstrates the enhanced Cassie state stability
of the MNC surface. The contact-angle decrease rate of the
MNC surface is much slower compared to that of both the MC
surface and Lotus leaf, and Wenzel transition occurs at much
later stages of evaporation.
For droplet evaporation experiments, four evaporation

behaviors were defined in the previous studies:29,51−58 (i) the
constant-contact-line (CCL) state, where the contact-line
diameter is constant and the contact angle is decreasing, (ii)
the constant-contact-angle (CCA) state, where the contact
angle is constant and the contact-line diameter is decreasing,
(iii) the stick−slip (S−S) behavior, where the droplet baseline
retracts step by step, resulting in sudden increases in the
contact angle,58 and (iv), the mixed state, where both the
contact angle and contact-line diameter are decreasing. To
identify the evaporation modes of our surfaces, we investigated
the contact-line diameters of droplets during evaporation
(Figure 6c). For the MC, the CCL mode was observed in
the first 25 min, where the diameter of the contact line is almost
constant and the apparent contact angle is constantly
decreasing (Figure 6b,c). Also, at the last stages of evaporation,
a mixed mode was observed. For the MNC, more complicated
evaporation modes were observed (Figure 6c). In the first 10
min, a CCL mode similar to that for the MC was observed.
However, after this point, a sudden decrease in the diameter of
the contact line was observed. Note that a sudden decrease in
the contact-line diameter occurred at the same time with a
jump in the contact angle. This behavior has been observed
previously on rough hydrophobic surfaces and is called as
“stick−slip”, referring to successive “pinning−depinning” of
droplets during evaporation.33,59−61 As in contact-angle
measurements, there are three abrupt changes in the baseline
diameter of the MNC where the S−S behavior was observed,
and between these jumps, the contact line can be approximated
to be constant (CCL mode). Also, at the last stages of
evaporation, the mixed mode was observed.
The CCL modes observed for both coatings can be explained

by analyzing the forces at the triple contact line.29,62At t = 0, a
droplet is in the equilibrium and the contact line is fixed. Then

Figure 6. Evaporation experiments. (a) Photographs of water droplets
sitting on the MC (upper row) and MNC (lower row) at different
instants of the evaporation process. Wenzel transition was observed for
a droplet sitting on the MC at around 18 min. A water droplet on the
MNC, on the other hand, preserved its spherical shape even at the
final stages of evaporation, indicating the excellent Cassie stability of
this coating. (b) Contact angles of the surfaces during evaporation
experiment. The inset shows the generated Laplace pressures at the
point where contact angles of the surfaces decrease below 120°. (c)
Change of the water droplet contact-line diameter during evaporation.
A CCL mode was observed for the MC. For the MNC, sudden
decreases in the contact-line diameter were observed. This behavior,
where the contact line of the droplet retracts and the contact angle
increases suddenly, is known as stick−slip (S−S) behavior, referring to
successive “pinning−depinning” of the droplet.
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water starts to evaporate and therefore the droplet volume is
continuously decreasing, which results in a decrease in the
contact angle. The decrease in the contact angle disturbs the
equilibrium between forces acting on the droplet and generates
a radial force toward the center of the drop. This force (i.e.,
depinning force) retracts the contact line and recovers the
initial contact angle. The depinning force (FD) can be expressed
as62

σ θ θ= −F R2 (cos cos )tD b lg i (2)

where Rb is contact-line radius, σlg is the surface tension of
water, θt is the contact angle at a certain interval during
evaporation, and θi is the initial contact angle. Figure 7a shows

the depinning force generated during the evaporation process
for the MNC. We observed that, during evaporation, first a
depinning force around 5 mN was generated and then the
droplet relaxed by retraction of the contact line, and this cycle
was repeated three times. Figure 7b shows the contact-line
retraction between the 20th and 21th minutes. After contact-
line retraction, the apparent contact angle of the droplet
reaches its initial value, which indicates total relaxation. Note
that no relaxation was observed for the MC even at depinning
forces larger than 100 mN, which shows that the water droplet
on the MC strongly pins to the surface during evaporation (see
the SI, Figure S2).

■ CONCLUSION
The present work demonstrates a facile method to fabricate
transparent and superhydrophobic ormosil surfaces with robust

Cassie states of wetting. We prepared two superhydrophobic
surfaces on glass substrates: (i) a single-layer microporous
coating and (ii) a double-layer coating with nanoporous bottom
and microporous top layers. The stability of the Cassie state of
the coatings against the external pressure was investigated with
droplet compression and evaporation experiments. It was
observed that a droplet sitting on a single-layer coating can
easily transform to a sticky Wenzel state from a roll-off Cassie
state under external pressures as low as approximately 80 Pa.
On the other hand, Cassie to Wenzel state transition was
observed at around 1600 Pa for a double-layer micro/
nanoporous coating, which is almost 4-fold higher than the
transition pressure for a Lotus leaf27 (slightly above 400 Pa).
The observed extreme stability of the Cassie state in a micro/
nanoporous coating can be attributed to its double-layer porous
structure. With increasing external pressure, the contact line of
a droplet in the Cassie state gradually slides down from the
walls of a microporous top layer, and after a critical pressure,
the contact line touches the nanoporous bottom layer. At that
point, transition to the nano-Cassie state from the micro-Cassie
state can be expected. After removal of the pressure, the contact
line can partially recover to the initial micro-Cassie state.
However, for a single-layer coating, under external pressure, the
contact line touches the hydrophilic glass substrate (instead of
the hydrophobic nanoporous layer) and strongly pins to the
surface (transition to the Wenzel state). The outcomes of this
study may provide researchers an adequate ground for
designing robust superhydrophobic surfaces for outdoor and
underwater applications where surfaces are exposed to high
external pressures.
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