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ABSTRACT: Highly transparent and durable superhydrophobic hybrid nanoporous coatings
with different surface roughnesses were fabricated via a simple solidification-induced phase-
separation method using a liquid polysiloxane (PSO) containing SiH and SICH=CH, groups
as precursors and methyl-terminated poly(dimethylsiloxane)s (PDMS) as porogens. Owing
to the existence of SiCH, units, the hybrid material is intrinsically hydrophobic without
modification with expensive fluorinated reagents. The roughness of the coating can be easily S i v ol
controlled at the nanometer scale by changing the viscosity of PDMS to achieve both |

superhydrophobicity and high transparency. The influence of surface roughness on the o
transparency and hydrophobicity of the coatings was investigated. The enhancement from
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hydrophobic to superhydrophobic with increasing surface roughness can be explained by the

transition from the Wenzel state to the Cassie state. The optimum performance coating has an average transmittance higher than
85% in the visible-light range (400—780 nm), a water contact angle of 155°, and a slide angle lower than 1°. The coatings also
exhibit good thermal and mechanical stability and durable superhydrophobicity, which paves the way for real applications of

highly transparent superhydrophobic coatings.

KEYWORDS: superhydrophobicity, transparency, organic—inorganic hybrid, solidification-induced phase separation,

Wenzel—Cassie transition

1. INTRODUCTION

The term “superhydrophobic” refers to a surface with a water
contact angle (CA) larger than 150° and a slide angle (SA)
lower than 10°. The phenomenon that water droplets cannot
adhere to such a surface but roll off the surface is advantageous
for a variety of applications, for example, in protective
equipment.'~* Transparent superhydrophobic surfaces expand
the range of potential applications to optical fields such as
greenhouses, safety goggles, windshields, solar cell panels, and
windows for electronic devices®” and therefore have recently
attracted increasing attention.

Realizing the two essential properties of superhydrophobic
surfaces, suitable surface roughness and low surface energy,s’g
requires the combination of advanced design techniques and
materials. The practical application of superhydrophobic
surfaces relies on simple and economical fabrication approaches
as well as the durability of the products. Present fabrication
approaches include etching,'*~"* lithography,'* electrochemical
deposition,"* physical/chemical vapor deposition,'>'® electro-
spinning, " nano/microgarticle assembly,"” ™! templat-
ing,*** sol—gel process,”**® and phase separation.***’
Among these approaches, phase separation can afford polymer
microstructures using relatively simple procedures that do not
require corrosive reagents, special equipment, or harsh
experimental conditions, which give it great potential for
industrial-scale production. Up to now, superhydrophobic
surfaces have been fabricated by phase separation in solvent—
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nonsolvent systems,”” vapor-induced phase separation of
copolymers,”® phase separation of polymers with different
solubilities,” polymerization-induced phase separation (PIPS)
of monomers and porogens,® etc. The fabrication processes
based on phase separation usually consist of only one or two
steps without sophisticated experimental procedures. The
resulting polymer surfaces have relatively low surface energies
compared with inoréganic materials such as silica particles. For
instance, Du et al.*® fabricated superhydrophobic poly(2-octyl
cyanoacrylate) coatings with CAs of around 157° by a facile
one-step method in which monomer-covered surfaces were
immersed in aqueous ethanol to promote polymerization
accompanied by phase separation. Erbil et al.*’ produced
superhydrophobic isotactic polypropylene coatings with CAs
reaching 160° by simply dropping the polymer solution onto
the substrate and evaporating the solvent to induce phase
separation.

Although superhydrophobicity is easily achieved, the
fabrication of transparent superhydrophobic surfaces by phase
separation remains a challenge. This is, in part, because the
essential property of superhydrophobicity, surface roughness, is
unfavorable for transparency because of light scattering. It has
been demonstrated that, for the fabrication of highly trans-
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parent superhydrophobic surfaces, it is necessary to control the
roughness below 100 nm (i.e., on a scale much smaller than the
wavelength range of visible light) to effectively lower the
intensity of Mie scattering.”>  Achieving such nanoscale
roughness makes the fabrication process difficult. Microphase
separation of polymer materials is essentially a chemical kinetic
process. Adjustment of the phase-separation scale requires not
only careful selection of the raw materials but also precise
control over the experimental conditions, such as the type of
solvent, temperature, and pressure. Some researchers have
made efforts to fabricate transparent superhydrophobic surfaces
with nanoscale phase separation. Levkin et al.** created
superhydrophobic poly(butyl methacrylate-co-ethylene dime-
thacrylate) coatings through PIPS followed by soaking of the
porogens in methane. Transparency was achieved by changing
the composition of the polymerization mixtures, but super-
hydrophobicity was lost at the same time. Fluorinated acrylic
material was then grafted onto the transparent surfaces to
regain superhydrophobicity accompanied by a 5—10% decrease
in the transmittance, which complicated the fabrication
procedure and increased the production cost. Kato and
Sato™ fabricated superhydrophobic ethylene glycol dimetha-
crylate based polymer coatings by UV-curing-induced phase
separation and subsequent ethanol flushing of the porogens.
The spinning rate was tuned to control the phase-separation
scale and thickness of the coating for transparency. The coating
spin-coated at 7000 rpm using methyl myristate based porogen
was highly transparent; however, one of the curing monomers
was also a fluorinated acrylic material, and the thickness of the
highly transparent coating was restricted to 250 nm. To the
best of our knowledge, until now, no highly transparent
superhydrophobic fluoride-free surfaces have been fabricated by
the phase-separation method with controllable nanoscale phase
separation. In addition, the polymeric materials widely used in
the phase-separation method suffer from degradation induced
by heat, oxygen, and UV irradiation, which is detrimental to
long-term superhydrophobicity. Therefore, this limits the
practical applications of the superhydrophobic polymer coat-
ings under harsh conditions.

In this paper, a simple solidification-induced phase-separation
method® ™ has been adopted to fabricate highly transparent
and durable superhydrophobic hybrid coatings using a liquid
polysiloxane (PSO) containing SiH and SiCH=CH, groups as
the precursor and methyl-terminated poly(dimethylsiloxane)s
(PDMS) as a porogen, both of which are inexpensive and
environmentally friendly. As illustrated in Figure 1, the solvent-
free mixture of PSO and PDMS is spin-coated onto the
substrate, followed by the catalyzed solidification of PSO, in
which phase separation between PSO and PDMS takes place
and the phase-separation scale is easily controlled by the
viscosity of PDMS. The subsequent heat treatment transforms
the solidified PSO into an organic—inorganic hybrid state,
which is intrinsically hydrophobic because of the existence of
SiCH, units and more stable to heat, oxygen, and UV
irradiation compared with polymeric materials. PDMS is
decomposed and eliminated after the heat treatment, leading
to the generation of nanoporous rough surfaces. This
represents the first example of the fabrication of highly
transparent superhydrophobic coatings by the phase-separation
method without using expensive fluorinated reagents. The
PSO-derived organic—inorganic hybrid material endows the
coatings with good mechanical strength, relatively high thermal
stability, and, most importantly, durable superhydrophobicity.
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Figure 1. Schematic illustration of the fabrication procedures of the
hybrid nanoporous coatings and the cross-linking formula of the
platinum-catalyzed hydrosilylation reaction of the SiH and SiCH=
CH, groups in the solidification process of PSO.

Moreover, the nanoscale surface roughness of the coating can
be easily adjusted with this simple phase-separation method,
and the high transparency does not rely on reducing the
thickness of the coating,

2. EXPERIMENTAL SECTION

Polysiloxane (PSO) containing both SiH and SiCH=CH, groups was
used as the precursor. Methyl-terminated poly(dimethylsiloxane)s
(PDMS; Hangping Chemical Co., Beijing, China), which decompose
completely under 550 °C, were used as porogens. The samples were
denoted as CO, C1, C2, C3, C4, and CS using PDMSs with different
viscosities (Table 1) and fabricated as follows. First, PSO and PDMS
were mixed with a weight ratio of 15:85. A total of 2 ppm (weight ratio
to the mixture of PSO and PDMS) of Karstedt’s catalyst (a platinum
divinyltetramethyldisiloxane complex in divinyltetramethyldisiloxane;
1.5 wt % platinum; prepared by a standard procedure®) was
subsequently added dropwise under vigorous stirring. After the
addition, the mixture was continuously stirred for 30 min at room
temperature. The as-prepared mixture (volume: 0.2 mL) was then
spin-coated at 2000 rpm (acceleration: 2000 rpm s™") for 40 s on glass
substrates and solidified in an oven at 120 °C for 6 h. Finally, the
samples were heated at 550 °C for 1 h under an argon atmosphere in a
Clock Hood-type furnace. The typical ramp rate was 2 °C min™" at
20—250 °C and 0.5 °C min™" at 250—550 °C.

The chemical composition of the organic—inorganic hybrid material
was examined by Fourier transform infrared spectroscopy (FTIR;
TENSOR 27, Bruker) and solid-state magic-angle-spinning (MAS)
»Si and ®C NMR (Avance III-400, Bruker) analyses. The micro-
structures of the coatings were observed by scanning electron
microscopy (SEM; S-4800, Hitachi) operating at 15 kV. The
microdomain sizes of the coatings were estimated by software analysis
(SMile View 2.1, JEOL) of the SEM images. The values reported were
the averages of 50 measurements of different microdomains. The pore
diameters, porosities, and total pore areas of the coatings were
determined by mercury pressure porosimetry (Pore Master 60GT,
Quantachrome Instruments). The surface morphologies of the
coatings were examined by atomic force microscopy (AFM;
Nanoscope Illa, Digital Instruments). The surface roughnesses of
the coatings were estimated by software analysis (Nanoscope Analysis
1.20, Veeco) of the AFM images. The water CAs of the coatings were
determined using a contact-angle goniometer (DSA 100, Kriiss) at
ambient temperature. The volume of the water droplets was
approximately 3 yL delivered using a micropipet for static CAs and
10 puL delivered using the needle of the goniometer for SAs. The water
CA and SA values reported were the averages of five measurements
made on different areas of the coatings. The transmission spectra of
the coatings in the range between 300 and 800 nm were recorded
using a UV—vis spectrometer (U-3900, Hitachi) with a spectral
resolution of 2 nm. The thermal behaviors of PDMSs with different
viscosities and the organic—inorganic hybrid material were investigated
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Table 1. Influence of Different PDMS Viscosities on the Physical Properties of the CO—C5 Coatings

PDMS viscosity (cP)
b

microdomain size (nm)

Co - -

C1 10 32+6
c2 15 375
C3 20 41 +1
C4 30 47 £ 2
CS 50 52 +2

average pore diameter (nm)

23
23
45
85
141

roughness (rms”, nm) CA (deg) SA (deg)
2.5 97.5 £ 22 adhesion
24.4 1422 +£ 2.7 adhesion

27.3 152.0 +£ 0.5 <1

30.6 155.0 + 0.6 <1

50.9 155.8 + 1.4 <1

87.7 1589 + 0.3 <1

“rms = root-mean-square, which gives the standard deviation of the height values. b—, not used or not determined.

by thermogravimetric analysis (TGA; TG/DTA6300, Seiko Instru-
ments Inc.) with a heating rate of 10 °C min~". TGA of PDMSs were
performed in argon from 50 to 800 °C, and TGA of the hybrid
material was performed in air from 50 to 500 °C. The mechanical
stability of C2 and C3 was evaluated by the water drop test,"**° in
which 1500 water droplets (ca. 50 pL; impact velocity = 10 m s™/;
compression stress = 0.6 N)) were dropped from a height of S m above
the C2 and C3 coatings on glass substrates, respectively. The CAs,
SAs, and transmission spectra of the coatings were measured after
impact.

3. RESULTS AND DISCUSSION

3.1. Organic—Inorganic Hybrid Material. The organic—
inorganic hybrid material was derived from the polymer
precursor PSO through two fabrication processes: solidification
and heat treatment. The solidification process transforms PSO
from a liquid linear polymer into a three-dimensional cross-
linked network. The solidified PSO then forms an organic—
inorganic hybrid material upon subsequent heat treatment at
550 °C. The FTIR spectra of PSO, solidified PSO, and the
hybrid coating CO are shown in Figure 2. In the FTIR curve of
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Figure 2. FTIR spectra of PSO, solidified PSO, and CO.

PSO, the absorption peaks at 2164 and 1599 cm™ are the
characteristic absorptions of the SiH and SiCH=CH, groups,
respectively. According to the cross-linking formula in Figure 1,
the platinum-catalyzed hydrosilylation reaction in the solid-
ification process consumes equal amounts of SiH and SiCH=
CH, groups, and the molar ratio of the two groups in PSO is
1.5:1; therefore, the SiH groups in PSO are in excess. As a
result, there is a weaker absorption peak of SiH groups in the
FTIR spectrum of solidified PSO (Figure 2). The remaining
SiH groups undergo SiH/SiO redistribution reactions at higher

10016

temperatures, forming T (CSiO;) units and releasing gas
according to the following equations:*>*'

3D" — MeSiH, + 2T (1)

)

where D™ = CSi(H)O, and T = CSiO;. Consequently, there is
almost no absorption peak of SiH groups in the FTIR spectrum
of CO0. During the polymer—ceramic transformation (i.e., the
organic—inorganic transformation of PSO), the cleavage of C—
H bonds usually starts at 600 °C.** The peaks in the 2850—
3000 cm™' range and at 1265 cm™' for CO relate to the
vibration of C—H in SiCH, groups, indicating that the C—H
bonds persist through heat treatment at 550 °C. The peaks in
the 700—1250 cm™' range of all curves are ascribed to the
vibrations of the Si—O and Si—C bonds. The sharp and
sophisticated peaks in PSO become two broad peaks in CO,
signifying relatively ordered Si—O—Si and Si—C—Si networks
in the organic—inorganic hybrid material.

Figure 3a shows the MAS *’Si NMR spectra of solidified
PSO and CO. The two main resonances in solidified PSO
centered at —19 and —33 ppm can be assigned to D (C,SiO,)
units, generated by the cross-linking of SiH and SiCH=CH,
groups (Figure 1), and D" (C(H)SiO,) units, representing the
excess SiH groups, respectively. After heat treatment at 550 °C,
the resonance of the D" units disappears, indicating the
consumption of excess SiH groups, which is in accordance with
the FTIR results. Additionally, two new resonances appear in
the CO spectrum centered at 6 and —65 ppm, which can be
assigned to M (C;Si0) and T (CSiO;) units, respectively. The
T units confirm the aforementioned SiH/SiO redistribution
reactions (eqs 1 and 2), and the M units provide evidence for
the SiO/SiC redistribution reactions, which are the critical
reactions in the high-temperature ceramization process of
PSO.*” The equations are

4D" - (MeH,Si),0 + 2T

2D>M+T 3)
D+T—->M+Q (4)
D+M—->C+T (8
D+ Q- 2T (6)

where C = SiC,, M = C;SiO, D = C,Si0,, T = CSiO;, and Q =
SiO,. The equilibrium of these reactions depends on the
materials used and the processing temperature. It is shown in
Figure 3a that the resonances of the M, D, and T units are
dominant in CO, which is an intermediate state between
polymer and ceramic.*® Solidified PSO becomes an organic—
inorganic hybrid material through these redistribution reactions
(egs 1—6), which can further cross-link and strengthen the Si—
O-Si and Si—C-Si networks, leading to a relatively rigid
structure of the final coatings. The MAS "*C NMR spectrum of
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Figure 3. (a) MAS *Si NMR spectra of solidified PSO and CO0. (b)
MAS "*C NMR spectrum of CO.

C0 is shown in Figure 3b. The resonance centered at 1.5 ppm is
attributed to the carbon in the SiCH, units, in agreement with
the FTIR spectrum of CO. The FTIR and NMR results above
verify that the organic—inorganic hybrid material contains Si—
O, Si—C, and C—H bonds. The possible structure of the hybrid
material is presented in Figure 4. The hydrophobic C—H bonds
are the main reason for the intrinsic hydrophobicity of the
hybrid material, which has a CA of 97.5° at the smooth CO
surface.

3.2. Microstructure and Surface Morphology. The
SEM images of the hybrid coatings prepared using PDMSs with
different viscosities (Table 1) are shown in Figure S, together
with that of CO (fabricated without PDMS) for comparison. It
can be observed from Figure 5 that CO is very smooth and that
all of the other coatings have similar microstructures consisting
of interconnected microdomains and nanopores. The develop-
ment of nanoporous microstructures is due to phase separation
between PSO and PDMS. On the basis of the similarity of the
PSO and PDMS molecules (ie., they both have Si—O-Si
skeletons with SiCH; groups), they are compatible with each
other in the mixture. During the solidification process of PSO,
the cross-linking reaction of SiH and SiCH=CH, groups
gradually transforms PSO through diffusion from a homoge-
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Organic-Inorganic Hybrid State

Figure 4. Possible structure of the organic—inorganic hybrid material.

Figure S. SEM images of the CO—CS5 coatings.

neously dispersed linear polymer into interconnected solid
microdomains. The porogen PDMS with higher viscosity
directly lowers the diffusion rate of the catalyst and PSO
molecules and thereby reduces the cross-linking reaction rate of
PSO, leading to greater phase separation. PDMS is then
decomposed and eliminated by the heat treatment at 550 °C
(Figure S1 in the Supporting Information, SI), accompanied by
a shrinkage of about 5% of the thickness of the coating. Owing
to the microdomains and nanopores between them, the
surfaces of the coatings become rough, which can be seen
from the AFM images in Figure 6. The nanoscale phase
separation can be easily adjusted by changing the viscosity of
PDMS, resulting in tunable surface roughness of the coating.
The microdomain sizes estimated from the SEM images and
the average pore diameters determined by mercury pressure
porosimetry are listed in Table 1. (The microdomain size and
pore diameter distributions are shown in Figures S2 and S3 in
the SL) The porosities and total pore areas determined by
mercury pressure porosimetry are listed in Table S1 in the SI to
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Figure 6. AFM images of the CO—C5 coatings.

give more information concerning the nanoporous structure.
The results in Table 1 confirm the influence of the viscosity of
PDMS on the scale of phase separation. With increasing
viscosity of PDMS from 10 to 50 cP, the microdomain size
increases from 32 to 52 nm and the average pore diameter
increases from 23 to 141 nm, corresponding to an increasing
larger scale of phase separation from C1 to CS. Accordingly, the
total pore area of the coating decreases from 287.9 to 104.5 m*
g~! based on similar porosities around 83% (Table SI in the
SI). The root-mean-square (rms) roughness values, which
represent the standard deviation of the roughness from the
height obtained from software analysis of the AFM images, are
also listed in Table 1. This shows that CO has a small rms
roughness of 2.5 nm, which reflects a smooth surface. The rms
roughness increases from 24.4 to 87.7 nm for C1—CS5, which is
the same variation tendency as the scale of phase separation. It
is noted that the rms roughnesses are all below 100 nm. Such
small values are sufficient to reduce the scattering of visible
light, which is the reason for the high transparency of the
coatings.

3.3. Hydrophobicity. The water CAs and SAs of C0—C$S
were investigated to examine the hydrophobicity of the
coatings. The results are shown in Table 1 and Figure 7. The
intrinsic CA of the smooth coating CO is 97.5°, which is
hydrophobic because of the composition of the hybrid material,
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Figure 7. Water CAs and SAs of the CO—CS coatings.

as demonstrated above. With increasing surface roughness from
C1 to CS, the CA increases initially from 142.2° to 155.0° and
then remains almost constant around 155°. The water droplets
on CO and C1 never roll off even when the glass slide is turned
upside-down. The SAs of C2—CS5 are all identified as less than
1° because the deposited water droplets slide off immediately
after they are separated from the needle when the glass slide is
tilted at an angle of 1° (video S1 in the SI). On the basis of
these results, C2—CS are identified as superhydrophobic
coatings.

The enhancement from hydrophobic to superhydrophobic
with increasing surface roughness of the coatings can be
explained by the transition from the Wenzel state to the Cassie
state.** According to the Wenzel model (eq I),* the air
entrapped in the voids of the substrate can be excluded by
water droplets and a solid/liquid interface can form. The
apparent Wenzel CA, ", is defined as

cos 0V = r cos 6, 69

where r is the roughness factor and is defined as the ratio of the
true surface area to the horizontal projection of the surface area
(r is larger than unity) and €° is Young’s CA determined on a
smooth surface of the same nature. Equation I predicts an
increase of @V with increasing r when the substrate is
intrinsically hydrophoblc (6° > 90°). In contrast, in the Cassie
model (eq II),*® water droplets are suspended beyond the air
entrapped in the voids of the substrate and a solid/liquid/air
composite interface forms. The apparent Cassie CA, 6, is

defined as

cos 6€ =f(cosGy+1) — 1 (1)

where f is the fraction of solid/liquid contact. Equation II
predicts an increase of 6 with decreasing solid/liquid contact
in which increasingly more air is entrapped in the voids. In
short, increasing surface roughness leads to increasing CA on
Wenzel surfaces, but the surface roughness does not directly
relate to the CA on Cassie surfaces. In addition, because of the
decreased solid/liquid contact in the Cassie state, water
droplets roll more easily on Cassie surfaces than on Wenzel
surfaces, resulting in lower SAs.*~* It is obvious from Figure 7
that the transition from the Wenzel state to the Cassie state
takes place between C1 and C2.

CO0 and CI are both in the Wenzel state. The higher surface
roughness of CI results in a higher CA of 142°. The adhesion
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of water droplets on CO and C1 is due to the tight solid/liquid
contact such that the adsorption force at the interface is higher
than the gravitation force acting on the droplet when the glass
slide is vertical. The superhydrophobic coatings C2—CS are in
the Cassie state. The fraction of solid/liquid contact in a solid/
liquid/air composite interface is determined by many
parameters of the surface morphology such as the shape, size,
height, and distribution of the microdomains.">*® Therefore,
the CA no longer increases with increasing rms roughness.
According to eq II, the almost constant CA of 155° for C2—CS5
implies a similar fraction of solid/liquid contact (ca. 10%),
resulting in extremely low SAs because the water droplets
almost float upon the air pockets within the rough surfaces.
3.4. Transparency. Figure 8a shows the UV—vis trans-
mission spectra of bare glass and the CO—CS coatings on glass
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Figure 8. (a) UV—vis transmission spectra of bare glass and the CO—
CS coatings. The inset shows the magnified curves of bare glass and
CO0. (b) Angled (upper) and front (lower) photographs of bare glass
and the C1-CS$ coatings.

substrates. The transmittance decreases with increasing surface
roughness from CO to CS. However, the coatings are all
transparent in the visible-light-wavelength range (400—780
nm), which is reflected in the easy readability of the letters
underneath the coated glass slides even in the angled
photograph (Figure 8b). Among the superhydrophobic coat-
ings C2—CS, C2 has the highest average transmittance of
88.6%, very close to the value of bare glass (91.0%), in the
visible-light-wavelength range. The C3 coating has a high CA of
155° and an average transmittance of 85.1%. It can be observed
from the inset of Figure 8a that CO has a slightly higher
transmittance in the near-IR-wavelength range, suggesting that

the refractive index of the hybrid material is between that of air
and glass, which could reduce reflection at the air/substrate
interface and increase transparency. However, the main reason
for the high transparency of the coatings is that the surface
roughness of all surfaces is less than 100 nm, far from the
minimum wavelength of visible light of 400 nm. Such nanoscale
roughness could reduce the particle-size-dependent Mie
scattering, resulting in higher transparency with lower surface
roughness. In addition, as another parameter that affects
transparency, the thickness of the coatings in this work is
between 2 and 7 ym (Figure S4 in the SI). In other words, the
high transparency of the coatings does not rely on the thinness.

3.5. Thermal and Mechanical Stability and Durable
Superhydrophobicity. The organic—inorganic hybrid ma-
terial is relatively more stable toward heat and oxygen
compared with polymeric materials. There is no weight loss
in the TGA curve of the hybrid material (Figure SS in the SI)
up to 300 °C in air. The CA and SA of C3 remain unchanged
after heat treatment at 400 °C for 1 h in air at 155.0° and less
than 1°, respectively. The good stability toward heat and
oxygen makes this material applicable in high-temperature
processes where polymeric materials might melt. One of the
problems for the practical application of superhydrophobic
surfaces is that the elaborately designed microstructures of the
rough surfaces are easily damaged because of their weak
mechanical strength. However, the nanoporous structure
extends through the entire thickness of the coating (Figure
S4 in the SI); therefore, the surface of the coating remains
nanoporous and superhydrophobic even if the top layer of the
coating has been scraped off. Besides, the bonding of the
coatings with the glass substrate is good, because peeling off
adhesive tapes (3M Scotch Cellophane Film Tape 610, pressed
with approximately 10 kPa to the coatings) does not remove
the coating on the area underneath. The mechanical stability of
C2 and C3 on glass substrates was examined by the water drop
test, in which about 1500 water droplets (ca. SO uL; impacting
velocity = 10 m s™'; compression stress = 0.6 N) are dropped
from a height of 5 m above the coating. The CAs, SAs, and
average transmittances in the visible-light-wavelength range of
the coatings before and after impact are listed in Table 2. (The

Table 2. Comparison of the Superhydrophobicity and
Transparency of the Coatings C2 and C3 before and after
the Water Drop Test

CA (deg) SA (deg) average transmittance® (%)
C2 152.0 + 0.5 <1 88.6
C2 after impact 1523 £ 0.6 <1 88.8
C3 155.0 + 0.6 <1 85.1
C3 after impact 155.1 + 0.2 <1 85.0

“In the visible-light-wavelength range: 400—780 nm.

transmission spectra are shown in Figure S6 in the SI.) The
superhydrophobicity and transparency of water-rinsed coatings
remained almost unchanged, reflecting their good mechanical
strength.

Another important requirement for real applications is the
durability of superhydrophobicity. The CA and SA of the C3
were measured every 2 weeks after storage under ambient
conditions beside the window. The superhydrophobicity of the
coating remained excellent, with no change of CA and SA for §
months. The durable superhydrophobicity results from the
chemical composition of the organic—inorganic hybrid material
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(Figure 4). This material has almost no active sites that form
hydrogen bonds or hydrogen-bonding active groups that can
undergo hydration.>!

4. CONCLUSIONS

A simple and inexpensive solidification-induced phase-separa-
tion method has been applied to fabricate highly transparent
and durable superhydrophobic (CA = 155° SA = <1°)
organic—inorganic hybrid nanoporous coatings using a liquid
PSO as the precursor and PDMSs as porogens. This is the first
time that highly transparent and superhydrophobic coatings
have been fabricated by the phase-separation method without
using expensive fluorinated reagents. The method can easily
provide nanoscale surface roughness using an intrinsically
hydrophobic hybrid material to fulfill the requirements of both
high transparency and superhydrophobicity. The influence of
the surface roughness on the transparency and hydrophobicity
of the coatings was investigated. The coating changed from the
Wengzel state to the Cassie state and from hydrophobicity to
superhydrophobicity with increasing surface roughness. The
transparency of the coating decreased with increasing surface
roughness; however, the coatings were all transparent mainly
because the surface roughnesses were below 100 nm. It must be
emphasized that the PSO-derived organic—inorganic hybrid
material endowed the coatings with good stability toward heat
and oxygen and that the excellent superhydrophobicity lasted
for more than S months. The shortcoming of the current
method is the relatively high temperature for heat treatment.
Further studies on the selection of porogens with lower
decomposition temperature are ongoing in our laboratory. The
simple and economical fabrication process, high transparency,
durable hydrophobicity, and good thermal and mechanical
stability of the coatings highlight their potential in practical
applications such as safety goggles, windshields, solar cell
panels, and windows for electronic devices.

B ASSOCIATED CONTENT

© Supporting Information

Video of water droplets rolling off the superhydrophobic
surface of C3, TGA curves of PDMSs with different viscosities
in argon with a heating rate of 10 °C min~! from 50 to 800 °C,
microdomain size distributions, pore diameter distributions,
porosities, and total pore areas of the coatings C1-CS, SEM
images of cross sections of the coatings C1—CS, TGA curve of
the hybrid material in air with a heating rate of 10 °C min™"
from 50 to 500 °C, and UV—vis transmission spectra of C2 and
C3 after the water drop test. This material is available free of
charge via the Internet at http://pubs.acs.org.
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of highly transparent and superhydrophobic silica-based
surfaces using a sol—gel process.
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