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uperhydrophobic surfaces with a wa-

ter contact angle (CA) larger than

150° and a sliding angle (SA) lower
than 10° have recently attracted significant
attention because of their unique water-
repellency and self-cleaning properties and
their potential applications ranging from
small nonwetting micro/nanoelectronics to
big self-cleaning building products."~'° In
Nature, many plants and animals utilize su-
perhydrophobic surfaces for special
purposes.’’ '3 Well-known examples in-
clude lotus leaves with self-cleaning proper-
ties and water striders that are able to walk
and jump on water surface. A dual-scale
structure has proven to be an essential fea-
ture in generating superhydrophobic coat-
ings and especially important for obtaining
low water sliding angles (SA)."*~2° Inspired
by Nature, artificial superhydrophobic sur-
faces have been fabricated by using various
techniques to control the roughness and
structure of surfaces, such as colloidal
self-assembly,?’?2 wet chemical etching,?®
inorganic or organic template,**%*
electrospinning,?®?” and phase separa-
tion.?® However, many of the techniques in-
volve multisteps or expensive reagent and
special equipment, and some of the meth-
ods are only applicable to small surfaces. In
addition, because superhydrophobicity re-
quires very high surface roughness, which
leads to extensive light scattering,®® ** it is
a technical challenge to achieve superhy-
drophobicity and transparency simulta-
neously by a single coating. As a result, the
practical application of superhydrophobic
coatings on optically transparent materials
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ABSTRACT Superhydrophobic, highly transparent, and stable organic—inorganic composite nanocoating is

successfully prepared by a simple sol —gel dip-coating method. This method involves control of the aggregation

of inorganic colloid particles by polymerization and ultrasonic vibration to create the desired micro/nanostructure

in the coating. Superhydrophobicity and transparency of the coating can be controlled by adjusting the initial

concentration of monomer and the size of aggregates in the sol—gel. Thus, superhydrophobicity and high

transparency can be concurrently achieved in a single coating. The prepared coating also possesses good thermal

stability. Its superhydrophobicity can be maintained from 20 to 90 °C.
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(such as solar cells and window glass) is
limited.

In this study, we present a simple and in-
expensive sol—gel dip-coating method that
facilitates the fabrication of large-area supe-
rhydrophobic organic—inorganic compos-
ite nanocoatings. The surface structure, su-
perhydrophobicity, and transparency of the
coating can be controlled by adjusting the
initial concentration of the monomer, and
the surface free energy of the coating can
be lowered by surface fluorination. The op-
timized coating shows not only an excellent
superhydrophobicity but also a high trans-
parency. Moreover, the coating possesses
good thermal and chemical stabilities. The
superhydrophobicity of the prepared coat-
ing remains unchanged after exposure to
air for 1 year. The adhesion between the
coating and the glass substrate is gener-
ated from the cross-linked chemical bonds
and polarity groups in the polymers.

RESULTS AND DISCUSSION
Aggregation. The inorganic silica colloid
particles prepared by the typical Stéber
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Figure 1. Schematics of the hydrolyzation of APS and the subsequent polycon-
densation between the hydrolyzed APS molecules and the silica colloid particles

or between the hydrolyzed APS molecules.

method were monodisperse and had active hydroxyl
groups on its surface.* y-Aminopropyltriethoxysilane
(APS) was selected as a reunion agent to aggregate the
silica colloid particles because it has one amino and
three ethoxy functional groups in its molecule. The pos-
sible chemical reactions are shown in Figure 1. When
APS meets water contained in the silica sol, the ethoxy
groups of APS hydrolyze immediately, generating 1—3
hydroxyl groups on each molecule. Then, dehydration
or dealcohol polycondensation may occur between the
hydrolyzed APS molecules and the hydroxyl groups on
silica colloid particles or only between the hydrolyzed
APS molecules. As a result, the silica colloid particles can
be covered and aggregated by the formed poly-APS.
In this research, acetic acid was used as catalyst. It
was found that the reaction temperature and the APS
concentration were the two important parameters that
could affect the hydrolyzation and polycondensation
process. When the reaction temperature was set at 20
°C, even for the sols of high APS concentration, its vis-
cosity and color nearly remained unchanged after stir-
ring for more than 10 h. This result proves that at 20 °C
the hydrolyzation and polycondensation speed of APS
in the silica sol was very slow. When the reaction tem-
perature was increased to 65 °C, the viscosity and color
of the sols with a low APS concentration changed obvi-
ously with the stirring time. Particularly, for a high APS
concentration, the sols could turn to a soupy or even
semisolid state in only 15—30 min. The increase of vis-
cosity was mainly due to the formation of poly-APS, and
the color change may be due to the aggregation of col-
loid particles. With the special purpose of APS for aggre-
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gating the colloid particles, the reac-
tion temperature was set at 60 °C.

TEM was used to detect the ef-
fect of APS on the aggregation of
silica colloid particles. The TEM im-
ages are shown in Figure 2a—h.
When a small amount of APS (0.12%
in weight) was added into the sol, it
can be seen from Figure 2a,b that a
lot of small polymer particles formed
in the sol, and every silica colloid
particle was successfully covered by
a thin layer of the formed polymer.
The thickness of the polymer layer
was 10—20 nm. Some of the cov-
ered silica colloid particles showed
an obvious trend to aggregate with
each other, though some of the cov-
ered silica colloid particles remained
separate. When the concentration
of APS was increased to 0.24%, it can
be seen from Figure 2¢,d that more
polymer formed in the sol, and most
of the silica colloid particles were
connected by the polymer net. In Figure 2c, only sev-
eral colloid particles existed separately. Comparing pan-
els b and d of Figure 2, it can be found that the dis-
tance or the thickness of the mid polymer layer
between the aggregated silica colloid particles be-
came larger with the increase of APS addition. This ob-
servation indicates that hydrolyzed APS was inclined to
polycondensate with the colloid particles as cores.
When the APS concentration was increased to 0.36%,
the sols turned to paste-like in 30 min. It can be seen
from Figure 2e,f that a denser polymer net formed, and
no separate silica colloid particles were detected. In an-
other word, all of the silica colloid particles were ar-
rested by the polymer net. When the concentration of
APS was increased to 0.6%, the sols turned to into a
semisolid state in only 15 min. The microstructure of
the gel is shown in Figure 2g,h. It can be seen that a
polymer net with a strong three-dimensional (3-D)
cross-linking structure formed, and the silica colloid par-
ticles distributed in the polymer net uniformly and
densely.

Re-dispersion. After the step of aggregation, all of the
sol—gels were re-dispersed by a simple method of ul-
trasonic vibration in ice water for 20 min. It was found
that the paste-like or semisolid gels turned into trans-
parent sols with good fluidity again after the simple ul-
trasonic vibration, and the re-dispersed sols can be
stored stably for several days at room temperature
(~25°C).

The optical images of a sol without APS addition
and a re-dispersed sol with 0.36% APS addition are
shown in Figure 3a. It can be seen that the transpar-
ency of the re-dispersed sol is much lower than the sol
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Figure 2. TEM images of sol—gels with different APS additions: (a,b) 0.12%, (c,d) 0.24%, (e,f) 0.36%, and (g,h) 0.6%. Panels
b, d, g, and h are the higher magnifications of panels a, ¢, e, and f, respectively.

without APS addition. The microstructure of the re-
dispersed sols was examined by TEM, and the results
are shown in Figure 3b,c. Comparing panels e and f of
Figure 2, it can be seen that many parts of the polymer
net were torn open by the ultrasonic vibration, form-
ing some small colloid aggregates. This may be the
main reason why the re-dispersed sols regained good
fluidity. This result indicates that there were reversible
aggregations taking place in the sol. Because the
Si—O—Si chemical bond energy is very high and the in-
tensity of the ultrasonic vibration used in this research
was only 0.75 W cm ™2, much lower than the high-
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intensity ultrasonic probes (50—500 W cm™2) used for
biological cell disruption, it was almost impossible to re-
open Si—O0—Si bonds by this simple ultrasonic vibra-
tion. The torn part of the polymer net must be the
weakest part in the polymer net aggregated only by
long-range forces.>> The aminopropyl group in poly-
APS had two effects in the aggregation and re-
dispersion process. On one hand, it could increase the
attractive force between polymer molecules by gener-
ating hydrogen bonds or other long-range forces and is
thus useful for the aggregation of colloid particles. On
the other hand, the aminopropyl group has a steric ef-
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Figure 3. (a) Optical images of sols without (left) or with
(right) 0.36% APS addition after reaction and ultrasonic vi-
bration. (b,c) TEM images of a sol containing 0.36% APS af-
ter ultrasonic vibration. (c) High magnification of (b).

fect in forming Si—O—Si chemical bonds between hy-
droxyl groups of poly-APS. As a result, some poly-APS
molecules were aggregated by long-range forces with-
out Si—O—Si chemical bonds. During the ultrasonic vi-
bration, these weak aggregations could be reopened.
The silica colloid particles in the re-dispersed sol could
not be dispersed thoroughly, and the main existing
forms were small aggregates composed of silica col-
loid particles and polymers. This may be the reason that
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the re-dispersed sols had a much lower transparency
than the sols with no APS addition.

Surface Structure and Superhydrophobicity. The re-
dispersed sols were used to construct micro/nanostruc-
tures on glass substrates by a dip-coating method.
AFM was used to examine the surface structures of the
coatings, and the result is shown in Figure 4. For the
coating prepared from sols containing 0.12% APS, it
can be seen from Figure 4a that only less than half of
the surface of the glass substrate was covered by silica
colloid particles, and from Figure 4b, it can be seen that
there were several separated bumps on the surface.
While for the coating prepared from sols containing
0.36% APS (Figure 4c) nearly the entire surface of the
glass substrate was covered by silica colloid particles,
the silica colloid particles on the surface constructed a
porous structure instead of forming a dense hexagonal
arrangement. From Figure 4d, it can be seen that the
surface structure was composed of nanoparticles and
bumps. The bumps in Figure 4b,d were formed by the
deposition of silica colloid aggregates during the re-
peating dip-coating process, and the height of the
bumps was strongly affected by the size of the aggre-
gates. Because the sols of high APS concentration had
a higher viscosity, more sol was carried by the glass sub-
strate surface in each withdrawing process. As a result,
the surface was covered fully by silica colloid particles
for sols with a high APS concentration. Examination on
many regions at a much lower magnification than that
shown in Figure 4 revealed that the coating prepared
by this method was homogeneous.

The water-repellent properties of the coatings after
perfluoroalkylsilane (FAS) modification were researched
by measuring the static CA and dynamic SA of a water
droplet of 4.0 wL. The static CAs were 140 = 1,148 = 1,
155 £ 1,160 = 1, and 165 £ 1° for the APS concentra-
tion of 0.12, 0.24, 0.36, 0.48, and 0.6%, respectively. It is
obvious that the static CA increases with the APS con-
centration. The typical optical images of water droplets
on different surfaces are shown in Figure 5a—d. When
the APS concentration was lower than 0.36%, the coat-
ings did not show superhydrophobicity. The static CAs
on the coatings were less than 150°, and the water
droplet could not slide easily. When the APS concentra-
tion was increased to be equal to or higher than 0.36%,
the static CAs of the water droplet on all of the coat-
ings were larger than 155°. The water droplets became
very unstable on these surfaces, and a gentle vibration
could make the water droplets roll away. The rolling
process of a water droplet on a slightly tilted (less than
2°) superhydrophobic surface is shown in Figure 5ef. It
can be seen that the water droplets remained as a ball
during the rolling process, and thus such a superhydro-
phobic surface can be used for self-cleaning.

It has been found that when the chemical composi-
tion is kept the same the surface structure is the main
factor affecting the static CA. Wenzel's*® and
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Figure 4. AFM images of a surface dip-coated from re-dispersed sols containing different APS concentrations: (a,b) 0.12%

and (c,d) 0.36%j; (a,c) 2-D images and (b,d) 3-D images.

Cassie—Baxter's®” models are two typical empirical
models often used for explaining the relationship be-
tween the superhydrophobicity and the surface struc-
ture. In Wenzel's model, the air trapped in the rough
surface can be piled out by water, and the substrate can
be wetted.'* Thus, the adhesion between the water
droplet and substrate is large. However, in Cassie’s
model, the rough surface is not wetted and can trap
air in pores. As a result, the adhesion between the wa-
ter droplet and substrate is weak and even can be ne-
glected. For the coatings prepared from sols containing
APS lower than 0.24%, the surface is composed of sepa-
rate bumps. The water droplet on this coating is consis-
tent with the case of Wenzel’s model. That is, the air
trapped on the surface is piled out by water, and the
surface is wetted. As a result, the CA is not high, the ad-
hesion force between the water droplet and substrate
is large, and the water droplet is difficult to slide. For the
coatings prepared from sols containing APS equal to
or higher than 0.36%, the surface is composed of nano-
particles and bumps, with the nanoparticles being be-
tween the bumps. When a water droplet is placed on
this coating, these nanoparticles can discontinue the
contact area between the water and the surface, and
the state of the water droplet may turn into the case of
Cassie’s model. Consequently, a higher CA was ob-
served, and the adhesion force between the water

www.acsnano.org

droplet and the substrate was very small and even
could be neglected.

Transparency. While increasing roughness is favorable
for superhydrophobicity, such increase is detrimental
to transparency as light scattering is severe on a rough
surface. It is reported that the surface roughness should
be controlled to be less than 100 nm in order to mini-
mize light scattering and achieve good transparency.
Otherwise, the coating would become opaque or trans-
lucent.’® The optical images of glass substrates with su-
perhydrophobic coatings prepared from sols of differ-
ent APS concentrations are shown in Figure 6a—d. The
water droplets on these superhydrophobic coatings
had high CAs and looked like transparent balls. The
transparency of the coated glass could be estimated
from the clarity of the letters underneath the glass. The
clarity of the letters decreased with the increase of APS
concentration. For the glass substrates coated from sols
containing 0.36 and 0.48% APS, the letters underneath
the glass substrates were very clear. While for the glass
substrate coated from sols containing much more APS,
the letters became unclear, or even blurred. The trans-
mittance spectra of the coated glasses in the UV—vis
wavelength range are shown in Figure 6e. When the
APS concentration was as low as 0.12%, the transmit-
tance spectrum of the coated glass was very close to
but lower than the transmittance spectrum of the un-
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Figure 5. Optical images of water droplets on surfaces dip-coated from
sols containing (a) 0.12% APS, CA = 140°, (b) 0.36% APS, CA = 155°, (c)
0.48% APS, CA = 160°, (d) 0.6% APS, CA = 165°, and the rolling pro-
cess of a water droplet on the surface coated from sols containing 0.36%
APS and tilted by an angle less than 2°.

coated glass. While when the APS concentration was in-
creased to 0.72%, the transmittance of the coated glass
decreased to 60%, and the coated glass became trans-
lucent. It became difficult to see through this translu-
cent glass from a shot distance by the naked eye. In
contrast to superhydrophobicity, the transmittance de-
creased gradually with the increase of APS concentra-
tion. The roughness of the surface was determined by
the surface structure, and the bumps in the surface
were strongly affected by the size of the aggregates.

NJANICY voL. 4 = NO.4 = XU ET AL
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The size of the bumps in the surface became larger as
well as the size of the aggregates with the increase of
APS concentration. As a result, the light scattering in-
creased, and thus a lower transparency was observed.
This result demonstrates that it is a practical way to con-
trol the transparency and superhydrophobicity of the
coatings by adjusting the APS concentration. In particu-
lar, when the APS concentration was 0.36%, the coat-
ing showed both superhydrophobicity and good trans-
parency, the static CA was as high as 155°, and the
highest transmittance was 88%.

Chemical Composition and Thermal Stability. The surface
free energy of the coating was lowered by a simple
chemical modification of FAS. The XPS spectrum re-
sults are shown in Figure 6f. Before the FAS modifica-
tion, the surface chemical elements were mainly com-
posed of Si, O, C, and N, and it could be deduced that
the surface chemical groups were OH and NH,. Such a
surface was very hydrophilic. However, after the FAS
modification, a strong fluorine peak at 686.5 eV is ob-
served, and it can be seen that the intensity of Si, O, and
N peaks decreased after the FAS modification. The
atomic ratios of the surface elements before and after
the FAS modification were calculated by curve area in-
tegrals. The atomic ratios of Si, O, and N decreased from
24.5,40.2, and 4.7% to 14.0, 23.46, and 3.17%, respec-
tively, although the atomic ratio of C remained nearly
unchanged. These results prove that the coating was
successfully covered by FAS. The long chain of FAS was
composed of CH,, CF,, and CF; groups with extremely
low free energies, and it could cap the hydrophilic
groups such as NH, and OH spontaneously. As a result,
the surface turned very hydrophobic after the FAS
modification. The change of the surface chemical
groups before and after FAS modification is schemati-
cally shown in Figure 7a,b.

The thermal stability of the prepared superhydro-
phobic and transparent coating was tested by measur-
ing the static CAs at different temperatures. The tem-
perature of the glass substrates was controlled by a hot
plate. The water droplet was placed on the surface for
3 min to make the water temperature the same as that
of the glass surface, and then the contact angle was
measured. The result is shown in Figure 7c. The static
CA was nearly unchanged, with the temperature in-
creased from 20 to 90 °C, showing a good thermal sta-
bility of the coating.

CONCLUSIONS

In summary, an organic—inorganic composite coat-
ing with superhydrophobicity, good transparency, and
thermal stability was successfully fabricated by a simple
sol—gel dip-coating method based on partially revers-
ible aggregation of silica colloid particles. The silica col-
loid particles aggregated by poly-APS can be re-
dispersed partially by ultrasonic vibration, forming a
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Figure 6. Optical images of glass substrates with superhydrophobic coatings from sols containing (a) 0.36% APS, (b) 0.48%
APS, (c) 0.6% APS, and (d) 0.72% APS; transmittance results of different glass substrates (e) [(1) not coated, (2—7) dip-coated
from sols containing 0.12, 0.24, 0.36, 0.48, 0.6, and 0.72% APS], and XPS spectra of the coatings before and after FAS modi-

fication (f).

lot of small aggregates. These aggregates are conse-
quently assembled onto the glass substrate by dip-
coating. It is shown that the surface structure, superhy-
drophobicity, and transparency can be controlled by
adjusting the APS concentration. When the concentra-
tion of APS was 0.36%, the static CA of a 4 pL water
droplet on the coating is as high as 155°, and SA is lower

than 2°. Additionally, the highest transmittance of the
coated glass can reach 88%. The prepared coating also
possesses good thermal stability. Its superhydrophobic-
ity can be maintained from 20 to 90 °C. The present
method has advantages for easy simultaneous achieve-
ment of superhydrophobicity and high transparency,
as well as being suitable for large-scale coating.

EXPERIMENTAL SECTION

Preparation of Sols. At first, a monodisperse silica sol was pre-
pared by a typical Stober method using ammonia as catalyst.
Three milliliters of tetraethylorthosilicate (TEOS) was added into
45 mL of ethanol, and 3 mL of ammonia (25 wt %) was added
into the solution. The mixed solution was stirred at 50 °C for 1 h.
After this, the color of the sol turned a transparent blue, and
nearly all TEOS was reacted in forming silica colloid particles.
The average diameter of the colloid particles was about 60 nm.
In order to improve the stability of the prepared silica sol, NH;
was removed by stirring the sol in an open Petri dish in a venti-
lating cabinet. The solid concentration of the target silica sol was
2.5%.

www.acsnano.org

y-Aminopropyltriethoxysilane (APS) was then used to aggre-
gate the silica colloid particles in the prepared sols. Different
amounts of APS were added dropwise from a syringe, and a cer-
tain amount of acetic acid was used to adjust the pH value to 3.
The mixed sol was stirred at 20—65 °C for 15—60 min. After this,
all of the sol—gels were cooled in ice water immediately and re-
dispersed by ultrasonic vibration for 20 min to open the revers-
ible aggregation between the colloid particles.

Dip-Coating and Surface Fluorination. Transparent flat-glass slices
of 2 X 5 cm were used as substrates. All substrates were cleaned
with a H,50,/H,0, (50/50 wt %) solution for 1 h and ultrasoni-
cated in acetone for 10 min, and then rinsed by a large amount
of distilled water before coating. The cleaned substrate was im-
mersed into the sol for 5 min before the first dip-coating and 5 s
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Figure 7. Schematics of the chemical groups on the surfaces
before (a) and after (b) FAS modification, and the static con-

tact angles (CA) of a water droplet on the superhydropho-
bic surface at different temperatures.

before the subsequent dip-coating. The withdrawing speed was
kept at 0.45 mm s~ '. After each coating, the substrate was dried
at room temperature (~25 °C) for 3 min, and this step was re-
peated five times. The coated glass substrates were heated at
120 °C for 30 min to remove the residual solvent and solidify the
coatings, and then a simple surface fluorination procedure was
conducted to lower the surface free energy by chemically graft-
ing a layer of perfluoroalkylsilane (FAS) on the surface. FAS solu-
tion was prepared by adding 1:100 (vol %) FAS and triplicate wa-
ter into methanol. The coated glass substrates were put into a
sealed vessel containing 0.3 mL of FAS solution. The distance be-
tween the glass substrate and the solution was 55 mm. The ves-
sel was kept at 150 °C for 3 h to cover the coatings by a layer of
FAS.

Characterization. The microstructure and aggregation of
sol—gels were examined by transmission electron microscopy
(TEM) (JEM-2010, INCA OXFORD). The sol—gels were diluted by
ethanol to prepare TEM samples, and the dilution was manipu-
lated gently without violent stirring or vibration to avoid the pos-
sible damage to the colloidal aggregation. The roughness and
morphology of the surfaces were characterized by atomic force
microscopy (AFM) (Multimode Nanoscope llla, USA). The static
CA and dynamic SA were measured by a contact angle meter
(OCA20, Germany). Several microliters of pure water (18.2
MQ - cm in resistivity) were placed slowly and carefully onto the
surfaces at ambient atmosphere, and the static CA was measured

ACNT AN . ]
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at different positions at least five times. X-ray photoelectron
spectroscopy (XPS) (Monochromated Al Ke, Kratos Axis Ultra
DLD) was used to detect the chemical compositions of the coat-
ing surface. The transmittance spectra of prepared SH coatings
were determined by a UV—vis spectrophotometer (Evolution
300, USA).
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