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’ INTRODUCTION

Surface-wetting behaviors have recently attracted significant
attention due to their potential application in a variety of areas.1�5

Surface wettability is governed by surface roughness and chemi-
cal composition; increasing surface roughness and lowering
surface energy can remarkably enhance surface water repellency.
In superhydrophobic conditions, a water droplet sits unstably on
top of the superhydrophobic surface, forming a spherical shape
with a contact angle greater than 150� and rolls away quickly
when subjected to gentle vibration. This phenomenon is easily
exemplified by the lotus leaf, thus called the “lotus effect”.6

Inspired by natural superhydrophobicity, artificial superhydro-
phobic surfaces have been obtained by building a rough topo-
graphy and modifying the surface by chemical coating with low
surface-energy molecules.

In the past few decades, many attempts to fabricate super-
hydrophobic surfaces have been inspired by mimicking nature.
Various one-dimensional nanomaterials with inherent shapes
resembling the papillae of the lotus leaf have been used
to construct superhydrophobic surfaces, including ZnO,7�10

TiO2,
11�13 WOx,

14,15 SiC nanowires,16,17 and carbon nano-
tubes.18�20 In general, these 1-D nanomaterials are grown
directly on the substrates to ensure vertical alignments, demon-
strating they are strongly influenced by the substrate materials.
Moreover, in many cases, the preparation process involves strict
growth conditions such as a high temperature, harsh chemical
treatments, and complex processing techniques.

One of the smart approaches to overcome these restrictions
imposed on the substrate is coating the substrate surface with

functionalized nanoparticles. Recently, fabrication of super-
hydrophobic surfaces covered with nanoparticles has been
developed, using a variety of substrates, including glass and
cotton fabric. Generally, the nanoparticle materials applied are
limited to SiO2

21�25 and few studies have been demonstrated for
other nanoparticle materials for this use. Moreover the nano-
particle coating methods necessitate a repetitive layer-by-layer
process and require tedious template removal steps via chemical
etching or calcinations. Recently Severtson et al.26 reported the
fabrication of a superhydrophobic surface by using a ZnOcoating/
PDMSsubstrate composite film, which showed superoleophilicity
with recovery of superhydrophobicity after oil fouling. However,
these properties originate from the material properties of the
substrate (PDMS) itself, demonstrating its restriction in selec-
tion of the substrate materials again.

We report, herein, a facile method for fabricating super-
hydrophobic surfaces, applicable for a wide range of substrates,
by spin-coating of ZnO nanoparticles (NPs) onto a surface with
chemical modifications. The surface wettability could be con-
trolled by the number of ZnONP coating cycles, in turn affecting
the surface roughness. Because the deposition of ZnO NPs is
surface-independent, this method could be generally appli-
cable to various substrates, including metals, semiconductors,
paper, cotton fabric, and even flexible substrates. Moreover, this
coating layer demonstrated good thermal stability over 200 �C,
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ABSTRACT: Herein, a facile approach for the fabrication of a superhydro-
phobic nanocoating through a simple spin-coating and chemical modification is
demonstrated. The resulting coated surface displayed a static water contact
angle of 158� and contact angle hysteresis of 1�, showing excellent super-
hydrophobicity. The surface wettability could be modulated by the number of
ZnO nanoparticle coating cycles, which in turn affected surface roughness.
Because of its surface-independent characteristics, this method could be appli-
cable to a wide range of substrates including metals, semiconductors, papers,
cotton fabrics, and even flexible polymer substrates. This superhydrophobic
surface showed high stability in thermal and dynamic conditions, which are
essential elements for practical applications. Furthermore, the reversible
switching of wetting behaviors from the superhydrophilic state to the super-
hydrophobic state was demonstrated using repeated chemical modification/
heat treatment cycles of the coating films.
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suggesting its potential for industrial applications. The extreme
wetting transition between the superhydrophobic and super-
hydrophilic states was completely switchable upon coating with
or removal of the hydrophobic molecules at elevated tempera-
tures. Additionally, we demonstrated the impact dynamics of a
water droplet to characterize how the surface energy influences
the drop impact transitions.

’EXPERIMENTAL SECTION

Materials. Zinc oxide (ZnO) NPs and stearic acid (CH3(CH2)16-
COOH) were purchased from Aldrich and used without additional
purification. Absolute ethanol was obtained from Fisher and used as
received. Silicon and polyethylene terephthalate (PET) substrates were
supplied from Shinetsu and Aldrich, respectively. Paper and cotton
fabrics were purchased from a general store.
Preparation of Superhydrophobic ZnO Surface. ZnO NPs

(0.07 g) dissolved in 50mL of absolute ethanol were vigorously stirred at
room temperature for 24 h. The colloidal suspension was continuously
stirred prior to its use to prevent agglomeration of the particles. The
solution was spin-coated onto the silicon substrate surface at 500 rpm for
10 s and dried on a hot plate for 1 min. This process was repeated
15 times. After deposition, the previously prepared substrate was
immersed into a 5 mmol solution of stearic acid dissolved in ethanol
for 15 min. After dip-coating of stearic acid, the samples were gently
blown dry with N2.

The adhesion was enhanced through repetitive drying processes
between spin coatings. Without drying processes, the particles on the
surface cannot withstand the surface modification; upon dipping the
ZnO NP films into the solution of stearic acid there are loss of the ZnO
NPs as a consequence of dissolving into the solution. With drying
processes, however, the ZnONPs can bear the surface modification and
maintain their superhydrophobicity even after exposure to ambient air
for several months.
Characterization. The chemical composition of the samples was

analyzed using X-ray photoelectron spectra (XPS) using monochro-
matic Mg KR radiation as the X-ray source. The surface morphology
of coated samples was characterized by both field-emission scanning

electronmicroscopy (FE-SEM) and scanning probemicroscopy (SPM).
FE-SEM imageswere obtained on aXL30SFEG(Philips, TheNetherlands)
at an accelerating voltage of 5 kV. Scanning prove microscopy (SPM)
images were taken on a PUCO Station STD (GmbH, Germany). The
room-temperature photoluminescence (PL) spectra were recorded using a
FP-6500 fluorescence spectrophotometer (JASCO, U.K.). Fourier trans-
form infrared (FTIR) spectroscopy was performed with a Nicolet6700
FTIR spectrometer (Thermo Scientific). The surface-wetting properties
were evaluated using a SEO300A contact angle system (SEO, SouthKorea).
The water contact angle of the surface was measured by the sessile drop
method at several different positions on each sample using 7 μL droplets
of deionized water; the mean values are reported in this paper. The
advancing and receding contact angles were measured during the growth
and shrinkage of a droplet, respectively. The dynamic impact behaviors of
droplets were recorded using a high-speed camera (Photron) at 2 000
frames per second.

’RESULTS AND DISCUSSION

In the current work, we applied the spin-coating of ZnO NPs
as the main deposition method to fabricate superhydrophobic
surfaces. Surface wettability could be controlled by varying the
number of spin-coating cycles of the ZnO/ethanol colloidal
suspension. Figure 1a shows an FE-SEM image of ZnO NPs
used for coating. As-prepared ZnO NPs ranged in size from
below 10 nm to several hundreds of nanometers. The large
distribution of particle sizes produces a rough coated substrate
surface, thus affecting its superhydrophobicity. XRD analysis,
shown in Figure 1b, revealed that all diffraction peaks could be
assigned to ZnO and monophasic zincite with a hexagonal
structure was produced as a product. (JCPDS card: 36-1451).

After spin-coating ZnO NPs on the silicon substrate, the
morphological changes were observed by FE-SEM depending on
the number of coating cycles (Figure 1). The surface morphol-
ogies resulting from 5, 10, and 15 coating cycles are shown in
Figure 1c,e,g, with corresponding AFM images in Figure 1d,f,h,
respectively. As seen in these figures, the uniformity and the areal
number density of ZnO NPs increased upon increasing the

Figure 1. (a) SEM image and (b) XRD spectrum of ZnO nanoparticles used for spin-coating. (c, e, g) Magnified SEM images of coating films as
prepared by deposition of 5, 10, and 15 cycles, respectively. (d, f, h) AFM images corresponding to samples e, d, and g, respectively.
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number of deposition cycles. SEM and AFM images clearly
showed that sparsely formed ZnO NP islands at the initial stages
of low deposition cycles coalesce together to form bigger islands
with a higher roughness upon increasing the number of coating
cycles. This trend increased the surface roughness (rms) of a
coated surface for 15 and less coating cycles. On the contrary,
surfaces exposed to over 20 coating cycles exhibited a decrease in
surface roughness due to the filling of the deep valleys produced
by the ZnO NPs.

Surface wettability was tested on as-prepared ZnO NP coated
surfaces. Irrespective of the number of coating cycles, all surfaces
showed superhydrophilic properties with a water contact angle
(CA) below 5�. Because the ZnO surface is terminated with
hydroxyl groups at the current deposition conditions, resulting in
a hydrophilic surface.27 However, after chemical modification of
the ZnO surface with a self-assembled monolayer (SAM) coating
of stearic acid, the surface wettability drastically changed into a
superhydrophobic state.

The surface wettability was evaluated by measuring the water
contact angle and contact angle hysteresis, a difference between
advancing and receding contact angle. Figure 2a shows a com-
parison of the water contact angles of the chemically modified
ZnO NP surfaces as a function of deposition cycles, 5, 10, 15,
and 20 cycles. The water contact angle increased steadily upon
increasing the number of deposition cycles up to 15 cycles (158�)
but it decreased slightly after 20 coating cycles (151�). These
trends agree well with the tendency of its rms values. Similarly,
the roughness increased monotonically up to 15 coating cycles
and then fell after 20 coating cycles. These results confirmed that
the surface wettability is closely related to the surface roughness.

The contact angle hysteresis is also related to the surface
roughness and adhesion to the surface. The advancing contact
angle and contact angle hysteresis as a function of 5, 10, 15, and
20 deposition cycles are shown in Figure 2b. The magnitude of
contact angle hysteresis decreased drastically with increasing the
number of ZnO NP deposition cycles. For ZnO films exposed to
less than five coating cycles, the water droplet strongly stuck to
the surface and did not fall even when the substrate was turned
upside down. The water droplet was expected to easily penetrate
into the free space between the valleys and pinned on the sub-
strate with high water adhesion (Figure 2c, left). The Wenzel
wetting state28 can be expressed as

cos θ� ¼ r cos θ ð1Þ
Here, θ* and θ are the water contact angles for textured and

flat surfaces, respectively, and r is surface roughness (r g 1).
From the Wenzel wetting state, as the surface roughness
increased, the solid�liquid contact area increased, leading to a
large contact angle hysteresis. For ZnO films with more than 10
coating cycles, however, the contact angle hysteresis was almost
0�, showing superhydrophobicity. The water droplet rolled off
rapidly when the surface was slightly tilted, consistent with the
Cassie and Baxter superhydrophobic behavior (Figure 2c, right).
According to the Cassie and Baxter model,29 the water contact
angle on the nanostructured surface is greatly influenced by the
surface fraction of solid (f1) versus air pockets (f2), in which the
sum of these two parameters is 1 (i.e., f1 + f2 = 1):

cos θ� ¼ f1 cos θ� f2 ð2Þ
In this Cassie and Baxter wetting state, the large volume of air

trapped between the valleys prevents the water droplet from

penetrating into the free space and the water droplet is sus-
pended above the substrate unstably. Equation 2 reveals that as
the volume of air trapped between valleys increases (decreasing
f1), the surface shows more hydrophobicity (increasing θ*).
Stearic acid modification of the ZnO film with sufficient rough-
ness to produce superhydrophobicity showed a reduced surface
energy, yielded a low solid surface fraction (f1) and a high air-
surface fraction (f2), resulting in a large water contact angle.
According to eq 2, the values of f1 were calculated to be 0.466,
0.126, and 0.386 for 10, 15, and 20 coating cycles, respectively,
which is the reverse trend displayed by the water contact angles.
This result indicates that the fraction of air pockets plays a
primary role in superhydrophobic behavior.

Figure 2. (a) Variations in the water contact angles of the ZnO nano-
particle-coated surfaces treated with stearic acids as a function of 0, 5, 10,
15, and 20 deposition cycles, (b) advancing contact angles and contact
angle hysteresis as a function of 5, 10, 15, and 20 deposition cycles, (c)
images of the static water contact angle (left) and sliding angle (right)
of ZnO coatings prepared by 5 and 10 deposition cycles, respectively.
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To test the effects of carbon chain length of fatty acids, as-
prepared ZnO NP films were treated with different kinds of fatty
acids, such as hexanoic acid (C = 6), dodecanoic acid (C = 12),
and stearic acid (C = 18). The water contact angle of fatty acid
modified ZnO NP films increased monotonically with increasing
the carbon number of fatty acids as shown in Figure 3.

This simple coating method using ZnO NPs is easily extend-
able to various substrate materials without limitation. Figure 4
shows photographs of water droplets on various substrates: rigid
Si, flexible PET, paper, and cotton fabrics. Regardless of the
substrate materials, the use of our simple ZnO NP deposition
with the chemical modification method results in a stable super-
hydrophobic state of surfaces with high water contact angles.

To obtain a superhydrophobic surface, both the microstructure
of the ZnO NPs and stearic acid adsorption layers are required.
The adsorption of stearic acid on the surface without ZnO NPs
does not produce the superhydrophobicity (Supporting Infor-
mation, Table S1).

Because our fabrication method of superhydrophobicity uses
the chemisorption of stearic acid SAMs, the thermal stability of
the superhydrophobicity is strongly dependent on the chemical
stability of the stearic acid upon heat treatment. To test the
thermal stability of the superhydrophobic surfaces, chemically
modified ZnO NPs films were air-annealed for 30 min at various
temperature conditions (Figure 5a). The superhydrophobicity
was stably maintained up to 240 �C, but a drastic transition from
the superhydrophobic to superhydrophilic state was observed
in the case of annealing temperature going over 240 �C. When
the sample was annealed for 30 min at 300 �C, the water contact
angle decreased to almost 0�, as observed in as-prepared ZnO
NPs film. This sharp conversion into a hydrophilic state is
hypothesized to be due to the thermal decomposition of stearic
acid molecules in this temperature range. The thermal decom-
position of stearic acid was confirmed by XPS (Figure 5b) and
Fourier transform-infrared (FT-IR) analysis (Figure 5c). XPS
spectra of superhydrophobic surfaces measured after heat treat-
ment at various annealing temperatures showed that C 1s peak
intensity of stearic acid was maintained up to 200 �C but rapidly
decreased upon annealing at 300 �C. These results indicate
that carbon chains of stearic acid thermally decomposed in this
temperature range, which exposed the ZnO NPs to the exterior
surface. FT-IR spectra of stearic acid-modified ZnO NPs film
confirmed these XPS analysis results. The peak at wavenumber
2954 cm�1 was ascribed to the asymmetric C�H stretching
mode of the �CH3 group, and the two peaks at 2923 and 2850
were attributed to the asymmetric and symmetric C�H stretch-
ing modes of�CH2 groups of stearic acid, respectively. A drastic
decrease in intensity of the three peaks was observed result-
ing from thermal decomposition of stearic acid molecules.
The effects of thermal annealing on the crystalline defects of
ZnO NPs were also studied using photoluminescence, and

Figure 3. Water contact angle of fatty acid modified ZnO NP films as a
function of the carbon number of fatty acids. ZnO NP films were
prepared by 15 cycles of spin coating deposition.

Figure 4. Photographs of various surfaces demonstrating superhydrophobicity: (a) Si substrate, (b) PET film, (c) paper, and (d) cotton fabrics.
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the results showed that oxygen related defect density was
reduced after thermal annealing of ZnO NPs (Supporting Infor-
mation Figure S1).

As this superhydrophobic coating can be effectively removed
by heat treatment at elevated temperatures, the transition
between superhydrophobicity and superhydrophilicity was stu-
died by alternating heat treatment and SA coating (Figure 6).

This process was repeated over 10 times and showed good
reproducibility with only subtle changes in water contact angles,
resulting in switchable wetting behavior between superhydro-
phobic and superhydrophilic wetting states.

The stability of the superhydrophobicity under dynamic
conditions as well as under stationary conditions is an essential
element for practical applications. To investigate the impact
dynamics, a 9 μL water droplet with a diameter of 1.5 mm and
velocity of 0.5 m/s was impinged on the as-prepared and stearic
acid-modified ZnO NP films. As shown in the Figure 7a, the
water droplet on the as prepared samples spreads immediately
and permeates into the nanostructures. For stearic acid-treated
samples, however, the water droplet did not soak into the valley
but rather bounced (Figure 7b). The air pocket and capillary
force supported the droplet throughout the droplet impact.
These results indicate that our superhydrophobic surface is very
stable in dynamic conditions such as being exposed to water
drops or even in falling rain.

’CONCLUSIONS

In summary, a facile fabrication method of a superhydropho-
bic nanocoating was investigated involving a simple spin-coating
step followed by the chemisorption of a fatty acid. The resulting
coating showed a tremendous water repellency (static water
contact angle = 158�), and the water contact angle could be
modulated by changing the number of deposition cycles of ZnO
NPs. Varying the number of deposition cycles of ZnO NPs
controlled the surface roughness and affected the surface wetting
properties. This simple coating method can be universally
applied to various substrates including rigid surfaces, flexible
surfaces, papers, and cotton fabrics and thus effectively used in
various potential applications. The superhydrophobic surface
showed high thermal stability and could be switched to a super-
hydrophilic state through heat treatment with good reversibility.
Also the dynamic stability of a stearic acid-treated ZnO NPs film
was studied under impact dynamic conditions for practical
applications.
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film at various annealing temperatures in air for 30 min.
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