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In recent years, the study of superhydrophobic materials,
including their wetting-dewetting tendencies,1 with a water contact
angle (CA) larger than 150° has been the focus of many
researchers.2-7 The water contact angle is based on the water-
repellent behavior of the fractal micro- and nanostructure of the
material. Generally, preparation of the rough surface and subsequent
coating of the surface with low surface energy molecules are
essential processes in fabricating superhydrophobic materials. The
trapping of air components in the surface fractal structure causes
an increase in the water CA according to Cassie’s law.8

θc is the superficial contact angle;θ1 andθ2 are the contact angles
of the flat films of components 1 and 2, respectively; andΦ1 and
Φ2 are the surface area fractions of components 1 and 2,
respectively. When component 2 is the air component with a water
CA of 180°, eq 1 is expressed as eq 2.

This equation means that materials with smallΦ1 and largeθ1 will
exhibit superhydrophobic properties.

The reported fabrication processes of fractal micro- and nano-
structures with smallΦ1 are generally top-down processes, such
as etching by lithography9-12 or a self-assembly process using a
polymer.13 However, these processes cannot be controlled on the
scale of several nanometers. Therefore, many of the reported
superhydrophobic materials with water CAs larger than 170° are
based on molecules with original water CAs larger than 90°, which
are classified as hydrophobic.4 This includes fluoroalkylsilanes and
in general is based on the concept of a largeθ1.14 To date, a
fabrication process on the order of several nanometers with a very
small Φ1 has not been reported.

We notice from eq 2 that if a material with a very lowΦ1 (about
6 × 10-4) is fabricated, a superhydrophobic material with a water
CA around 180° can be fabricated even using materials with a low
original water CA of around 70°, which is classified as hydrophi-
licity.4 To fabricate very lowΦ1 materials, it is assumed that a
bottom-up process instead of a top-down process is suitable.
Recently, bottom-up processes have been applied to the fabrication
of superhydrophobic surfaces. It was reported that a polyacrylonitrile
nanofiber used as an anodic aluminum oxide template had a water
CA of around 174°.15 This is a very high CA. However, control of
this material on the order of several nanometers is not possible
because of the largeΦ1, 0.967. When carbon nanotube (CNT) films
were used for a superhydrophobic surface,Φ1 was relatively small,
0.06.16 However, there are two problems in this case: the use of a
multiwall CNT with a diameter of several tens of nanometers, and

dense films. A decrease inΦ1 is not expected when using the
multiwall CNT. We selected the bottom-up process of high
crystalline materials such as metal oxide and hydroxide based on
chemical bath deposition (CBD).17-20 If we could fabricate high
crystalline materials with a needle morphology, we could control
the size of these materials because the top of a fabricated single-
crystalline needle consists of a small amount of atoms. The CBD
method can be used to fabricate a single crystalline-like metal
hydroxide and metal oxides because each metal complex in the
solution is singly deposited on the substrate surface based on
thermodynamics equilibrium conditions as a construction compo-
nent of the crystals in the system. In this work, the fabrication of
superhydrophobic materials with a water CA of 178° is reported,
which is the highest CA to our knowledge, using a perpendicular
nanopin film fabricated using a bottom-up process.

Solutions for the CBD process were prepared by dissolving
CoCl2‚6H2O (0.15 mol/dm3) and NH2CO (5 g) in water (25 mL).
Commercial borosilicate glass slides 1 mm in thickness were used
as substrates for deposition. The substrates were put into bottles
filled with the solutions, sealed, and kept at 60°C for 24 h in a
drying oven. Following the deposition, the deposited brucite-type
cobalt hydroxide (BCH, Co(OH)1.13Cl0.09(CO3)0.39‚0.05H2O) films20

were rinsed with ethanol and then dried at room temperature. The
BCH films were then put into bottles filled with sodium laurate
aqueous solutions (0.1 mol/dm3) to coat the BCH surfaces with
lauric acid, sealed, and kept at 60°C for 5 h in adrying oven.
After immersion, the fabricated films (BCH-LA) were rinsed with
ethanol and then dried at room temperature.

We confirmed the crystal structure of BCH and lauric acid-coated
BCH-LA films by X-ray diffraction (XRD). The crystal structure
of BCH-LA was similar to that of the original BCH shown in Figure
1a. The FT-IR spectra in Figure 1b show the presence of the lauric
acid. The peaks at 2855 and 2924 cm-1 were identified as the
symmetric and asymmetric vibrations of-CH2- and -CH3-
groups of the lauric acid, respectively.21 Figure 2a,b shows the field-
emission scanning electron microscope (FE-SEM) images of the
BCH-LA films observed from the top and side, respectively. We
can see a few scattered needles with a conelike morphology, which
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cosθc ) Φ1 cosθ1 + Φ2 cosθ2 (1)

cosθc ) Φ1(cosθ1 + 1) - 1 (2)

Figure 1. (a) XRD patterns of BCH and BCH-LA films. (b) FT-IR spectra
of BCH and BCH-LA films.
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are almost perpendicular to the surface of the glass substrate. The
morphology of the BCH-LA films was not different from that of
the BCH films20 (see Supporting Information, Figure S1). Judging
from these results, the immersion of a BCH film into a sodium
laurate solution results in coating lauric acid on the BCH surface
without changing the crystal structure. Figure 2c shows the
transmission electron microscope (TEM) image of the top of a
needle. The image indicates that the top of the needle is very sharp,
with a diameter of 6.5 nm. It is believed that the bottom-up process,
which is based on the piling up of each molecule individually,
makes it possible to control the morphology on the order of several
nanometers. To decrease the value ofΦ1, decreasing the area of
the top of the film is important. Hence, to obtain a needle with a
high mechanical strength and adhesiveness, the needle must be thick
at the base. This is considered an ideal morphology for a
superhydrophobic film.

We calculated the theoretical water CA in the case of a film
like this. The number of needles, which is based on the image in
Figure 2a, in 3× 3 µm2 is 166. The diameter of each nanopin is
6.5 nm from the TEM image in Figure 2c. This film is expressed
in Figure 2d as a simple model. The resultant value ofΦ1 is 6.12
× 10-4. The water contact angle (θ1) of the flat films of lauric
acid is 75.2( 6.6°.22,23 According to eq 2, the calculated water
CA of this film is 177.8( 0.1°.

Figure 3c shows an image of the water on the BCH-LA film.
We can see the almost perfect sphere made by the water. The water
CA in this image is 178°. This value agrees with the calculated
value. Therefore, it is possible to fabricate a superhydrophobic film
with a water CA of around 180° according to this concept using a
bottom-up process with high crystalline materials. The super-
hydrophobicity of this material was maintained after 12 h (see
Supporting Information, Figure S2). Figure 3b,c shows the envi-
ronmental scanning electron microscope (E-SEM) images of the
water on BCH-LA films observed from the top and side, respec-
tively. A perfect water sphere, which is similar to that in Figure
3a, is observed in both images. The change in the water morphology
during wetting-dewetting was observed by E-SEM (see Supporting
Information, Figure S3).

In summary, we obtained a superhydrophobic surface with a
water CA of 178° based on the concept of a smallΦ1 even with
the low θ1 of 75.2( 6.6° by using a bottom-up process based on
metal hydroxides. This result indicates a suitable application for
control of real nanoscale processing using a solution synthesis
method based on thermodynamics equilibrium conditions.

Supporting Information Available: Figures S1-S3. This material
is available free of charge via the Internet at http://pubs.acs.org.
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Figure 2. (a,b) FE-SEM images of the BCH-LA films observed from the
top and side, respectively. (c) TEM images of the BCH-LA films. (d) A
simple model of the film with the fractal structure.

Figure 3. (a) Image of the water on a BCH-LA film. (b,c) E-SEM images
of the water on BCH-LA films observed from the top and side, respectively.
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