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We demonstrated a fabrication of superhydrophobic colored
films by the electrophoretic deposition (EPD) of hydrophobic
pigment particles on substrates. The superhydrophobic films
showed various colors such as black, white, blue, and green.

The wettability of solid surfaces, which is estimated by the
water contact angle (CA), is an important property in surface
chemistry. When solid surfaces show a water CA greater than
150�, such surfaces are called superhydrophobic surfaces. Super-
hydrophobic surfaces are found in nature (e.g., lotus leaves and
legs of water sliders), and the origin of this superhydrophobicity
has been investigated.1 Recently, superhydrophobic films have
drawn attention for not only fundamental research but also for
practical application due to their self-cleaning ability.2 It has
been proposed that solid surfaces show a superhydrophobicity
when they have both rough surfaces and the low surface energy.
From this viewpoint, superhydrophobic surfaces have been pre-
pared by enhancing the surface roughness, followed by depo-
sition of low surface energy materials. To roughen the surface
structure and reduce their surface energy, various excellent
methods have been proposed.2 In addition, the development of
industrial products with a self-cleaning ability is a recent hot-
topic, for example, superhydrophobic cloths were fabricated
by modification with suitable gold micro/nanostructures.3 For
the surface of these industrial materials, optical properties such
as transparency, reflectivity, and color are important. Recently,
transparent or highly reflective superhydrophobic films were
fabricated,4,5 but as far as we know superhydrophobic films with
various colors have not been obtained. We now report a facile
fabrication process for colored superhydrophobic films by the
electrophoretic deposition (EPD) of commercially available pig-
ments. The EPD method allows the coating of substrates with a
great variety of particles (e.g., metal, metal oxide, ceramics, and
polymer), and its simplicity is also important.6 EPD is a cost-
effective method usually requiring simple equipment as well
as being easy to scale-up to large dimensions. EPD is achieved
via the motion of charged particles, dispersed in a suitable sol-
vent, towards an electrode under an applied electric field. EPD
is a simple and inexpensive process; however, the fabrication
of superhydrophobic films using EPD has not been achieved.
In this study, superhydrophobic colored films are fabricated by
EPD of hydrophobic pigment particles, which are commercially
available.

We first examined the fabrication of carbon black films us-
ing the EPD process. By applying a voltage (30V), carbon black
dispersed in ethanol containing MgCl2.6H2O that provided a
charge to carbon black migrated to the substrates to form films.
The water CA measurement of the resulting carbon black film
indicated that the carbon black films have superhydrophobicity.
It is interesting that such a simple fabrication process (i.e., only

the EPD of commercially available particles) produced the su-
perhydrophobic surfaces, because most methods for constructing
superhydrophobic surfaces usually require specialized equip-
ment and/or complicated processing (temperature, substrate,
and chemicals). Thus, the fabrication of superhydrophobic sur-
faces by EPD of commercially available particles was investigat-
ed in more detail. Carbon black, activated carbon, vapor-grown
carbon nanofibers (VGCFs), titanium dioxide (TiO2), �-type
copper phthalocyanine (�-CuPc), and phthalocyanine green
(CuPcBrxCly) were used as the hydrophobic particles. Carbon
black, TiO2, �-CuPc, and CuPcBrxCly are well-known pigments
used in the various fields. Activated carbon is a functional car-
bonaceous material with a high surface area, and VGCF is a car-
bonaceous nanomaterial. As for only TiO2, hydrophobic surface
modification was carried out with silane coupling reagents,
because the original surface of the TiO2 particles is hydrophilic
due to the presence of hydroxy groups. Other particles did not
receive such treatment, because their surfaces have hydropho-
bicity. The detail experimental procedures including the EPD
process is shown in Supporting Information.8 Figure 1 shows
photographs of the carbon black, TiO2, �-CuPc, and CuPcBrxCly
films prepared by the EPD process. It was obvious that all the
particles were fixed on the substrate as films which showed var-
ious colors such as black, white, blue, and green. Activated car-
bon and VGCFs also formed black films (not shown in figure).
The water CAs of these colored films are as follows; 159� for
the carbon black film, 157� for the activated carbon film, 160�

for the VGCF film, 159� for the TiO2 film, 160� for the �-CuPc
film, and 160� for the CuPcBrxCly film (the shape of a water
droplet on the carbon black film is shown at the inset of
Figure 2a), suggesting that all the colored films have superhydro-
phobicity. In addition, a variety of conductive materials, such as
Fe, Cu, and Al plates, could be used as substrates for the fabri-
cation of superhydrophobic films. These results indicate that a
variety of particles can become a superhydrophobic film on
conductive substrates using the facile EPD process. As for the
strength, films could steadily repel the running water without
peeling, because particles on substrates would be connected by
Mg metals formed when Mg2þ ions are reduced on cathode
during EPD process. However, films are broken and lose super-
hydrophobicity by scratching.

(a) (b) (c) (d)

Figure 1. Superhydrophobic colored films. (a) carbon black,
(b) TiO2, (c) �-CuPc, and (d) CuPcBrxCly.
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The wettability of films was strongly dependent on the EPD
conditions. For example, the films which were fabricated for the
first time by the EPD did not show superhydrophobicity (water
droplets soaked into these films). However, the hydrophobicity
of films increased as the EPD was repeated using the same bath.
Since Mg2þ that provides a charge to hydrophobic particles
is consumed through the EPD process, the concentration of
Mg2þ in the bath may related to the hydrophobicity of the
formed films. In fact, the hydrophobicity of the films varied with
the concentration of the MgCl2.6H2O in the bath. However,
at this moment, the reason why the hydrophobic properties are
affected by the EPD conditions cannot be clearly explained.

Figure 2 shows the surface SEM images of the VGCF and
TiO2 superhydrophobic films. For the VGCF films, many nano-
fibers of ca. 200 nm diameter were present, and pores of their
fibrous structure were observed. In addition, the 3D structure of
the VGCF films indicated rough surface structures (Figure S1).8

For the TiO2 films, they consisted of particles of submicron di-
ameter, and the rough surface structures are confirmed. It has al-
ready been reported that solid surfaces with a low surface energy
and a high roughness have high hydrophobicity. The trapping of
air components in the rough surface structure causes an increase
in the water CA, because air is absolutely hydrophobic material
(water CA is 180�). Therefore, air plays an important role for the
development of the superhydrophobicity, for example, even if
films that consist of hydrophilic materials can show the superhy-
drophobicity when a large amount of air is trapped in the film
surface.7 The results in Figure 2 strongly suggest that films pre-
pared by the EPD of hydrophobic particles have a rough and po-
rous structure. This would be the reason why the colored films
showed superhydrophobicity.

As comparative experiments, films were prepared by press-
ing the hydrophobic particles on the substrate. All the particles
turned into films, but none of the films showed a superhydropho-
bicity. The water CAs of the films prepared by pressing were as
follows: 126� for the VGCF films, no measurement because of
high hydrophilicity (water drops immediately soaked into the
films) for the activated carbon films, 112� for the TiO2 films,
127� for the �-CuPc films, and 142� for the CuPcBrxCly films,
indicating that the EPD is an essential process for fabricating
the superhydrophobic films even if hydrophobic particles are
used as constituents of the films. To examine their surface struc-
ture in detail, the cross-sectional SEM images of these films
were measured. Figure 3 shows cross-sectional SEM images of
the VGCF films prepared by EPD (Figure 3a) and by pressing
(Figure 3b). The white parts in these SEM images show the pres-
ence of cured resin for preparing cross-sectional specimens.
Thus, the white parts correspond to the area where air was pres-

ent. On the other hand, the black parts denote the VGCFs. Obvi-
ously, the films prepared by EPD contain a larger amount of air
than the films prepared by pressing. Therefore, this must be the
reason why the films prepared by EPD shows superhydrophobic-
ity, while the films prepared by pressing did not have a superhy-
drophobicity. The EPD process would produce porous films
according to the following mechanism. The films immediately
after being prepared by the EPD must contain ethanol, and this
is removed by drying at room temperature. During this drying
process, ethanol would be replaced with air, leading to the for-
mation of films with a large amount of air.

In conclusion, the superhydrophobic films with colors such
as black, white, blue, and green could be easily fabricated by the
EPD of hydrophobic particles. Superhydrophobic colored films
were formed on a variety of substrates as long as they have an
electrical conductivity. Using the EPD process, superhydropho-
bic films which consisted of various particles could be prepared,
and so these films must have not only hydrophobicity but also
characteristic properties of each particle. In this way, our fabri-
cation process of superhydrophobic films can be expected to be
use in water-resistant coatings in various fields.
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Figure 2. SEM images of surface structure of superhydropho-
bic (a) VGCF films and (b) TiO2 films.
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Figure 3. Cross-sectional SEM images of VGCF films. (a) EPD
process, and (b) press process.
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