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Structural color coating films composed of
an amorphous array of colloidal particles via
electrophoretic deposition

Kiyofumi Katagiri1,3, Yuuki Tanaka1, Kensuke Uemura1, Kei Inumaru1, Takahiro Seki2

and Yukikazu Takeoka2,3

It is desirable to fabricate colorful coatings that have nonfading properties and are environmentally friendly. In this study, a

novel approach for creating structural color coatings from monodisperse silica particles is presented. The structural color coating

films, formed from an array of silica particles with a small amount of black additive, are easily prepared by a simple

electrophoretic deposition (EPD) technique. The arrangement of the particle array is controlled by varying the applied voltage

and deposition time. The iridescence, that is, the angular dependence, of the structural color dramatically changes with the

arrangement of the particle array. A variety of colored coatings can be produced by changing the size of the particles. Structural

color coatings on materials with curved surfaces and complicated shapes are also achieved by the EPD method.
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INTRODUCTION

Paints, that is, dyes or pigments, are often used in various industries to
make colored products. The color of a dye or pigment is an inherent
property of the material, which depends on its chemical nature.1,2

Some of these paints, especially those containing organic dye
molecules, easily fade over time or upon exposure to light. In addition,
there is concern over unfavorable influences on health and the
environment, as some paints contain harmful substances. Therefore,
coloration free from photobleaching or toxic materials is a central goal
of paint research.
Structural color is one of the most promising candidates to solve

this challenge.3–9 Submicrometer-sized microstructures reflect or
scatter light so that waves of certain frequencies can constructively
interfere to form this type of color. As electronic excitation is not
involved in the coloration mechanism, the structural color is not
susceptible to fading unless the microstructure is destroyed. The
microstructure can be prepared using highly safe chemical substances.
The most familiar natural structurally colored material is opal.10

Naturally formed precious opals consist of a periodic array of
monodisperse silica (SiO2) spheres with diameters on the submic-
rometer scale. Similar structures can also be synthesized artificially in
the laboratory. Structural color from particle arrays is advantageous in
the sense that the color can be tuned merely by choosing the size of
the microstructure without changing the material design. Therefore,

many groups have attempted to create artificial periodic arrays of
colloidal particles.11–13 However, such structural color typically
exhibits iridescence, that is, angular dependence, which is unfavorable
for general purposes, except in some cases, such as ornamental jewelry
and accessories. Ideally, commonly used paints appear the same color
regardless of the viewing angle. We can identify the existence of low
angle dependence structural color morphologies in nature. Avian
feathers,14,15 the blue skin of mandrills16 and the scales of longhorn
beetles17,18 are well-known examples of such non-iridescent structural
color. Unlike those of precious opal, they possess short-range ordered
and long-range random (that is, amorphous) microstructures.
Considerable attention has been focused on the preparation of
low-angle dependence, structurally colored materials by mimicking
such natural examples. The iridescence of colloidal crystals originates
from Bragg reflection,11–13 which is the reflection mechanism that
occurs as a result of long-range order in the particle arrangement.
Thus, if the arrangement is changed from a crystalline structure to the
amorphous state, which has only short-range order, the iridescence is
expected to be suppressed. To create amorphous structures from
colloidal assemblies, simple evaporation, centrifugation, drop-casting,
spin-coating and spray coating techniques have been commonly
employed.19–30 For example, we successfully prepared colorful coatings
consisting of an amorphous array using mixtures of two different sizes
of SiO2 particles by the simple evaporation method.20 In addition, we
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fabricated a colloidal amorphous array of SiO2 particles by
spray coating.21 Kohri et al.28 and Wang et al.30 similarly prepared
non-iridescent coatings via spray coating using polydopamine and
melanin particles. However, such techniques have disadvantages in
practical applications. Simple evaporation is a time-consuming process
and it is difficult to prepare homogenous coatings on a large area
and/or a curved surface. Although spray coating offers the benefits of
rapid coating over a relatively large area on both planar and curved
surfaces, it is still challenging to quickly coat an extremely large area or
a surface with a complicated shape. In addition, there is certain
concern about aerosols generated by the spray process. In this process,
paint materials are dispersed and suspended in the atmosphere
long enough to influence the environment and human health.31

In contrast, electrophoretic deposition (EPD) is one of the most
versatile procedures for coating large areas.32–34 The main advantage
of EPD is that coating films can be prepared on various surfaces with
complicated shapes in a much shorter time compared with the other
coating techniques. In this process, charged particles are deposited on
an electrode by applying a DC voltage. The process is useful for
applying materials to any electrically conductive surface. The thickness
of the coating films can be controlled by varying the EPD conditions,
such as the applied voltage, deposition duration and concentration of
the particle suspension. In addition, there is almost no possibility
of generating aerosols, as it is a totally liquid-phase process. The
EPD process has been widely applied to various fields in many
industries. For example, it has been widely used to coat automobile
bodies and parts, which have sizes on the order of meters and
complicated shapes.32 However, despite the many advantages of the
EPD process, there are few papers about structural color coating via
the EPD process.35

In this study, we describe a novel and simple procedure to create
structural color coating films by the EPD process using SiO2 particles.
Previously, Tatsumisago and colleagues36–39 developed the electro-
phoretic sol-gel deposition method, which is a combination of the
sol-gel method for particle preparation and EPD of the sol-gel-derived
particles to prepare thick coating films. The coating films prepared via
the electrophoretic sol-gel deposition method consist of a colloidal
array of monodisperse SiO2 particles. However, they investigated these
EPD coating films only for thick films but not for use as coloration
films. Herein, we investigate the influences of the EPD conditions,
including the applied voltage, deposition duration, particle diameter
and the addition of black additives, on the packing state of the
SiO2 particles and the resulting structural color, as well as the texture,
in detail. The SiO2 particle array obtained reveals both iridescent and
non-iridescent structural colors depending on the applied voltage in
the EPD process. The color can be tuned by simply adjusting the size
of the SiO2 particles. Moreover, we attempted to apply a structural
color coating to substances with complicated shapes, for example,
stainless-steel forks, via the EPD process.

EXPERIMENTAL PROCEDURES

Materials
The monodisperse SiO2 particles (200, 240, 260, 300 and 360 nm in diameter)

used in this study were purchased from Fuji Kagaku Corp., Osaka, Japan. The

carbon black (CB) particles, kindly given as a gift by Tokai Carbon Co., Ltd.,

Tokyo, Japan, had an average particle diameter of 110 nm. Water was purified

using a Direct-Q UV water purification system (Millipore Corp., Billerica,

MA, USA). All other chemicals used in this study were purchased at the highest

purity available and used as received.

Electrophoretic deposition
SiO2 and CB particle dispersions for EPD (coating sols) were prepared as
follows. SiO2 particles were dispersed in 1 wt% NH4OH aqueous solution with
stirring. The solution was placed in an ultrasonic water bath, to disperse the
particles homogeneously, and ethanol was added after the SiO2 particles were
dispersed completely. The molar ratio of H2O (in the NH4OH solution) to
ethanol was 1:4. The amount of SiO2 particles added to the dispersions was
1 wt% and the total weight of the dispersions was 70 g. The coating sol was
obtained by the addition of a certain amount of CB to the dispersion.
Photographic images of the SiO2 particle dispersion, CB dispersion and
coating sol are provided in the Supplementary Figure S1. Indium-tin oxide
(ITO)-coated glass plates were generally used as coating substrates, but
stainless-steel forks were also employed to demonstrate coating on a substrate
with a complicated structure. A stainless-steel spiral (SUS304) was used as the
counter electrode. A schematic drawing of the EPD process is shown in
Supplementary Figure S2. The coating substrate and the spiral were cleaned
with ethanol in an ultrasonic bath and immersed in the coating sols. A constant
DC voltage was applied between the two electrodes, i.e., the coating substrate
and the spiral, using a power supply (Model PAN110-3A, Kikusui Electronics
Corp., Yokohama, Japan), which induced an electrophoretic force on the
negatively charged SiO2 and CB particles toward the anode substrate (the ITO-
coated glass plate). After electrophoresis, the coated substrates were withdrawn
from the sols at a constant speed of 2 mm s � 1 and dried at room temperature
in air.

Characterizations
Photographs showing the colors of the coatings were acquired using a digital
camera. The arrangement of the SiO2 particles in the coating films was
investigated using an scanning electron microscopy (SEM; S-4800, Hitachi
High-Technologies Corp., Tokyo, Japan). The samples were coated with a Pt
(or carbon) layer using a sputtering apparatus and the images were obtained
with an SEM at 15 kV. The coating substrate was cut at a position 10 mm from
the bottom of the substrate for cross-sectional SEM observation
(see Supplementary Figure S3). The coating film was generally fixed with
epoxy resin (Epok 812, Okenshoji Co., Ltd., Tokyo, Japan) before the substrate
was cut. To obtain magnified images and two-dimensional (2D) fast Fourier
transform (FFT) images, an ITO-coated quartz substrate was employed and
heat treatment (800 °C, 5 h) was carried out before the substrate was cut
(in this case, epoxy resin was not used). The 2D FFT images were obtained
using image analysis software (ImageJ) and a UV–visible spectrometer
(V-670, JASCO Corp., Tokyo, Japan) with an absolute reflectance measurement
unit (ARMN-735, JASCO Corp.) employed to measure the relative reflectance
spectra. Zeta-potentials of the SiO2 particles and CB were measured with
an electrophoretic light scatterer equipped with a laser Doppler system
(ELS-Z, Otsuka Electronics Co., Ltd., Osaka, Japan).

RESULTS AND DISCUSSION

The surface of an SiO2 particle is negatively charged and has an
electrical double layer as a result of the dissociation of SiOH groups
situated on the surface when the SiO2 particle is dispersed in polar
solvent, such as water and/or alcohols. If the diffuse electrical double
layer on each particle is thick, the repulsion force between the particles
increases. Such SiO2 particle dispersion is favored to the formation of
a close-packed arrangement of spherical particles with long-range
order, that is, colloidal crystals, by a simple evaporation-driven
self-assembly process. However, the preparation of a roughly
packed arrangement of SiO2 particles (with short-range order but
without long-range order), that is, a colloidal amorphous array, from
a SiO2 particle dispersion is difficult by such a simple process because
of the strong tendency to crystallize.21,40 The EPD process we have
chosen here allows the fabrication of a colloidal amorphous array of
SiO2 particles, because the assembly rate during the EPD process is
relatively quick compared with that during the simple evaporation
process. First, we describe the appearance of EPD coating films
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composed of only monodisperse SiO2 particles. Here, because the
isoelectric point of SiO2 is ca. 2, we employed 1 wt% NH4OH aqueous
solution for the coating sol to obtain enough surface charge for the
SiO2 particles. The zeta-potential of SiO2 particles under these
conditions is ca. � 60 mV. Therefore, anodic deposition can be
carried out in our system. Figure 1a shows an optical photograph of
the EPD coating film on an ITO-coated glass substrate. SiO2 particles
with diameters of 260 nm were used. The applied voltage and
deposition time are 50 V and 2 min, respectively. A homogeneous
coating of the EPD film on the substrate was confirmed in the optical
photograph. When CB was not added to the coating sol, the coating
film had a faint structural color and appeared almost white to the
naked eye. To confirm the arrangement of particles, we visualized the
microstructure of the coating films using an SEM, as shown in
Figure 1b. The SiO2 particles on the surface of the coating films did
not appear to have crystallized. The microstructure of the coating film

is a colloidal amorphous array of SiO2 particles. Short-range order in
the colloidal amorphous arrays causes coherent light scattering and
thus structural color appears. However, the colors emitted from these
arrays are very pale because the incoherent light scattering across the
entire visible region is very strong. Therefore, the coating films
prepared by the EPD process have whitish, faint structural colors
even when the film is composed of monodisperse SiO2 particles. To
reduce the contribution of incoherently scattered light to the overall
scattering spectrum and to enhance the structural color of the colloidal
amorphous arrays, black components, which absorb light uniformly
across the entire visible region, can be incorporated into the films.41

CB is one of the most common and environmentally preferable black
substances and reflects very little light in the visible region of the
spectrum.21,42 Optical models of the structural color from amorphous
arrays of colloidal particles incorporated with CB have been well-
discussed in our previous papers.21,26 Therefore, we added CB to
the SiO2 particle dispersion and employed this ‘coating sol’ for
the preparation of the EPD coating films. The average size of CB is
ca. 110 nm. The zeta-potential of CB is ca. –80 mV. Therefore,
co-deposition of CB with the SiO2 particles on the anodes is expected.
The amount of CB added to the coating sol was varied. The applied
voltage and deposition time of EPD were fixed at 50 V and 2 min,
respectively. Optical photographs of the EPD coating films obtained
by varying the amount of added CB are shown in Figure 1a. The

Figure 1 (a) Optical photographs of EPD coating films prepared using
SiO2 particles with a diameter of 260 nm on an ITO-coated glass substrate.
The quantity of CB added to the coating sol was varied from 0 to
6.0×10−3 wt% and the applied voltage and deposition time were 50 V and
2 min, respectively. (b) Surface SEM image of the EPD coating film
prepared using SiO2 particles with a diameter of 260 nm on an ITO-coated
glass substrate (0 wt% CB). (c) Reflection spectra of the coating films
shown in a.

Figure 2 (a–d) Optical photographs and (e–h) cross-sectional SEM images of
the EPD-coating films prepared using SiO2 particles with a diameter of
240 nm on ITO-coated glass substrates. The coating sol contained
3.6×10−3 wt% CB. The applied voltages and deposition times were (a, e) 5 V
and 5 min, (b, f) 5 V and 25 min, (c, g) 60 V and 1 min, and (d, h) 90 V and
1 min, respectively. Samples for cross-sectional SEM observation were
prepared by cutting coated films covered with epoxy resin.
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coating films exhibit a bright green color. The color saturation of the
coating films was found to greatly increase with CB incorporation.
Quantitative reflectance spectra were obtained (Figure 1c). The overall
magnitude of the reflectance greatly decreased with CB incorporation,
whereas the intensity of the peak component seemed to be stable.
Here we employed an absolute reflectance measurement system.
In this system, the percentage of reflectance is estimated by compar-
ison with the intensity of the light source. Therefore, the values of
absolute reflectance become low. These values are comparable to those
of our previous samples measured by the same system.23,27 When
3.6× 10 � 3 wt% CB was added to the coating sol, the most vivid green
color was observed from the EPD film. However, the color of the
coating films darkened when additional CB, > 4.8× 10 � 3 wt%,
was added to the coating sol. Therefore, we fixed the concentration
of CB for the coating sols to 3.6× 10 � 3 wt% in the following
experiments. The coating films formed with SiO2 particles and
CB have a colloidal amorphous array structure that is almost
the same as that formed without CB (figure not shown). The added
CB was not observed in the SEM images, because a relatively low
concentration of small-size CB was incorporated into the
coating films.
Next, we investigated the effects of the applied voltage and

deposition time of the EPD process on the thickness and micro-
structure of the coating films. First, the effects of the deposition
duration for low applied voltage conditions were examined. Figure 2
shows optical photographs and SEM images of the EPD-coated films
on ITO-coated glass substrates prepared with different applied voltages
and deposition times. Here, SiO2 particles with a diameter of 240 nm
were used. First, the applied voltage was fixed at 5 V. The duration of
the deposition was varied from 5 to 25 min. Samples for cross-
sectional SEM observation were made by cutting coated films covered
with epoxy resin to protect them from mechanical damage. The
coating film obtained via EPD for 5 min is almost transparent and
it is difficult to observe any structural color (Figure 2a). Judging from
the cross-sectional SEM image, the morphology of the film is
homogeneous in the direction of depth. The interface between the
coating film and the ITO-coated glass substrate indicates good contact.
The thickness of the film is o2 μm (Figure 2e). It appears that the
film is too thin for the generation of incoherent light scattering.
In contrast, a brilliant green color was observed in the coating film
obtained via EPD for 25 min (Figure 2b). It can be observed that the
coating film prepared via EPD with a low applied voltage has an
iridescent structural color. The cross-sectional SEM image reveals

that the thickness of the film is ca. 17 μm (Figure 2f). The coating film
is organized into a close-packed arrangement of SiO2 particles with
long-range order, that is, a colloidal crystal structure. The colloidal
crystal diffracts light at a particular wavelength and displays a brilliant
structural color based on Bragg reflection in the visible region.
Therefore, an iridescent green color was observed in this coating film.
We also examined various deposition times. The thickness of the film
increases almost linearly with increasing deposition time (Figure 3 and
Supplementary Figure S4). Colloidal crystal structures can be observed
in the cross-sectional SEM images of EPD films prepared over any
duration (Supplementary Figure S4). Next, the effects of the applied
voltage on the thickness and the particle arrangement of the coating
films were examined. The deposition time was fixed at 1 min. The
applied voltage was varied from 60 to 90 V and the coating films
prepared at both voltages have a vivid green structural color
(Figures 2c and d), with no differences in their appearance. In
contrast to the coating film prepared at 5 V for 25 min, these films
exhibit a non-iridescent structural color. SEM images of the cross-
section indicate that the thicknesses of the films are 11 and 16 μm,
respectively (Figures 2g and h). The thickness of the films increases
with applied voltage (Supplementary Figure S5). The close-packed
arrangement of the SiO2 particles with long-range order cannot be
observed in these images. Here we have obtained two types of
coating films of similar thickness (ca. 16–17 μm), one prepared by
the EPD process at a low applied voltage for a long deposition
duration (5 V, 25 min) and the other at a high applied voltage for
a short deposition duration (90 V, 1 min). They exhibit iridescent
and non-iridescent structural color, respectively, even though both
films were prepared from the same coating sol and have similar
thicknesses. The origin of the difference in the iridescence of the
structural color can be ascribed to the difference in the arrangement of
the SiO2 particles in the coating films. To determine the periodicity
of the SiO2 particle arrangement, we established an independent
measurement of the ordering of these coating films using
SEM combined with an image processing technique, that is,
2D FFT. The 2D FFT technique provides spatial information on the
SEM image. Here, epoxy resin was not used because it interferes with
2D FFT. Therefore, to improve the mechanical strength, ITO-coated

Figure 3 Thickness of the EPD-coating films as a function of deposition
time. The coating films were prepared using SiO2 particles with a diameter
of 240 nm on an ITO-coated glass substrate. The coating sol contained
3.6×10−3 wt% CB and the applied voltage was fixed at 5 V. Figure 4 (a, b) Cross-sectional SEM images of EPD-coating films prepared

using SiO2 particles with a diameter of 240 nm on ITO-coated quartz
substrates. The coating sol contained 3.6×10−3 wt% CB. The samples were
heat treated at 800 °C for 5 h before SEM observation. (c, d) Two-
dimensional Fourier power spectra from the SEM images. The EPD coatings
were applied at (a, c) 5 V for 25 min and (b, d) 90 V for 1 min.
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quartz substrates were employed instead of glass substrates and
the coating films were heat treated at 800 °C for 5 h before
SEM observation. A close-packed arrangement with long-range order
was confirmed from the cross-sectional SEM image of the coating film
prepared at 5 V for 25 min (Figure 4a) and sharp hexagonal peaks
appear in the corresponding 2D FFT image (Figure 4c). However,
a disordered arrangement without long-range order appeared in the
cross-sectional SEM image of the coating film prepared at 90 V for
1 min (Figure 4b) and only a broad circular pattern appeared in the
corresponding 2D FFT image (Figure 4d). This finding indicates that
the microstructure of the coating films composed of SiO2 particles is
isotropic and exhibits short-range order. A similar trend was observed
in the surface SEM images and their corresponding 2D FFT images

(Supplementary Figure S6). Under low applied voltage conditions, the
attractive force between the particles and the anode is weak, and thus
the electrophoresis rate of the SiO2 particles is slow. Under such
conditions, the SiO2 particles tend to rearrange after deposition on the
anode surface because there is sufficient time until the deposition of
the next SiO2 particle monolayer. As a result of the rearrangement, a
colloidal crystal array is generated. This mechanism is analogous to
that for the formation of a colloidal crystal via the slow evaporation
technique.11 In contrast, the attractive force between particles and the
anode is very strong under high applied voltage conditions.
The electrophoresis rate of the particles toward the anode is fast,
and the deposited particles tightly adhere to the anode under such
conditions. Therefore, the rearrangement of particles after deposition
is prevented and a colloidal amorphous array is obtained. This
mechanism is analogous to that for the formation of a colloidal
amorphous array via the spray coating technique.21 To quantify the
angle dependence of the structural color, we characterized the angle-
resolved optical properties of the coating films. The reflection spectra
of the coating films depending on measurement angle are shown in
Figure 5. The incident angle relative to the normal of the planar
surface of the membrane was 0°. The detection angles were 10°, 30°
and 60° relative to the normal of the planar surface of the coating films
(see schematic drawing in Figure 5c). The position of the peak
wavelengths in the reflection spectra (λmax) for the coating films
prepared under low applied voltage conditions appeared at 507 nm
when the detection angle was 10° and was shifted to 475 nm when the
incident angle was 60° (Figure 5a). The colloidal crystal diffracts light
at a particular wavelength and displays brilliant structural color. The
hue of such structural color shows variations that depend upon the
viewing and light-illumination angles.43 Therefore, the large peak shift

Figure 5 Reflection spectra of the coating films corresponding to a change
in measurement angle. The incident angle relative to the normal of the
planar surface of the membrane was 0°. The detection angles were 10°, 30°
and 60° relative to the normal of the planar surface of the coating films. The
coating films were prepared using SiO2 particles with a diameter of 240 nm
on ITO-coated glass substrates via the EPD process at (a) 5 V for 25 min
and (b) 90 V for 1 min. The coating sol contained 3.6×10−3 wt% CB. (c) A
schematic drawing of the measurement system is also given.

Figure 6 (a) Optical photographs of the coating films prepared using
SiO2 particles with diameters of 200, 240, 260 and 300 nm on ITO-coated
glass substrates via the EPD process at 50 V for 2 min. The coating sols
contained 3.6×10−3 wt% CB. (b) Reflection spectra of the coating films
shown in a.
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should be attributed to the fact that the structural color is originated
from the periodic structure of the coating film shown in Figure 4c.
For the coating films prepared under high applied voltage conditions,
the position of λmax shifts from 512 nm to 497 nm when the detection
angle is varied from 10° to 60° (Figure 5b). The peak shift for this
coating film in this range was unambiguously lower compared with
that of the coating film prepared under low applied voltage. Here, the
absolute reflectance value of the coating film prepared under low
applied voltage conditions was relatively high when the detection angle
was 10° (42%). The reflection intensity decreased drastically when
the detection angle was varied to 30° and 60° (o0.5%) (Figure 5a). In
contrast, the absolute reflectance value of the coating film prepared
under high applied voltage conditions was low (o0.4%) and the
change in reflection intensity is relatively small even when the
detection angle was varied from 10° to 60° (Figure 5b). These
tendencies correspond well to our previous samples of both colloidal
crystal and amorphous arrays, measured by the same reflection
system.23 The coating film prepared via EPD at 50 V for 2 min also
has a colloidal amorphous array structure, as shown in Figure 1b. The
images were taken at angles different from the direction of incident
light (Supplementary Figure S7). The color of the coating film is
constant even when viewed from directions different from the
direction of irradiation light. These results indicate that a high applied
voltage (4 50 V) is preferable for EPD to obtain a colloidal
amorphous structure and non-iridescent structural color.
We also prepared EPD coating films using SiO2 particles with

various diameters. The color of the coating films can be controlled by
the diameter of the SiO2 particles employed in the EPD process. For
example, as shown in Figure 6a, blue, blue–green, green and red
coating films were prepared using different-sized particles. Figure 6b
shows the normalized reflection spectra of the coating films prepared
using SiO2 particles with diameters of 200, 240, 260 and 300 nm. The
spectrum of the coating film prepared using 200 nm SiO2 particles,
showing a deep blue color, features a clear reflection peak at 427 nm.
The reflection peak shifts to larger wavelengths proportional to the
particle size, in accordance with previous reports.21 Blue–green
(λmax= 513 nm), green (λmax= 557 nm) and red (λmax= 650 nm)
colors were also obtained (also see Supplementary Figure S8). Because
of the amorphous structure of the coating films, the colors do not
depend on the observation angle during illumination. Thus, one
promising way to obtain structural color coatings of various
bright colors is the use of SiO2 particles with different diameters in
the EPD method.

Finally, we attempted the application of EPD coatings with
structural color on non-flat surfaces with complicated shapes, using
stainless-steel forks as an example. Figure 7 shows the optical
photographic of homogeneous EPD coating films on stainless-steel
forks based on SiO2 particles with diameters of 240, 260 and 300 nm,
displaying brilliant blue, green and red colors, respectively. The
impression of the color of the coating films on steel is different from
that on ITO-coated glass. This can be attributed to the difference in
light refection at the surface of the substrates. The advantage of the
EPD technique is that homogeneous coatings can be fabricated even
on surfaces with non-flat, large areas and complicated shapes.
This result indicates that the advantages of the EPD technique can
be exploited for structural color coatings.

CONCLUSIONS

In summary, we demonstrated for the first time that homogeneous
structural color coatings consisting of monodisperse SiO2 particles can
be successfully prepared by a simple EPD process. The thickness of the
coating film can be controlled by varying the applied voltage and/or
deposition time. Sufficient visibility of the structural color was
achieved by the co-deposition of CB to reduce the contribution of
incoherently scattered light to the overall scattering spectrum.
When the EPD process is carried out under low applied voltage,
a close-packed array of SiO2 particles that exhibits iridescent structural
color is obtained. However, an amorphous packing state can be
acquired under high applied voltage conditions. The structural color
generated from such a coating film has low angle dependence. These
results indicate that the arrangement of particles in the array and the
iridescence of the resultant structural color can also be controlled by
varying the EPD conditions. Various vividly colored coatings can be
produced from SiO2 particles with diameters between 200 and
300 nm. Moreover, coatings on materials with curved surfaces and
complicated shapes, which are difficult to obtain with commonly used
techniques, for example, the simple evaporation method, were also
successfully prepared via the EPD process. This newly developed
technique for the EPD of coating films of arrays composed of
submicrometer-sized SiO2 particles and carbon substances produces
environmentally friendly and nonfading paints that may have potential
applications in various fields that currently use highly toxic
heavy-metal-containing pigments. We expect this new paint coating
technique to be used for decoration on a variety of surfaces, from
small everyday items to large surfaces, such as automobiles.
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