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ABSTRACT: Safe, low-cost structurally colored materials are alternative colorants to toxic inorganic pigments and organic dyes. 
Colloidal amorphous arrays are promising structurally colored materials because of their angle-independent colors. In this study, we 
focused on precise tuning of the chromaticity by preparing bilayer colloidal amorphous arrays through electrophoretic deposition (EPD). 
Systematic investigations with various EPD conditions clarified the contributions of each condition to the EPD process and the 
competing electrochemical reactions, which enabled us to prepare well-colored coatings. EPD films composed of colloidal amorphous 
array bilayers were successfully synthesized with controlled film thickness. Chromaticity of the films was found to be precisely controlled 
by the EPD duration. We believe that this understanding of the EPD process and its application to synthesis of structurally colored 
bilayer films will bring structurally colored materials closer to practical industrial use. 

INTRODUCTION 

Inorganic pigments and organic dyes are common materials for 
colorants in paints and printing inks, and for coloring plastics, 
ceramics, and metals. However, these common colorants have 
disadvantages. Inorganic pigments used on an industrial scale 
have included elements such as Cr, Cd, Hg, and Pb, which are 
harmful for human health and the environment,1–5 and use of 
such elements is now strictly limited. Although synthetic organic 
dyes have been used on industrial scale because of their low cost 
and brighter colors compared with those produced by natural 
dyes, they are highly toxic and carcinogenic.6 Therefore, much 
effort has been needed to remove such harmful substances from 
wastewaters; these processes can be expensive, slow and/or 
energy-intensive.7–9 Structurally colored materials are novel 
alternatives to harmful inorganic pigments and organic dyes, and 
are expected to be applied in a wide range of fields10–13. The 
physical origin of the color of structurally colored materials is the 
interactions between visible light and sub-micrometer-scale fine 
structures.14 The advantages of structurally colored materials are 
that the materials can be composed of safe and stable substances 
and the color will remain semipermanently unless the structures 
collapse. Assembly of monodispersed spherical particles is a 
versatile and reproducible way to prepare structurally colored 
materials showing desired colors.10,13,15,16 Colloidal crystals (i.e. 

ordered arrays of colloids) are a well-known and extensively 
investigated family of structurally colored materials. The color is 
controllable by tuning the diameter, refractive index, and 
ordering of particles.11,17 Characteristically, the color of colloidal 
crystals depends on the viewing angle. Therefore, colloidal 
crystals have been used as color-sensing devices of pH/ionic 
strength,18 solvent,19 and mechanical stress,20 but may not be 
appropriate for more practical situations, such as paint for traffic 
signs. Colloidal amorphous arrays are another type of structurally 
colored material, again composed of monodisperse particles. The 
difference is that colloidal amorphous arrays have only short-
range order. Owing to this feature, colloidal amorphous arrays 
show angle-independent matt colors,21 which should be suitable 
for a broader range of applications. 

Colloidal amorphous arrays have been prepared through 
various methods, such as solvent evaporation,22 a thermal-
assisted process,23 centrifugation technique,24 drop-casting,25 and 
spray-coating.26,27 However, these processes make coating large 
surfaces quickly and/or treating complex-shaped materials 
difficult. Electrophoretic deposition (EPD) is a powerful, 
economical and energy-efficient technique that can be used to 
coat fine particles on large and complex surfaces as long as the 
surfaces are electrically conductive.28,29 Our group has developed 
a method using EPD for synthesis of colloidal crystal/colloidal 



 

amorphous array coatings.30 – 32 Suspensions that contain 
monodisperse, spherical, SiO2 particles were employed as starting 
materials. Films with controlled thickness were successfully 
prepared and show bright structural color, depending on the 
diameter of the deposited SiO2 particles.30 A recent study 
revealed that electrolytic co-deposition of Mg(OH)2 allowed 
formation of colloidal amorphous arrays and significantly 
improved the mechanical robustness of the structurally colored 
films.32 The EPD process accompanied by electrochemical 
Mg(OH)2 formation is superior method to synthesize robust 
colloidal amorphous arrays. 

Application as colorants requires chromaticity control of 
structurally colored materials. Chromaticity of colloidal crystals 
and colloidal amorphous arrays is known to depend on the 
diameter, refractive index, and ordering of particles.11,17,33 
Another approach to tune chromaticity is mixing prepared 
structural colored materials. Controlled colors have reportedly 
been achieved by mixing structurally colored materials through 
atomization deposition,34 inkjet printing,35 and an evaporation-
based approach.36,37 Here, in this study, we focused on the precise 
tuning of chromaticity of coating films composed of colloidal 
amorphous arrays prepared by an EPD process with 
accompanying electrochemical reactions. The EPD conditions 
were systematically changed to understand the kinetics and 
mechanism of the formation of colloidal amorphous array EPD 
films with co-deposited Mg(OH)2 binder. Well-colored films with 
controllable thickness and colloidal amorphous array bilayer 
films were successfully prepared. The apparent color gradually 
changed as the upper layer formed on the lower layer of the 
synthesized bilayer structures. Chromaticity was found to linearly 
depend on the duration of EPD.  

 

EXPERIMENTAL PROCEDURE 

Materials. Monodisperse spherical SiO2 particles, with 
average diameters of 200, 240, 260, and 300 nm, were obtained 
from Fuji Chemical Co., Ltd. (Osaka, Japan). Iron oxide (Fe3O4) 
nanoparticles were provided by Toda Kogyo Corp. (Hiroshima, 
Japan). Magnesium nitrate hexahydrate (Mg(NO3)2·6H2O, 
≥99.0%) was purchased from Kishida Chemical Co., Ltd. (Osaka, 
Japan). Ammonium hydroxide solution (NH4OH aq., 28 wt.%) 
and 2-propanol (≥99.7%) were obtained from Nacalai Tesque, 
Inc. (Kyoto, Japan). Hydrogen peroxide solution (H2O2 aq., 30 
wt.%) was purchased from Junsei Chemical Co., Ltd. (Tokyo, 
Japan). All reagents were used as received without further 
purification. Ultrapure water (resistivity 18.2 MΩ·cm) from a 
Millipore Milli-Q system (Merck Millipore, Billerica, MA, USA) 
was used in all experiments. 

Effects of SiO2 Amount, Mg(NO3)2 Amount, and Applied 
EPD Voltage on Formation of Colloidal Amorphous Array 
Films. Different amounts (0.07−1.05 g) of SiO2 particles (200 
nm diameter) were dispersed by ultrasonication in 5 mL of 
cleaning solution (H2O:H2O2 aq.:NH4OH aq., 5:1:1 by volume). 
The dispersion was heated at 60 °C for 30 min in a water bath to 
remove residual organic substances, and then centrifuged at 
9390 g for 5 min. After removal of the supernatant, the 
sediments were redispersed in water. This centrifugation-
redispersion process was repeated twice. Finally, SiO2 particles 
were collected by centrifuged at 9390 g and redispersed in 2-

propanol (80 mL) by ultrasonication. Aqueous dispersion of 
Fe3O4 nanoparticles (2.5 wt %, 0.6 mL) and different amounts of 
Mg(NO3)2 aq. (3.5×10−2 mol/L) (5−20 mL corresponding to 
175−875 μmol of Mg(NO3)2) were added to the dispersion. 
The EPD system used was the same as for our previous report.32 

Indium tin oxide (ITO)-coated glass substrates, size of 10 mm × 
30 mm, were used as the working electrodes. The ITO-coated 
glass substrates were cleaned by the standard RCA-1 cleaning 
protocol, which was followed by rinsing with deionized water. 
Spiral shaped stainless-steel wires (SUS304) were used as the 
counter electrodes. The working and counter electrodes were 
immersed in the coating solutions. A specific voltage (5−40 V) 
was applied for a specific duration time using a direct current 
power supply (PAN110-3A, Kikusui Electronics Corp., 
Yokohama, Japan). After electrophoresis, the substrates were 
withdrawn from the solutions and dried at ambient temperature. 

Chromaticity Tuning by Preparation of Colloidal 
Amorphous Array Bilayer Films. Dispersions of 0.7 g of SiO2 
particles (200, 240, 260, or 300 nm diameter) in 80 mL of 2-
propanol were prepared via the cleaning procedure described 
above. Aqueous dispersion of Fe3O4 nanoparticles (2.5 wt %, 0.6 
mL) and Mg(NO3)2 aq. (3.5×10−2 mol/L, 5 mL) were added to 
the dispersions. ITO-coated glass pieces were immersed in the 
prepared solutions and EPD coated at an applied voltage of 20 
V for 60 s to synthesize the lower layers of the bilayer films. These 
lower layer films were dried at room temperature and then 
immersed in a second solution containing different-sized SiO2 
particles. The upper layers of the bilayer films were formed on 
the lower layer films by electrophoresis at 20V for a certain time. 
Films were obtained after room temperature drying. The samples 
are denoted dL-dU-t, where dL and dU are SiO2 particle diameters 
of lower and upper layers, respectively, and t is the duration (in 
seconds) of electrophoresis used to deposit the upper layer. Films 
with lower layers only were prepared using the same EPD 
conditions and used as control samples. 

Characterizations. Optical images were taken using a digital 
camera to confirm the colors of the coatings. A field emission 
scanning microscope (SEM; S-4800, Hitachi, Japan) was 
employed to characterize the ordering of the SiO2 particles and 
the thickness of the EPD coating films. To observe the cross-
sectional images, the coated substrates were cut using a diamond 
tip, 5 mm from the lower edge of each substrate. The reflectance 
spectra were collected with a UV−vis spectrometer (JASCO V-
670) with an absolute reflectance measurement unit (ARMN-
735). L*a*b* color parameters of the products were evaluated 
following the CIE [Commission International del'Eclairage] 
colorimetric method using a chromometer (CR-400, Konica 
Minolta, Inc., Tokyo, Japan) with illuminant C as light source 
and observer 2°. A chromometer was directly contacted with 
sample films for measurement. The parameter L* is a measure of 
brightness (0 = black, 100 = white), and the a* (red (+) to green 
(−) axis) and b* (yellow (+) to blue (−) axis) parameters represent 
the color qualitatively. The color difference, ΔE, was calculated 
as ΔE = [(ΔL*)2 + (Δa*)2 + (Δb*)2]1/2. The chroma parameter (C) 
expresses the color saturation of the product and can be 
calculated as: C = [(a*)2 + (b*)2]1/2. The hue angle (h°) can be 
between 0° and 360°, and is within the following ranges for 
different colors: red, 350°–35°; orange, 35°−70°; yellow, 



 

70°−105°; green, 105°–195°; blue, 195°–285°; and violet, 
285°−350°. The value of h° can be calculated as: h° = tan−1(b*/a*).  

 

RESULTS AND DISCUSSION 

Effects of SiO2 Amount, Mg(NO3)2 Amount, and Applied 
EPD Voltage on Formation of Colloidal Amorphous Array 
Films. SiO2 particles and Fe3O4 particles have positively-charged 
surfaces arising from adsorbed Mg2+ ions, and thus are 
electrophoretically deposited onto the ITO-coated glass substrate 
cathode.38–40 The amount of electric charge passed, Q, during the 
deposition was used to characterize the process. Figure 1 shows 
the time-dependent increases in Q and film thickness. The Q 
linearly increased for the first ~1 min and became constant after 
2 min. In this study, Q will increase due to the electrophoretic 
process and the following electrochemical reactions;41,42  

O2 + 2H2O + 4e− → 4OH−   (1) 

NO3
− + H2O + 2e− → NO2

− + 2OH−  (2) 

The generated OH− will be consumed by the reaction: 

Mg2+ + 2OH−→ Mg(OH)2   (3) 

and the Mg(OH)2 formed will act to bind the deposited 
particles.43,44 To clarify the contribution of each process to the Q 
value, a solution without SiO2/Fe3O4 particles was employed. 
The Q showed same trend irrespective of the presence of 
SiO2/Fe3O4 particles (Figure 1). This indicates that the major 
contribution to the Q value was electrochemical reactions. The 
coatings synthesized using the solution without SiO2/Fe3O4 
particles were dense films (Figure S1). The insulating Mg(OH)2 
layer formed on the substrate might suppress further 
electrochemical reactions, which would explain the Q value 
becoming constant. The Q values after 5 min duration were 
comparable between the two systems, which implies that the 
amounts of OH− generated and subsequent Mg(OH)2 formed are 
comparable. The thicknesses of the EPD films were measured by 
cross-sectional SEM observation. The change of film thickness 
showed a similar trend to that of Q value—increasing linearly 
before becoming constant. The Mg(OH)2 formed can be assumed 
to suppress EPD process as well. However, it has been reported 
that the thickness of EPD films tends to be constant even in 
systems without binder.45–47 Further investigation is necessary to 
understand the kinetics and mechanism of the present EPD 
process. 

  

Figure 1. Duration-dependent increase of Q using starting solutions 
with (black solid line) and without (red dashed line) SiO2/Fe3O4 
particles. Blue points represent the thicknesses of films deposited 
using SiO2/Fe3O4 particles dispersion. The inset optical image shows 

the film for an EPD duration of 5 min. EPD conditions: 0.70 g SiO2, 
525 μmol Mg(NO3)2, and applied voltage of 20 V.  

The EPD kinetics are known to depend on the particles being 
deposited, the solution composition and the electrical 
conditions.28 According to a previous report,48 the deposited film 
weight, w, can be given as follows: 

𝑤 ൌ 𝑤଴ሺ1 െ 𝑒ି௞௧ሻ    (4) 

𝑘 ൌ
ௌ

௏

ఢ఍

ସగఎ
ሺ𝐸 െ Δ𝐸ሻ    (5) 

where w0 is initial weight of particles in the EPD solution, k is an 
apparent kinetic constant, t is duration, S is deposited area, V is 
the volume of EPD solution, 𝜖 is the dielectric constant of EPD 
solution, ζ is the zeta-potential of the particles, η is the viscosity 
of the EPD solution, E is the applied voltage, and ΔE is the 
voltage drop across the deposited layer. In this study, the 
apparent density of the deposited films and the deposited area 
are assumed to be comparable among samples; therefore, w will 
be substituted by film thickness, δ, with appropriate constant, A; 

𝛿 ൌ 𝐴𝑤଴ሺ1 െ 𝑒ି௞௧ሻ    (6) 

Considering this equation, the effects of SiO2 particle amount, 
Mg(NO3)2 amount, and applied voltage on the EPD process were 
investigated.  

Figure 2a compares the duration-dependent Q values during 
EPD using solutions containing different amounts of SiO2 
particles. The rate of increase and the final value of Q were 
comparable for all systems, which again indicates that 
electrophoresis of SiO2 particles only has minor effects on the Q 
value. The Q values after 5 min and the thickness of films formed 
were plotted (Figure 2b). Although Q values were almost 
constant, the thickness of EPD films linearly increased with SiO2 
amount, in agreement with equation (6). Increasing the amount 
of SiO2 caused the number of electrophoresed particles per unit 
time to increase also. Films prepared from the solution 
containing 0.07 g SiO2 showed rough surfaces (Figure 2c) and 
the interstices of the SiO2 particles were filled with material 
(Figure 2e), which could be Mg(OH)2. In contrast, films prepared 
from the solution containing 1.05 g of SiO2 showed smooth 
surfaces, with open spaces between the particles (Figure 2d and 
2f). As is discussed above, the Q value is related to the amount 
of Mg(OH)2 present. The total amounts of Mg(OH)2 are 
therefore assumed to be comparable between these two systems, 
considering their similar Q values. Therefore, the proportion of 
Mg(OH)2 in the obtained film was greater for the solution 
containing the smaller amount of SiO2, which led to the 
interstices between the SiO2 particles being filled in. The films 
prepared with smaller amounts of SiO2 in the starting solutions 
showed duller colors (Figure S2). It is deduced that the filling of 
the interstices by Mg(OH)2 makes the refractive index contrast 
small, which in turns causes dulling of the color. 

The effects of Mg(NO3)2 amount and applied voltage on the 
electrophoretic behavior and electrochemical reactions were 
investigated. Figure 3a shows the duration-dependent change of 
Q value for solutions containing different amounts of Mg(NO3)2. 
Except for the 175 μmol Mg(NO3)2 case, Q reached a constant 
value, which depended on amount of Mg(NO3)2. The Q value 
continuously increased, even after 30 min, when the starting 
solution contained 175 μmol of Mg(NO3)2 (Figure S3a). The rate 
of increase of Q value, i.e., the electric current, in the initial 20 s, 



 

increased with the amount of Mg(NO3)2 (Figure 3c); this is 
caused by decreasing solution resistivity. The Q value at the 
plateau and the film thickness increased with increasing amount 
of Mg(NO3)2 (Figure 3e). Considering these results and Figure 2a, 
the major factor dominating the Q value (that is the amount of 
OH− generated) was the amount of Mg(NO3)2 originally present. 
The generation rate of OH− is known to be an important factor 
for the deposition process.49 When the rate of generation of OH− 
is sufficiently faster than the rate of consumption (in the present 
study, by the formation of Mg(OH)2) of OH−, OH− will diffuse 
from the surface of the electrode to the bulk solution. This will 
retard the covering of the electrode with insulating Mg(OH)2, 
and allow continuous deposition.  

The applied voltage was varied from 5 V to 40 V. Q reached ~ 
8 C for applied voltages of 20, 30, and 40 V, but increased to 
~10 C and ~16 C for applied voltages of 10 and 5 V, 
respectively; all curves displayed different initial slopes (Figure 3b 
and S3b). The average electric current over the initial 20 s 
increased with increasing applied voltage (Figure 3b and 3d), in 
an Ohmic manner. Considering equation (6) and a previous 
report47, the final Q values are expected to increase with applied 
voltage. However, the final Q values and film thicknesses were 
similar for applied voltages of 20, 30, and 40 V (Figure 3f). These 
results indicate that the voltage-dependence of the 
electrochemical OH− generation rate was larger than that of the 
apparent electrophoretic kinetics, which led to suppression of 
the EPD process. Conditions that allow continuous film 
formation, faster deposition rate, and formation of well-colored 
films will be ideal to examine chromaticity control of colloidal 
amorphous array coating by EPD method. Therefore, a SiO2 
amount of 0.7 g, an applied voltage of 20 V, and a Mg(NO3)2 of 
amount of 175 μmol were selected for subsequent experiments. 

   

Figure 2. (a) Duration-dependent increase of Q, (b) film thickness 
(black) and Q value (red) after 5 min EPD; (c–f) SEM images of EPD 
films prepared with 175 μmol Mg(NO3)2 and an EPD voltage of 20 
V, (c),(d) cross-sectional SEM images of EPD films prepared using 
starting solutions containing 0.07 and 1.05 g of SiO2 particles, 
respectively, (e),(f) enlarged images of (c) and (d) near the substrates. 

 



 

  

Figure 3. (a, b) Duration-dependent change of Q value; (c, d) average 
electric current during initial 20 s, and (e, f) film thickness (black) 
and Q value (red) after 5 min EPD, as different EPD parameters were 
varied: (a) (c) (e) varied Mg(NO3)2 amount (constant 0.70 g SiO2 and 
20 V applied voltage) and (b) (d) (f) varied applied voltage (constant 
0.35 g SiO2 and 175 μmol Mg(NO3)2). 

 

Synthesis and Color Evaluation of Structurally Colored 
Bilayer Films Composed of Colloidal Amorphous Arrays. 
The particle-diameter dependence of the Q profile and thickness 
were investigated in advance (Figure S4). The trends for increase 
of Q value and thickness of the formed film were similar 
irrespective of particle diameter. The diameter of SiO2 particles 
was found to only have minor effects on both EPD kinetics and 
electrochemical reactions. Base samples with a lower layer array 
composed of 260 nm SiO2 particles were used to investigate the 
formation of bilayer structures and their effect on the 
chromaticity. Upper layers were deposited from a 200 nm SiO2 
particle suspension using EPD durations of 10−420 s. The color 
of the film produced changed from green to blue green to blue 
(Figure 4a). Color change indicates formation of an upper layer 
containing 200 nm SiO2. Figure 4b shows reflectance spectra of 
the synthesized films. The peak around λ = 550 nm—
corresponding to the structural color from the 260 nm particle 
arrays—decreased and the peak around λ = 430 nm—
corresponding to the structural color from 200 nm particle 
arrays—increased with EPD duration from 10−50 s. Cross-

sectional SEM images of 260-200-30 are shown in Figure 4c and 
4d. There is a clear interface between the lower (260 nm 
particles) and upper (200 nm particles) layers. Takeoka et al. 
reported that the chromaticity of colloidal amorphous arrays 
depends on their thickness; color saturation decreased when the 
films became thicker than a threshold thickness.50 Longer EPD 
durations were employed to elucidate the effect of thickness on 
the chromaticity of our bilayer films. Spectral changes became 
minor at EPD durations longer than 60 s, and were negligible 
over 300 s (Figure 5a). The thickness at 300 seconds is the 
threshold thickness where the light scattered by the lower layer 
cannot penetrate the thick upper layer. The threshold upper 
layer thickness was calculated as 19.2 μm considering color 
difference, ΔE (Figure 5b). The opposite bilayer structures 200-
260-t (t = 0−480) were prepared to investigate the effect of 
particle diameter on the threshold upper layer thickness. The 
apparent color and reflectance spectra gradually changed with 
EPD duration (Figure S5a). The contribution of the structural 
color from the 200 nm particle array (around λ = 430 nm) 
became negligible when the EPD duration was over 240 s (Figure 
S5b and S5c). Therefore, the threshold upper layer thickness was 
calculated as 18.7 μm (Figure S5d), which is comparable to the 
thickness found for the 260-200-t system. This indicates that the 
effect of particle diameter on the light scattering was minor in 
this case and that the controllability of chromaticity is 
independent of the order in which the layers are deposited. For 
comparison, a film was prepared using a starting solution which 
contained both 200 nm and 260 nm SiO2 particles (Figure S6). 
These films showed a dull grayish color and a featureless linear 
reflectance spectrum. This is because of the lower degree of short-
range ordering in the film with mixed particle sizes. In summary, 
colloidal amorphous array bilayers with controlled layer 
thickness enable the chromaticity of films to be tuned. 

 

 

Figure 4. (a) Optical images of 260-200-30 and control samples. (b) 
Reflectance spectra of 260-200-t (t = 10−50) and control samples. (c) 
Cross-sectional SEM image of 260-200-30 and (d) enlargement of the 
area shown in the red square in (c).  



 

 

 

 

Figure 5. Effect of EPD duration on (a) reflectance spectra and (b) 
film thickness of (a) 260-200-t (t = 60−420, black to gray color) and 
(b) 260-200-t (t = 0−480) samples.  

 

Bilayer films were prepared with different size combinations: 
240-200-t and 300-200-t. Both systems showed gradual change of 
reflectance spectra and colors from light green to blue (240-200-
t) and from red to blue (300-200-t), (Figure S7). The reflectance 
peaks assigned to arrays of SiO2 particles of 240 nm (λ = 510 nm) 
and 300 nm (λ = 640 nm) decreased, and the peak derived from 
the 200 nm particle array increased, with increasing EPD 
duration. Both systems showed clear interfaces between their 
lower and upper layers (Figure S7e and S7f). Chromaticity 
change was evaluated using L*a*b* and L*C*h° color space (Table 
S1). Changing the particle diameter and duration time, enabled 
control of chromaticity. Both a* and b* were controlled over a 
range from positive to negative values (Figure 6a) and h° values 
were from 137° to 327°, which indicates the that synthesized 
films cover a wide range of chromaticity. The values of a* and b* 
changed linearly with EPD duration for all the systems (Figure 
6b and 6c). Therefore, the desired colorants can be obtained by 
precisely tuning the chromaticity through simply changing the 
EPD duration. In summary, chromaticity of colloidal amorphous 
array type structurally colored films can be controlled by 
preparing bilayer structures using EPD. 

Structurally colored bilayer films composed of various sized 
SiO2 particles were successfully prepared through EPD 
accompanied by electrochemical Mg(OH)2 formation. This 
allows gradual chromaticity tuning of the films. Through the 
present approach, the structurally colored materials having a 
desired color will be easily coated on a large-area and/or complex-
shaped conductive materials. In contrast, other methods, such as 
atomization deposition, inkjet printing, and an evaporation-
based approach, will be beneficial for coating to non-conductive 
materials. 

 

 

Figure 6. (a) Plot of color coordinates, a* and b*; duration-
dependent change of (b) a* values and (c) b* values of 240-200-t (t = 
10−50) (black), 260-200-t (t = 10−120) (red), and 300-200-t (t = 30 
and 60) (blue). Closed symbols represent control samples. 

 

CONCLUSIONS 

In this study, chromaticity of structurally colored coatings 
composed of colloidal amorphous arrays was successfully tuned 
based on a detailed understanding of the EPD process. 
Investigations with various EPD conditions (amount of SiO2 
particles, amount of Mg salt, and applied EPD voltage) clarified 
the kinetics of the electrophoretic deposition of SiO2 particles 
and electrochemical formation of Mg(OH)2 binders. Conditions 
for preparation of well-colored coatings with controlled thickness 
over a wide range were found. Coating films composed of 
colloidal amorphous array bilayers, with SiO2 particle diameter 
combinations of 200/260 nm, 260/200 nm, 200/240 nm, and 
200/300 nm (lower/upper layer), were prepared with controlled 
upper-layer thickness. The threshold upper-layer thickness, above 
which the lower layer no longer affected the chromaticity of the 
film, was found to be approximately 19 μm. Chromaticity of 
films was controlled with a range of a* values from −8.49 to 9.61, 
b* values from −15.01 to 5.74, and h° values from 137° to 327° 
by varying the EPD duration. We believe that the facile approach 
to precise tuning of chromaticity presented in this study will 
bring structurally colored materials closer to practical use at an 
industrial scale.  
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