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ABSTRACT: Structurally colored coatings composed of colloidal arrays of monodisperse 

spherical particles have attracted great attention owing to their versatile advantages, such as low-

cost, resistance to fading, and low impacts on the environment and human health. However, the 

weak mechanical stability is considered to be a major obstacle for their practical applications as 

colorants. Although several approaches based on the addition of polymer additives to enhance 

the adhesion of particles have been reported, the challenge remains to develop a strategy for the 

preparation of structurally colored coatings with extremely high robustness using a simple 

process. Here, we have developed a novel approach to fabricate robust structurally colored 

coatings by using cathodic electrophoretic deposition (EPD). The addition of a metal salt, i.e., 

Mg(NO3)2, to the coating dispersion allows SiO2 particles to have a positive charge, which 

enables the electrophoresis of SiO2 particles toward the cathode. At the cathode, Mg(OH)2 co-

deposits with SiO2 particles because OH– ions are generated by the decomposition of dissolved 

oxygen and NO3
– ions. The mechanical stability of the colloidal arrays obtained by this process 

is remarkably improved because Mg(OH)2 facilitates the adhesion of the particles and substrates. 

The brilliant structural color is maintained even after several cycles of the sandpaper abrasion 

test. We have also demonstrated the coating on a stainless-steel fork. This demonstration reveals 

that our approach enables a homogeneous coating on a complicated surface. Furthermore, the 

high durability of the coating is clarified because the coating did not peel off even when the fork 

was stuck into a plastic eraser. Therefore, the coating technique developed here will provide an 

effective method for the pervasive application of structural color as a colorant. 
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■ INTRODUCTION 

Inorganic pigments are commonly employed for various applications, such as paints, 

plastics, ceramics, and glasses, owing to their high thermal stability, hiding power, and weather 

resistance.1−3 Most inorganic pigments, which have been previously used as colorants on an 

industrial scale, contain toxic metals, e.g., Cr, Hg, Cd, and Pb. These heavy metals are harmful 

not only to human health but also to the environment.3−8 As a result of their high toxicity, the use 

of these toxic elements has become the subject of strict control through the imposition of legal 

regulations such as the Restriction of Hazardous Substances (RoHS).9 In addition, governments 

of major developed countries have been legally executing agreements aimed at removing lead-

containing pigments by 2020. Therefore, much effort has been devoted to eliminate the use of 

toxic heavy metals and also to produce a novel class of colorants.1,10,11 In such efforts, structural 

colors have attracted great interest and extensive studies have been carried out in many 

fields.12−17 Unlike the colors of pigments or dyes, structural colors originate from the interaction 

of visible light with nano- or microstructures, such as from scattering, reflection, diffuse 

reflection, diffraction, and interference. Therefore, they can be prepared using safe materials 

without the need to contain heavy metals and maintain their colors semi-permanently unless the 

structures of the materials are destroyed. These unique properties of structurally colored 

materials can provide numerous possibilities for their application in paints,18−20 display 

devices,21−23 colorimetric sensors,24,25 smart windows,26 optical filters,27 and anti-

counterfeiting.28,29 Usually, nano- and microstructures with a modulation of the refractive index 

on the half scale of the wavelength of light are needed to obtain structural colors. One of the 

most versatile approaches, with high reproducibility, to fabricate such microstructures is an 

assembly of monodisperse spherical particles.13,17−19 The colloidal arrays can provide structures 
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with high controllability over the whole range of visible light by simply changing the size of the 

particles. The preparation strategy of monodisperse spherical particles has already been well 

established. For example, monodisperse SiO2 particles with desired sizes can easily be produced 

by the techniques based on the Stöber method.30 Colloidal arrays can be categorized into two 

types.31 The first is a colloidal crystal, which has long-range order in the array of the particles. 

The colloidal crystal exhibits glittering colors with strong iridescence, as seen in opals, so they 

are suitable for ornamental jewelry and the decoration of accessories. The other type of colloidal 

array is a colloidal amorphous array, which only has short-range order in the particle assembly. 

In contrast to a colloidal crystal, a colloidal amorphous array exhibits a relatively matt color with 

low iridescence, and is more comparable to pigmentary colors. Several methods, such as 

evaporation-based assembly,32 thermal-assisted assembly,33 drop-casting,34 spin-coating,29 

centrifugation,35 and spray coating techniques,36,37 have been developed for the preparation of 

structurally colored materials composed of colloidal arrays. However, it is difficult to coat 

surfaces with a large area and/or complicated shapes using these methods. The electrophoretic 

deposition (EPD) method is a useful technique with great potential for a rapid, low-energy 

consumption, and cost-efficient coating technology for a wide range of surfaces.38−40 The 

charged particles dispersed in the polar solvent migrate to the oppositely charged coating 

substrate by the application of a direct current (DC) voltage and then a colloidal array forms as a 

micrometer-thick layer. Therefore, EPD approaches have large potentials for colored coatings. 

41,42 Recently, we have successfully achieved structurally colored coatings by using the EPD 

method.43,44 Our approach has enabled the control of the thickness of the coating films over a 

large area, in contrast to that able to be achieved with other coating methods. In addition, we 

have demonstrated that both a colloidal crystalline array with iridescent structural colors and a 
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colloidal amorphous array with non-iridescent structural colors can be controllably prepared by 

varying the EPD conditions.44 Nevertheless, the practical applications of structurally colored 

coatings are still hindered by the feeble mechanical durability of the colloidal arrays arising from 

the weak interaction among the particles. To enhance the mechanical persistence of the colloidal 

arrays, several approaches have been examined. Various kinds of polymers, such as poly(vinyl 

alcohol),45 polyurea,46 polyacrylate,47,48 and chitosan,49 have been added as binders to improve 

the mechanical stability of the colloidal arrays. We have proposed a technique which involves 

the addition of a cationic polyelectrolyte, poly(diallyldimethylammonium chloride) (PDDA), to 

the EPD system.44 This technique enables us to prepare colloidal arrays through cationic EPD of 

SiO2 particles, whereas anodic EPD is usually selected for the assembly of SiO2 particles. PDDA 

acts as a binder and enhances the adhesion between the SiO2 particles and the substrate. As a 

result, the coating film prepared by this cathodic EPD exhibits high abrasion resistance compared 

with that prepared by normal anionic EPD. Dhinojwala and co-workers have also reported 

structural colored coatings through the EPD of SiO2 particles and co-deposition of 

polydopamine.50 The co-deposited polydopamine can enhance the mechanical property. 

Nonetheless, the mechanical durability of the colloidal arrays with polymer binders is still not 

sufficient for practical applications. In addition, the intrinsic drawbacks of organic polymers, e.g., 

poor heat resistance, also limit their practical applications. Therefore, the development of a novel 

strategy for the preparation of colloidal arrays that have high mechanical robustness is of 

significant importance and necessity. 

In this paper, a novel cathodic EPD process using metal cations is proposed to fabricate 

structurally colored coating films with extremely high abrasion resistance. The addition of 

cationic metal ions can invert the surface charge of SiO2 particles in the coating dispersion from 
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negative to positive. Moreover, metal hydroxides are generated at the cathode along with the 

EPD of SiO2 particles through the reaction of metal ions and hydroxyl ions generated on the 

cathodic surface. These metal hydroxides are expected to act as binders to adhere SiO2 particles 

to each other and to the substrate. First, appropriate metal ions, which have a potential for the 

formation of homogenous colloidal arrays of SiO2 particles through cathodic EPD, are examined. 

Next, the influence of the counter anions of metal salts on the formation of colloidal arrays is 

investigated. We also optimize the amount of metal salts added into the coating sols and the EPD 

conditions, such as applied voltage and duration. Finally, we compare the abrasion resistance of 

structurally colored coatings prepared by several EPD techniques, i.e., normal anodic EPD 

without any additives, cathodic EPD using polycation additives, and cathodic EPD using metal 

salts which is developed in this study.  

 

■ EXPERIMENTAL SECTION 

Materials. SiO2 particles (average particle diameters: 200, 260, and 300 nm) were obtained 

from Fuji Chemical Co., Ltd (Osaka, Japan.). Each size of particles had a narrow size 

distribution. Fe3O4 nanoparticles were provided by Toda Kogyo Corp. (Hiroshima, Japan.). 

Magnesium nitrate hexahydrate (Mg(NO3)2∙6H2O; ≥99.0%), calcium nitrate tetrahydrate 

(Ca(NO3)2∙4H2O; ≥98.5%), sodium nitrate (NaNO3; ≥99.0%), and magnesium sulfate 

heptahydrate (MgSO4∙7H2O; ≥99.5%) were purchased from Kishida Chemical Co., Ltd. (Osaka, 

Japan.). Ammonium hydroxide solution (NH3 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 
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received without further purification. Deionized water purified by a Millipore Milli-Q system 

(Merck Millipore, Billerica, MA, USA) was used in all experiments in this study. 

 

Preparation of coating sols for EPD. Coating sols for EPD, i.e., dispersions containing 

SiO2 particles and Fe3O4 nanoparticles, were prepared as follows. First, SiO2 particles (0.7g) 

were dispersed in 5 mL of the standard RCA-1 cleaning solution (5:1:1 H2O/H2O2 aq./NH4OH 

aq. (v/v/v) mixture) with ultrasonication. Then the dispersion was heated at 60 ºC for 30 min. 

This process was effective for the removal of organic substances from the surface of the SiO2 

particles owing to the solvating effect of NH4OH and the oxidizing effect of H2O2. As a result, 

the SiO2 particles obtain sufficient hydrophilicity by activation of the Si-OH groups on the 

surface of the particles. The particles were centrifuged at 9390 × g for 5 min. After removal of 

the supernatant, the particles were redispersed in deionized water. This washing process was 

repeated twice. Next, the centrifuged SiO2 particles were dispersed in 80 mL of 2-propanol with 

the assistance of ultrasonication. Then certain amounts of an aqueous dispersion of Fe3O4 

nanoparticles (2.5 wt%) were added to the dispersion. Finally, the EPD coating sols were 

completed by the addition of certain amounts of an aqueous solution of metal salts, e.g., 

Mg(NO3)2∙6H2O, to the dispersion. 

 

Cathodic electrophoretic deposition. A schematic representation of the EPD setup is 

shown in Fig. S1. Indium-tin oxide (ITO)-coated glass substrates were employed for EPD 

coating. Stainless-steel forks were used for the demonstration of the EPD coatings on a curved 

surface and complicated structure. The ITO-coated glass substrates were cleaned by the standard 

RCA-1 cleaning protocol, which was followed by rinsing with deionized water. Stainless-steel 
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wires (SUS304), which were shaped into spirals, were used as the counter electrodes. The 

coating substrate and the counter electrode were immersed in the coating sols. A specific voltage 

(10–40 V) was applied for a specific duration using a DC power supply (PAN110-3A, Kikusui 

Electronics Corp., Yokohama, Japan). An electrophoretic force toward the coating substrate was 

generated for the SiO2 particles and Fe3O4 nanoparticles by the application of a constant electric 

field. After electrophoresis, the substrates were withdrawn from the sols and dried at an ambient 

temperature. 

 

Characterization. Optical images were taken using a digital camera to confirm the colors of 

the coatings. Scanning electron microscopy (SEM; Hitachi, S-4800) was employed to 

characterize the arrangement of the SiO2 particles and the thickness of the EPD coating films. Pt 

sputter coatings were carried out before SEM observations. To observe the cross-sectional 

images, we cut the coating substrates using a diamond tip. The cutting position was fixed to 5 

mm from the bottom of the substrate. The reflectance spectra of the coating films were measured 

using a UV-vis spectrometer (JASCO V-670) with an absolute reflectance measurement unit 

(ARMN-735). The surface robustness is a key feature that affects the practical application of 

structurally colored coatings. In this work, the sandpaper abrasion test was performed to evaluate 

the mechanical robustness of the coating films. A diagrammatic illustration of the sandpaper 

abrasion test is shown in Fig. 1. The coated substrates were placed face-down on sandpaper (600 

mesh) and a 100-g weight was placed on top of the substrate. The sample was moved 3 cm in a 

straight manner at a rate of 1 cm sec−1, and this was defined as one cycle. The residual areas of 

the structurally colored coating films were evaluated after every abrasion test cycle.  
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 Figure 1. Schematic representation of the sandpaper abrasion test for the coating film on an 

ITO-coated glass substrate. 

 

■ RESULTS AND DISCUSSION 

Selection of metal salts. In this study, the metal cations were expected to have two roles. The 

primary role was as an agent to allow SiO2 particles and Fe3O4 nanoparticles to possess positive 

charges.51–53 The other role was to enhance the adhesion of the deposited films onto the substrate 

by forming metal hydroxides as binders.54 First, we examined three nitrate salts, NaNO3, 

Ca(NO3)2, and Mg(NO3)2, as additives for the coating sols of EPD. Optical photographic images 

of the coating films prepared from the sols containing various salts, i.e., NaNO3, Ca(NO3)2, or 

Mg(NO3)2, are shown in Fig. 2. The amount of the salts was fixed at 7.5  10−4 mol g−1 (vs. 

weight of SiO2 particles in the coating sols). SiO2 particles with a diameter of 200 nm were 

employed. The zeta-potential of the employed SiO2 particles in the neutral aqueous medium 

without any additives was –64.5 mV. The applied voltage and EPD duration were fixed at 20 V 

and 5 min, respectively. When NaNO3 was added to the coating sol, no film formation was 

confirmed (Fig. 2a). However, homogeneous coating films that exhibited vivid blue structural 

color were obtained by cathodic EPD from coating sols containing Ca(NO3)2 and Mg(NO3)2 (Fig. 
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2b, c). The zeta-potentials of SiO2 particles under these conditions were –40.6 mV (NaNO3), 

+21.2 mV (Ca(NO3)2), and +48.2 mV(Mg(NO3)2). The surface charge of the SiO2 particles was 

inverted to be positive when divalent cations, i.e., Ca2+ or Mg2+, were added. Therefore, it was 

expected that the adsorption of Ca2+ or Mg2+  afforded a positive charge to the SiO2 particles. 

However, Na+ did not have the ability to invert the surface charge of SiO2 particles from 

negative to positive because it is a monovalent cation.  

 

 

 

 Figure 2. Optical photographic images of coating films prepared by cathodic EPD using 

various metal nitrate salts as additives. The metal salt additives are (a) NaNO3, (b) 

Ca(NO3)2, and (c) Mg(NO3)2. The size of SiO2 particles used here is 200 nm. The quantity 

of metal salts in the coating sols is 7.5  10−4 mol g−1 (vs. weight of SiO2 particles). The 

EPD voltage and duration are 20 V and 5 min, respectively. 

 

The surface morphology of the coating films prepared by cathodic EPD from coating sols 

containing Ca(NO3)2 and Mg(NO3)2 was observed by SEM (Fig. S2). Particle arrays with 

disordered arrangements (without long-range orders) were observed for both films. When 

cathodic EPD was carried out in the presence of Ca2+, small deposits, which differed from SiO2 

particles, were observed (Fig. S2a). These deposits were predicted to be Ca(OH)2, which was 
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generated through the reaction of Ca2+ and OH– during the EPD process. Ca(OH)2 was deposited 

inhomogeneously on the SiO2 particle arrays and the particles were not interconnected. However, 

the deposits, which were predicted to be Mg(OH)2, were generated homogeneously into the 

voids of the SiO2 particles and the particles were partially interconnected when the coating films 

were prepared by cathodic EPD in the presence of Mg2+ (Fig. S2b). This difference of the 

generation of metal hydroxides on the voids in the particle array probably arose from the 

difference in the solubility between Mg(OH)2 and Ca(OH)2 in water. The solubility of Mg(OH)2 

in water (0.00122 g/100 mL (at 25 °C)) is much lower than that of Ca(OH)2 in water (0.16 g/100 

mL (at 25 °C)).55 Therefore, the formation of Mg(OH)2 was caused quickly and homogeneously 

when the SiO2 particles surrounded with Mg2+ reached the electrode surface by electrophoresis. 

The sandpaper abrasion test was carried out to compare the mechanical abrasion resistance of the 

coating films. Fig. 3 shows optical photographs of the cathodic EPD coating films prepared using 

Ca2+ and Mg2+ before and after the sandpaper abrasion test (1, 2, and 3 cycles). The remaining 

area of the coating films after the abrasion test as a function of test cycles is also shown in Fig. 3. 

The coating film prepared using Ca2+ began to peel (nearly 80%) after only one cycle of 

sandpaper abrasion. After three cycles, the coating was completely abraded (Fig. 3a, c). This 

result revealed that the adhesion between the coating and the substrate was relatively low. 

However, more than 90% of the coating films (in area) remained even after three cycles of 

sandpaper abrasion for the sample prepared using Mg2+ (Fig. 3b, c). Therefore, Mg2+ is a 

preferable cation as an additive for cathodic EPD to prepare coating films composed of arrays of 

SiO2 particles with high mechanical abrasion resistance.  
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 Figure 3. Optical photographic images of the EPD coating films prepared by cathodic EPD 

using (a) Ca(NO3)2 and (b) Mg(NO3)2 before and after the sandpaper abrasion test (1, 2, and 

3 cycles). (c) Remaining area of coating films after abrasion test as a function of test cycles 

for coating films prepared by cathodic EPD using Ca(NO3)2 and Mg(NO3)2. SiO2 particles 

with a diameter of 200 nm were used. The quantity of metal salts in the coating sols is 7.5  

10−4 mol g−1 (vs. weight of SiO2 particles). The EPD voltage and duration are 20 V and 5 

min, respectively. 
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Next, the influence of the counter anions of the Mg salts employed for the cathodic EPD coatings 

was investigated. Fig. 4 shows optical photographic images of the films prepared using MgSO4, 

(CH3COO)2Mg, and Mg(NO3)2. The amount of the salts was fixed to 7.5  10−4 mol g−1 (vs. 

weight of SiO2 particles in the coating sols). The applied voltage and EPD duration were fixed to 

20 V and 5 min, respectively. When MgSO4 was employed as a salt containing Mg2+, a coating 

film composed of arrays of SiO2 particles was not obtained (Fig. 4a). In contrast, a coating film 

was formed by cathodic EPD using (CH3COO)2Mg. The film and its structural color were not 

homogeneous as shown in Fig. 4b. However, a homogeneous coating film that exhibited a vivid 

blue structural color was generated by cathodic EPD from the coating sol containing Mg(NO3)2 

(Fig. 4c).  

 

 

 

 

 Figure 4. Optical photographic images of the EPD coating films prepared by cathodic EPD 

using Mg salts as additives. The Mg salt additives are (a) MgSO4, (b) (CH3COO)2Mg, and 

(c) Mg(NO3)2. The size of SiO2 particles used here is 200 nm. The quantity of metal salts in 

the coating sols is 7.5  10−4 mol g−1 (vs. weight of SiO2 particles). The EPD voltage and 

duration are 20 V and 5 min, respectively. 
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Judging from these results, nitrate is a preferable anion of the Mg salt for the formation of 

homogeneous particle arrays on the cathode by the EPD process. Actually, nitrate salts have been 

most commonly employed for the preparation of metal oxide films by the electrochemical 

deposition technique. For example, Izaki and co-workers reported the preparation of transparent 

ZnO films by an electrochemical reaction using Zn(NO3)2.56,57 The deposition reactions of the 

ZnO film on a cathode substrate are described by the following equations: 

 

O2 + 2H2O + 4e– → 4OH–    (1) 

NO3
– +  H2O + 2e–  → NO2

– + 2OH–   (2) 

Zn2+ + 2OH– → Zn(OH)2 → ZnO + H2O  (3) 

 

Eqs (1) and (2) suggest that the local pH increase in the vicinity of the cathode during the electric 

field application for the solution containing metal nitrate is caused by reduction reactions not 

only of dissolved oxygen but also of a nitrate ion. A schematic illustration of the chemical 

reaction during the application of an electric field is shown in Fig. 5. On the surface of the 

cathode, the local pH increased by the reactions of Eqs (1) and (2). The formation of Mg(OH)2 

occurred accompanied with the deposition of SiO2 and Fe3O4 particles according to Eq. (4) in the 

vicinity of the cathode.   

 

Mg2+ + 2OH– → Mg(OH)2                                (4) 
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Therefore, the use of Mg(NO3)2 seems to be suitable for the formation of Mg(OH)2 in the voids 

of an electrophoretically-deposited SiO2 particles array on the cathode in our system, and we 

employed Mg(NO3)2 as an additive for the cathodic EPD experiments in this study. The colors of 

the coating films were able to be controlled simply by changing the size of SiO2 particles. By 

cathodic EPD using a Mg(NO3)2 additive, homogeneous coating films with blue, green, and red 

colors could be fabricated from SiO2 particles with diameters of 200, 260, and 300 nm, 

respectively (Fig. S3). These colors were in accordance with the coating films prepared by 

anodic EPD or cathodic EPD using PDDA, as reported in our previous papers.43,44 The angle-

resolved optical properties of the coating films were examined to quantify the angle dependence 

of the structural color. Fig. S4 shows the reflection spectra of the coating films corresponding to 

the change in the measurement angle. The shifts of the positions of peak wavelengths in these 

reflection spectra were low even when the detection angle was varied from 10 to 60º. These 

results suggest that the films were composed of colloidal amorphous arrays. Hereafter, SiO2 

particles with diameters of 200 nm were employed representatively for the further examinations. 

 

 

 

 Figure 5. Schematic representation of chemical decomposition of H2O and NO3
–, and 

deposition of SiO2 and Fe3O4 particles with Mg(OH)2 on the surface of the cathode during 

application of an electric field. 
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Influence of the quantity of Mg(NO3)2. Next, the influences of the concentration of Mg(NO3)2 

on the formation of the coating films were investigated. Fig. 6 shows the optical photographic 

images and surface SEM images of the coating films prepared by cathodic EPD from sols with 

various quantities of Mg(NO3)2, i.e., 0.5–7.5  10−4 mol g−1 (vs. weight of SiO2 particles in the 

coating sols). The applied voltage and duration of the deposition were fixed at 20 V and 5 min, 

respectively. Homogeneous coating films with a vivid blue color were obtained by cathodic EPD 

even in the case of a lower Mg(NO3)2 concentration (0.5  10−4 mol g−1). The color was derived 

from the coherent light scattering from the array of particles with a size of 200 nm. The observed 

color appeared to be almost the same regardless of the concentration of Mg(NO3)2 in the coating 

sols. However, differences were found for the morphology of the obtained films with the 

concentration of Mg(NO3)2. From the SEM images of the coating films prepared with a lower 

Mg(NO3)2 concentration (≤0.5  10−4 mol g−1), only arrays of SiO2 particles with the short-range 

order were observed (Fig. 6e). In contrast, it was observed that the voids between SiO2 particles 

were partially filled with another substance, i.e., Mg(OH)2, in the case of the coating films 

prepared with a higher Mg(NO3)2 concentration (≥5.0  10−4 mol g−1) (Fig. 6g, h).   

 

 



 17

 

 

 Figure 6. (a–d) Optical photographic images and  (e–h) surface SEM images of the EPD 

coating films prepared by cathodic EPD using Mg(NO3)2 as additive. The quantities of 

Mg(NO3)2 are (a,e) 0.5  10−4, (b,f) 2.5  10−4, (c,g) 5.0  10−4, and  (d,h) 7.5  10−4 mol g−1 

(vs. weight of SiO2 particles in the coating sols). The size of SiO2 particles used here is 200 

nm. The EPD voltage and duration are 20 V and 5 min, respectively. 

 

The deposited Mg(OH)2 was able to connect SiO2 particles with each other and enhance the 

adhesion of particle arrays on the substrate. Therefore, the concentration of Mg(NO3)2 of the 

coating sols should affect the mechanical abrasion resistance of the resultant EPD coating films. 

Fig. 7 shows optical photographs of the cathodic EPD coating films prepared with various Mg2+ 

concentrations before and after the sandpaper abrasion test (1, 2, 3, 4, and 5 cycles). The 

remaining area of the coating films as a function of abrasion test cycles is also shown in Fig. 7. 

After one abrasion cycle, the remaining areas of the coating films were more than 98% 

regardless of the concentration of Mg(NO3)2 of the coating sols. In the case of the coating film 

prepared from coating sols with a lower Mg(NO3)2 concentration (0.5  10−4 mol g−1), the 

remaining area of the coating films diminished stepwise with each abrasion test cycle and the 
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remaining area after five abrasion test cycles was less than 50% (Fig. 7a). Even for the case 

when the Mg(NO3)2 concentration was 2.5  10−4 mol g−1, more than 30% (in area) of the 

coating film was abraded after five test cycles (Fig. 7b). However, more than 85% of the coating 

films (in area) prepared using coating sols with a higher Mg2+ concentration (≥5.0  10−4 mol 

g−1) remained even after five cycles of abrasion testing (Fig. 7c, d).  
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 Figure 7. Optical photographic images of the EPD coating films prepared by cathodic EPD 

using Mg(NO3)2 as additive before and after the sandpaper abrasion test (1, 2, 3, 4, and 5 

cycles). The quantities of Mg(NO3)2 are (a) 0.5  10−4, (b) 2.5  10−4, (c) 5.0  10−4, and (d) 

7.5  10−4 mol g−1 (vs. weight of SiO2 particles in the coating sols). (e) Remaining area of 

coating films after abrasion test as a function of test cycles for the coating films. The size of 

SiO2 particles used here is 200 nm. The EPD voltage and duration are 20 V and 5 min, 

respectively. 

 

The quantitative reflectance spectra of the coating films before and after five cycles of the 

abrasion test are shown in Fig. 8. The coating films were prepared with Mg(NO3)2 concentrations 

of 2.5  10−4 and 7.5  10−4 mol g−1. Before the abrasion tests, the reflection peak ascribed to 

coherent light scattering from the array of SiO2 particles with a diameter of 200 nm was clearly 

observed in the spectra of both samples. For the coating film prepared with an Mg(NO3)2 

concentration of 2.5  10−4 mol g−1, the peak intensity decreased drastically after the five cycles 

of the abrasion test (Fig. 8a). In addition, the reflection was also suppressed over the entire 
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wavelength range. This indicated that the film thickness was reduced by the abrasion test and the 

robustness of the film prepared by this condition was not very high. In contrast, the changes in 

the spectral shape were negligible even after the five cycles of the abrasion test for the coating 

film prepared with an Mg(NO3)2 concentration of 7.5  10−4 mol g−1 (Fig. 8b). Therefore, the 

coating film exhibited a high robustness and maintained a sufficient thickness after the abrasion 

test. Based on these results, the concentration of Mg(NO3)2 to add to the coating sols should be 

more than 5.0  10−4 mol g−1, and we fixed the concentration of Mg(NO3)2 to 7.5  10−4 mol g−1 

for the following experiments. 
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 Figure 8. Reflectance spectra of the coating films prepared by cathodic EPD using 

Mg(NO3)2 as additive before and after the sandpaper abrasion test. The quantities of 

Mg(NO3)2 are (a) 2.5  10−4 and (b) 7.5  10−4 mol g−1 (vs. weight of SiO2 particles in the 

coating sols). The size of SiO2 particles used here is 200 nm. The EPD voltage and duration 

are 20 V and 5 min, respectively. 

 

Influence of the EPD conditions. We investigated the influence of the applied voltage for EPD 

on the morphology of the coating films. The voltage was varied from 10 to 40 V. The duration of 

EPD was fixed at 5 min. Optical photographs and surface SEM images of the coating films 

prepared with various applied voltages are shown in Fig. 9. In addition, cross-sectional SEM 

images of the coating films prepared with applied voltages of 10 and 20 V are given as insets. As 

seen in Fig. 9a–c, the coatings exhibited a vivid blue structural color regardless of the applied 

voltages for the EPD process and the appearance of these films had almost no difference. 

However, there were appreciable differences in the morphology of the coating films at the 

micrometer- scale. When the applied voltage was 10 V, cracks with a size of 50 μm were 

observed in the surface SEM image (Fig. 9d). An uneven thickness was also observed in the 

cross-sectional SEM image. In the case of the coating film prepared with a higher applied 

voltage (40 V), there were a number of pinholes in the surface SEM image, though the size of the 

cracks decreased (Fig. 9f). The pinholes were proposed to be generated by the formation of H2 

gas from water electrolysis on the cathode owing to the high applied voltage. In contrast, no 

large cracks and pinholes were detected from the surface SEM image of the coating film 

prepared at 20 V (Fig. 9e). In addition, the cross-sectional image revealed that the morphology of 

the film in the direction of the depth was homogeneous. Here, 2-propanol was employed as the 
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main dispersant. Only a small amount of water was added to the coating sol as a solvent of 

Mg(NO3)2. Therefore, water electrolysis was suppressed even when the applied voltage was 

relatively high, such as 20 V. Therefore, we decided that the optimal applied voltage for the 

current EPD system was 20 V.  
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 Figure 9. (a–c) Optical photographic images and (d–f) surface SEM images of the EPD 

coating films prepared by cathodic EPD using Mg(NO3)2 (7.5  10−4 mol g−1, vs. weight of 

SiO2 particles in the coating sols). The insets in (e) and (f) are cross-sectional SEM images 

of corresponded films. The size of SiO2 particles used here is 200 nm. The applied voltages 

are (a,d) 10, (b, e) 20, and (c, f) 40 V. The EPD duration is 5 min. 

 

Next, we examined the influence of the duration of EPD on the thickness of the coating films. 

The duration was varied from 10 sec to 8 min. Optical photographs and the increases of the film 

thickness as a function of EPD duration are shown in Fig. 10. The cross-sectional SEM images 

of the coating films prepared with various EPD durations are also given in Fig. S5. The coating 

film obtained from a short EPD duration (10 and 30 sec) exhibited a faint structural color. The 

thickness of the film prepared by EPD for 30 sec was ca. 4 μm (Fig. 10b and Fig. S5b). It was 

proposed that the coherent light scattering generated from the film with such a thickness was not 

sufficient. The film thickness increased proportional to the EPD duration until 1 min. The 

thickness reached 9 μm when the EPD duration was 1 min. The film exhibited a brilliant 

structural color. When the total EPD duration was extended to 2 min, the additional increase of 

the thickness was only 1 μm. Moreover, the film thickness did not grow even when the EPD 
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duration was extended to 5 or 8 min (Fig. 10b). When the EPD duration was prolonged, the 

deposition amount of Mg(OH)2 in the voids of SiO2 particles increased, until the surface of the 

cathodic electrode was completely covered with insulating substance, i.e., Mg(OH)2. As a result, 

the electric field between anode and cathode decayed and the electrophoresis of SiO2 particles 

was suppressed. Therefore, these results revealed that our cathodic EPD system enables a control 

of the thickness of the coating films by the EPD duration, but there is a limit for the maximum 

thickness. 
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 Figure 10. (a) Optical photographic images of the EPD coating films prepared by cathodic 

EPD using Mg(NO3)2 (7.5  10−4 mol g−1, vs. weight of SiO2 particles in the coating sols). 

(b) Thickness of the EPD coating films as a function of the EPD durations. The size of SiO2 

particles used here is 200 nm. The EPD duration is 10 sec, 30 sec, 45 sec, 1 min, 2 min, 5 

min, and 8 min. The applied voltage is 40 V.  

 

Comparison of anti-abrasion property of coating films prepared by various EPD systems. 

The robustness of the structurally colored coatings is a very important feature for the widespread 

application. A total of five cycles of the sandpaper abrasion test were conducted to evaluate the 

mechanical stability of the colloidal arrays prepared by the various EPD methods. The coating 

film was prepared by cathodic EPD using Mg(NO3)2 (7.5  10−4 mol g−1) at 20 V for 5 min. For 

comparison, the coating films prepared by anodic EPD without any additives43 and by cathodic 

EPD using a polycation (PDDA)44 were also analyzed. For the anodic EPD, the EPD applied 

voltage and duration were 90 V and 1 min, respectively. The quantity of PDDA in the coating 

sols was 5.9  10–3 wt% in the case of cathodic EPD using a polycation (PDDA). In this case, the 

EPD applied voltage and duration were 7 V and 8 min, respectively. Optical photographic 

images of the coating films prepared by anodic EPD, cathodic EPD using polycation (PDDA), 

and cathodic EPD using Mg(NO3)2 before and after the sandpaper abrasion test (1, 2, 3, 4, and 5 

cycles) are shown in Fig. 11. The remaining area of the coating films after the abrasion test as a 

function of test cycles are also shown in Fig. 11. The coating film prepared by the anodic EPD 

process was completely scratched-off after only one cycle of the sandpaper abrasion test, which 

showed a weak adhesion between the SiO2 particles with each other and with the substrate 

without adhesive. In the case of the coating film prepared by cathodic EPD using PDDA, ca. 
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90% of the coating film remained after one cycle of the abrasion test; nevertheless, the film was 

almost completely peeled off after five cycles of the abrasion test (Fig. 11b). However, the 

coating films prepared by the cathodic EPD process using Mg(NO3)2 remained intact even after 

five cycles of abrasion testing (Fig. 11c).  
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Figure 11. Optical photographic images of the coating films prepared by (a) anodic EPD, 

(b) cathodic EPD using PDDA, and (c) cathodic EPD using Mg(NO3)2 as additives before 

and after the sandpaper abrasion test (1, 2, 3, 4, and 5 cycles). (d) Remaining area of 

coating films after the abrasion test as a function of test cycles for the coating films. The 

size of SiO2 particles used here is 200 nm. 

 

Further examination of the robustness of the coating films was performed by using stainless-steel 

forks and a plastic eraser. The stainless-steel forks were employed as coating substrate materials 

for EPD. The coating films prepared by both anodic EPD and cathodic EPD using Mg(NO3)2 

displayed homogeneous coatings with a vivid blue structural color. The robustness was 

examined by sticking the coated forks into the eraser. As shown in Fig. 12a and Mov. S1, flakes 

of the coating films prepared by anodic EPD easily peeled-off from the fork when it was stuck 

into the eraser. After pulling out the fork from the eraser, the bare metal surface of the fork was 

observed. This indicated that the mechanical stability of the coating film was low. In contrast, the 

blue structurally colored coating on the fork remained intact after the stick and pull test using the 

eraser when the film was coated by cathodic EPD using Mg(NO3)2 (Fig. 12b and Mov. S2). This 

result showed that this coating has sufficient mechanical stability against abrasion.  
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Figure 12. Optical photographic images of the EPD coating films on stainless-steel forks 

by (a) anodic EPD and (b) cathodic EPD using Mg(NO3)2 as additive before, during, and 

after sticking into the eraser. The size of the SiO2 particles used here is 200 nm. 

 

 

■ CONCLUSIONS 

In summary, we have developed a facile method to fabricate robust coating films which can 

exhibit vivid structural colors. The films composed of arrays of monodisperse spherical SiO2 

particles can be successfully constructed by the EPD process. The addition of Mg2+ ions allows 

the SiO2 particles to possess a positive charge in the dispersions and enables cathodic EPD for 

the formation of the particles array. The local pH increases in the vicinity of the cathode during 

the EPD process, which is caused by reduction reactions not only of dissolved oxygen but also of 

the nitrate ion added as a counter anion of the Mg salt. As a result, Mg(OH)2 co-deposits into the 

voids of the SiO2 particles array, which forms a strong adhesion between the particles and the 

substrate. The deposition amount of Mg(OH)2 within the particles array is affected by the 

concentration of Mg(NO3)2 in the coating sols. The coating films exhibit a noniridescent 
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structural color that originates from the coherent light scattering from the particles array with a 

short-range order. The structural color can endure cycles of the sandpaper abrasion test. The 

mechanical strength of the coating films prepared by this EPD process surpasses that prepared by 

a previous EPD approach, which includes cathodic EPD using polymer additives. Moreover, 

because all the components of the films are inorganic materials, i.e., SiO2, Fe3O4, and Mg(OH)2, 

an improvement of the robustness of the coating films can be expected not only for the 

mechanical stability but also for other features, including heat-resistance. Therefore, this system 

can provide novel perspectives as a sustainable coloring technique for various kinds of 

applications in paints and external decorations. 
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