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Abstract: In this study, structural colors were fabricated by producing an amorphous array with
atypical silica particles. The colors were controlled by an array of silica particles with different
sizes. In previous research, the process required inducement of the amorphous array, which was
complex. Meanwhile, in this paper, we proposed a simple one-step process. First, spherical silica
nanoparticles were synthesized using the sol-gel process of the Stober method. Atypical silica particles
that induced an amorphous array were produced by adding a small amount of phenol-formaldehyde
resin. Subsequently, the colloidal silica was converted to a powder using a convection oven.
The characteristics of the synthesized silica particles were confirmed using a scanning electron
microscope (SEM). All the synthesized silica powders obtained structural colors. Finally, the silica
powders were dispersed in deionized (DI) water and coated on a glass slide. We confirmed that the
silica particles showed different structural colors depending on the size of the particles. We also
found that the color was highly independent of the viewing angle.
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1. Introduction

Generally, the color of a substance is determined by its dyestuff and pigment. However, the colors
of these chemicals can degrade after prolonged exposure to ultraviolet radiation, which can lead to
environmental pollution and product cost issues. Structural colors are gaining attention as a way
to solve the problems above. The structural color is composed of micro-structures with intervals at
the wavelengths level of light. This structure causes a constructive interference effect for a specific
wavelength of light and destructive interference for the other light wavelengths [1-5]. Additionally,
structural color is generated by the Bragg’s diffraction condition, upon occasion, producing a rainbow
of colors [6]. Structural colors have physical properties that can overcome the limitations of color
expression, which occur when conventional chemically colored artificial pigments are used. Moreover, it
has the advantages of environmental friendliness, productivity, low cost, and high sustainability [7-10].

Structural color expression in colloidal particles is classified into two types: a regular array and an
irregular array of particles. Structural color with a regular array of particles changes color depending
on the viewing angle. This material is called a photonic crystal. The structural color associated with
an irregular array of particles is less dependent on the viewing angle. This substance is called a
photonic glass [11-13]. In particular, photonic glasses without angle dependency have the same optical
characteristics in all directions. These characteristics can increase the energy efficiency of solar cells
and can be used in paint or cosmetic materials with super-hydrophobicity and high sustainability.

Over the past two decades, research on photonic glasses has been actively pursued. Forsteretal. [14]
fabricated structural color films on glass coverslips using spin-cast spherical polystyrene particles
with average diameters of 226 nm and 271 nm. The produced film did not change color with the
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change in the viewing angle and it appeared blue-green. Additionally, spherical polystyrene particles
and carbon black were mixed to express structural color intuitively, where the carbon black content
controlled color saturation. Similarly, in research on carbon particles, Takeoka et al. [15] attempted
to induce an amorphous array of micrometer-sized spherical silica particles by rapid evaporation
of the solvent. However, iridescence appeared due to the crystalline arrays. To solve this problem,
the authors induced an amorphous array by mixing silica particles and carbon black. This mixture
resulted in the fabrication of structural color without angle dependency, with different colors arising
depending on the size of the silica particles. In another case, Teshima et al. [16] created structural colors
by producing monodispersed spherical aggregates using micro-flow-focusing devices. The various
colors produced depended on the concentration of colloidal silica, the size of the silica particles, and
the amount of magnetite colloidal particles used. In recent years, Zhang et al. [17] finely controlled
the ratio by mixing spherical polystyrene particles and cuttlefish ink particles to obtain various
high purity colors. Additionally, Gokhan et al. [18] used a centrifuge to replace the solvent of the
colloidal particles with ethanol. They then dispersed it on a substrate to form colloidal aggregates with
non-iridescent properties.

However, the evaporation process is complicated when a variety of structural colors are fabricated
under various conditions. Therefore, this calls for a method that can simplify the formation of a photonic
glass without using an additional process or particles. In this paper, a simple method for fabricating
structural colors using the sol-gel process with low angle-dependence was proposed, which did not
require the addition of other particles. Atypical silica was prepared by adding phenol-formaldehyde
resin. Silica powders appeared in a blue, green, and red color depending on the particle size, and the
colors of the powders were independent of various viewing angles. Moreover, photonic glass was
obtained by evaporating the silica solution redispersed in DI water on a glass slide. Both spherical silica
nanoparticles and atypical silica particles inducing an amorphous arrangement were fabricated through
the one-step synthesis process. Structural color arising solely from silica particles has different colors
depending on the sizes of the silica particles, and it is highly independent of viewing angle change.

2. Experimental Setup

2.1. Measurements and Materials

The arrangement and particle shape of the silica particles were monitored using scanning
electron microscopy (SEM, S-4800, Hitachi, Tokyo, Japan). The product synthesized through the
sol-gel process was examined using x-ray diffraction (XRD, X’pert Pro MRD, PANalytical, Almelo,
The Netherlands). The size of the silica particles was measured using a nano-micro particle size
analyzer (PSA, Scatteroscope-I, Qudix, Seoul, Korea). The reagents used for silica synthesis were
deionized (DI) water (extra pure grade, Duksan, Gyeonggi-do, Korea), ethanol (EtOH, 95%, Duksan),
ammonia water (28.0-30.0%, Samchun, Seoul, Korea), tetraethyl orthosilicate (TEOS, 95%, Samchun),
and phenol-formaldehyde resin. The phenol-formaldehyde resin was synthesized from phenol (99%,
Samchun) and formaldehyde (35%, Samchun) in a ratio of 1:1.5 [19].

2.2. Synthesis of Spherical Silica Nanoparticles

Figure 1 shows the manufacturing process for the silica particles. The phenol-formaldehyde
resin was dispersed ultrasonically in tetraethyl orthosilicate (TEOS) for 60 min. Ethanol and DI water
for the hydrolysis and condensation reactions were added to a round bottom flask and stirred at
600 rpm for 60 min. The phenol-formaldehyde resin/TEOS dispersion was injected into the ethanol/DI
water solution and then stirred at 600 rpm for 60 min. Next, ammonia water was injected and stirred
at 600 rpm for 120 min. The resulting solution was dried at 90 °C in a convection oven. Finally,
the agglomerates of dried silica were ground to a powder. The content of the phenol-formaldehyde
resin was changed to control the particle size of the silica. Three conditions were tested using 0.027 g,
0.030 g, and 0.033 g of the phenol-formaldehyde resin. Through this method, we prepared spherical
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silica nanoparticles. Additionally, spherical silica nanoparticles were prepared for comparison without
injecting the phenol-formaldehyde resin. Table 1 shows the amounts of the reagents used in the
synthesis of the spherical silica nanoparticles.

DI water

.. Tetraethyl
Stirrin y
(60ming) <: Ethanol orthosilicate (TEOS)
Stirring Ultrasonication
(60min) (60min)
Sﬁnil}g <: Ammonia water Phenol-formaldehyde
(120min) resin

Spherical silica nanoparticles

Figure 1. The manufacturing process for silica nanoparticles.

Table 1. Reagents used in the synthesis of spherical silica nanoparticles.

Sample Phenol-Formaldehyde TEOS Ethanol DI Water Ammonia
Resin [g] [mL] [mL] [mL] Water [mL]
Case 1 - 20 50 50 6
Case 2 0.027 20 50 50 6
Case 3 0.030 20 50 50 6
Case 4 0.033 20 50 50 6

2.3. Coating and Synthesis of Silica Solutions

Figure 2 shows the coating process for producing structural color using silica solutions. It is
impossible to arrange spherical silica nanoparticles in powder form amorphously. Therefore, silica
powder was dispersed in a liquid and used in the liquid solution state. In our study, deionized water
was used as the solvent. Silica powder was added to the DI water, and the concentration was adjusted
to 0.1 g/mL. The resulting solution containing silica powder was dispersed for 4 h using an ultrasonic
disperser. The silica solutions were then ready for use. The prepared silica solution was coated on an
alcohol-washed glass slide (76 mm X 26 mm X 1 mm) to express the structural colors.

Silica Solution

Glass Slide »

Silica Particle

Figure 2. Coating process for the silica solutions.
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3. Experimental Results and Discussion

3.1. Spherical Silica Nanoparticles

Figure 3 shows the XRD patterns for the products synthesized by the sol-gel process. Each pattern
shows a peak in the range of 15-30°. No additional peaks were found in other regions. The trend
for these XRD patterns was the same as that for the silica obtained by the sol-gel process reported
by Lin et al. [20]. The measured pattern (88%) was consistent with the SiO; pattern reported in the

crystallography open database (COD, no. 96-901-3492) [21]. We could confirm that the material
produced using this method was SiO5.
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Figure 3. X-ray diffraction (XRD) patterns of the silica powders. Case 1: No added phenol-formaldehyde
resin; Case 2: 0.027 g of added phenol-formaldehyde resin; Case 3: 0.030 g of added
phenol-formaldehyde resin; Case 4: 0.033 g of added phenol-formaldehyde resin.

Figure 4 presents the SEM images of the silica powder. Figure 4a shows a silica powder synthesized
without the phenol-formaldehyde resin, and the silica particles show uniform spherical shapes and
sizes. On the other hand, the silica powders in Figure 4b—d are synthesized with phenol-formaldehyde
resin. Spherical or atypical particles were formed. Unlike Figure 4a, some necks are observed between
the nanoparticles. This result was due to the phenol-formaldehyde resin.

Figure 4. Scanning electron microscopy (SEM) photographs of the silica powders: (a) No added
phenol-formaldehyde resin (Case 1); (b) 0.027 g of added phenol-formaldehyde resin (Case 2); (¢) 0.030 g
of added phenol-formaldehyde resin (Case 3); (d) 0.033 g of added phenol-formaldehyde resin (Case 4).
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Figure 5 indicates the particle size distribution of the manufactured silica powders. Each silica
powder was mixed with DI water at a concentration of 0.01 g/mL to determine the size of the particles.
Subsequently, the mixture was ground in an ultrasonicator for 15 min. Next, the size of the silica
particles was measured using a nano-micro particle size analyzer. The average size of the spherical silica
nanoparticles without the phenol-formaldehyde resin was 435 nm (Case 1). Meanwhile, the average
size of nanoparticles with the phenol-formaldehyde resin was 359 nm, 375 nm, and 502 nm, respectively
(Case 2—4). Consequently, the average size of the silica nanoparticles increased with the increasing
phenol-formaldehyde resin content.
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Figure 5. Particle sizes of synthesized silica distributions. No added phenol-formaldehyde resin
(Case 1); 0.027 g of added phenol-formaldehyde resin (Case 2); 0.030 g of added phenol-formaldehyde
resin (Case 3); 0.033 g of added phenol-formaldehyde resin (Case 4).

Figure 6 shows photographs of the manufactured silica powders. The silica powder of Figure 6a
shows an ivory white color typical of silica. The reason for this color was that light scattering off a
single particle passes through the surrounding particles, causing multiple scatterings such that the
intensity of the scattered light in all wavelengths is the same. Figure 6b—d shows the various structural
colors depending on the sizes of the spherical silica nanoparticles. The spherical silica nanoparticles
show a blue color at 359 nm, a green color at 375 nm, and red color at 502 nm. Owing to particle
aggregation by neck formation and the presence of atypical silica in Figure 4b—d, silica powders show

structural color. Aggregated particles suppress multiple scatterings and increase the size of the specific
wavelength [14,18].
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Figure 6. Photographs of the silica powders: (a) No added phenol-formaldehyde resin (Case 1);
(b) 0.027 g of added phenol-formaldehyde resin (Case 2); (c) 0.030 g of added phenol-formaldehyde
resin (Case 3); (d) 0.033 g of added phenol-formaldehyde resin (Case 4).
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3.2. Coating of Silica Solutions

Figure 7 shows the SEM images of the silica solutions coated on a glass slide. Figure 7a shows
a crystal lattice structure of a silica solution consisting of homogeneously sized, monodispersed,
spherical silica nanoparticles. However, in the case of Figure 7b—d, silica particles are arranged in
amorphous form instead of a lattice structure. The reason is that the particles of uniform size and shape
were arranged in a crystal lattice without disturbing other particles during the self-assembly process.
Meanwhile, the spherical silica nanoparticles did not form a lattice structure due to the presence of
atypical silica.

(b)

(d)

Figure 7. SEM photographs of the silica solution coatings: (a) No added phenol-formaldehyde
resin (Case 1); (b) 0.027 g of added phenol-formaldehyde resin (Case 2); (c) 0.030 g of added
phenol-formaldehyde resin (Case 3); (d) 0.033 g of added phenol-formaldehyde resin (Case 4).

Figure 8 shows photographs of the coated silica solutions at three viewing angles and photographs
of spherical silica nanoparticles rubbed on a black substrate. Figure 8a shows that the coated silica
solution changes color to blue, green, and red at viewing angles of 90°, 60°, and 40°. These changes
occurred because the crystal lattice structure in case 1 satisfied the Bragg’s equation (Equation (1) [11,22]).

2 .
A=2D \/ §(n,p,ffz —sin? 0) (1)

where D, A, 6, and Neff denote the size of the spherical silica nanoparticle, the reflection wavelength,
the angle of light incidence, and the effective refractive index, respectively. As shown in Figure 4a,
the average size of the spherical silica nanoparticles is 435 nm, and the effective refractive index is
1.35 [18]. The sizes of the particles were calculated theoretically from 438 nm to 704 nm with colors,
as shown in Figure 8a. In contrast, in Figure 8b—d, the silica solutions coated on glass slides show a
different color depending on the size of the spherical silica nanoparticles, and the same color as the
silica powder is observed. Furthermore, the colors did not change with the change in the viewing angle.
These results occurred because spherical silica nanoparticles did not form a crystal lattice structure,
but formed an amorphous array due to particle aggregation, as shown in Figure 7b—d. That is, atypical
silica particles interfered with the crystal arrangement of spherical silica nanoparticles. This amorphous
array was similar to the arrangement induced by the addition of carbon black particles, and similar
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results were reported in Reference [14]. Figure 8e indicates that various colored membranes comprise
solely of spherical silica nanoparticles. The average sizes of the particles were 300 nm, 400 nm, and
500 nm (from the left in the figure). It is confirmed that the color appeared differently according
to the size of the spherical silica nanoparticles. The color of the silica solution coated in this study
and the membrane color composed only of spherical silica nanoparticles showed similar trends to
Reference [15].

(a) (b) (c) (d)
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Figure 8. Photographs of the silica solution coatings under three viewing angles: (a) Case 1 (various
colors depending on angles); (b) Case 2 (blue); (c) Case 3 (green); (d) Case 4 (red); (e) Colored membranes
consist of solely of spherical silica particles.
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4. Conclusions

The process of structural color fabrication is challenging, owing to the complicated specific
conditions required. Thus, a simple fabricating method with low angle-dependence was proposed
without using additional processes or particles. Atypical silica particles and spherical silica
nanoparticles were synthesized simultaneously through a one-step process, and structural colors were
produced by inducing an amorphous array. The one-step process used the sol-gel process in which
TEOS and a small amount of phenol-formaldehyde were mixed before injecting the silica precursor.
Subsequently, spherical silica nanoparticles and atypical silica particles were produced. Moreover,
the size of the synthesized spherical silica nanoparticles increased proportionately with the amount
of phenol-formaldehyde resin added. Similarly, the size of the atypical silica particles also increased.
Atypical silica particles form necks between spherical silica nanoparticles and inhibit the formation of a
crystal array. Consequently, silica powder shows a different color depending on the size of the spherical
silica nanoparticles. On the contrary, silica powder without atypical silica particle appears ivory white.
Synthesized silica powder was dispersed in DI water to obtain a photonic glass. Once the colloidal
particles are separated and packed, it is difficult to redistribute the individual particles because the
surface energy has already been reduced by aggregation. For this reason, aggregated silica particles
were suspended in DI water due to the presence of atypical silica. Therefore, the coated silica solution
showed the same color as the silica powder. We confirmed that the coated silica solution induced an
amorphous arrangement from the SEM images. The results showed that the simple one-step method
for fabricating a photonic glass produced structural colors that were independent of viewing angle.
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