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Abstract: Photonic crystals employ optical properties based on optical, physical, chemical, and material
science. Nanosilica particles have a high specific surface area and are widely used in nanotechnology
research and biomedical applications. In this study, nanosilica particles were fabricated by sol-gel
methods, and the particle sizes of the silica nanoparticles were 280, 232, and 187 nm, based on
dynamic light scattering. The silica nanoparticle suspension solution was heated to boiling for fast
evaporation processing for self-assembly to fabricate three-dimensional photonic glass for structural
color coatings. The sample had an adjustable structural color (red: 640 nm, green: 532 nm, and blue:
432 nm). The microstructures of various structure-colored samples were arranged, but there was a
disordered solid arrangement of silica nanoparticles. These were not perfect opal-based photonic
crystals. Compared to opal-based photonic crystals, the arrangement of silica nanoparticles was a
glassy structure with a short-range order. Due to the accumulation of silica nanoparticle aggregates,
samples displayed a stable colloidal film, independent of the viewing angle. In our study, the fast
solvent evaporation in the self-assembly process led to the formation of a colloidal amorphous array,
and it fitted the requirement for non-iridescence. Non-iridescent photonic glass with various colors
was obtained. This type of color coating has wide potential applications, including reflective displays,
colorimetric sensors, textiles, and buildings.
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1. Introduction

A variety of natural creatures are of research interest. With the development of nanotechnology,
scientists have found that color comes from chemical dye molecules and physical structural color.
Dye pigment can selectively absorb the light of different wavelengths [1] and reflect the light of a specific
wavelength so that the object exhibits different colors. Dye molecules with different chemical structures
can be adjusted to produce different colors and fluorescent properties [2]. However, dye pigment
molecules are susceptible to fading and discoloration due to various factors (such as light, temperature,
oxidation, pH) [3]. The physical structural color is completely different from the dye pigment. It is
the result of optical effects, such as interference, diffraction, and scattering of the structures [4].
For example, regarding the colorful and striking brilliancy feathers of the peacock tail, the color is due
to feathers containing two-dimensional (2D) photonic-crystal structures [5]. Additionally, the male
of the Hoplia coerulea beetle shows a blue-violet color due to the beetle’s cuticle covered by scales [6].
Moreover, morpho butterflies exhibit surprisingly brilliant blue wings originating from the submicron
structure created on the scales of the wing [7].

In nature, some species, such as chameleons, have physical structural colors. They can change their
skin color arbitrarily. In the past, the effect of discoloration was generally considered to be achieved
by regulating the distribution of pigment molecules in skin tissue. In recent years, it has been found
that the skin tissue of the chameleon contains nano-sized crystals. The periodically arranged crystals
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form periodic structures and can change the period of the nanocrystal arrangement by shrinking or
relaxing the skin tissue. The refracted light of the epidermis of chameleons is modulated arbitrarily by
the results of physics [8]. The advantage of physical structural color is that it depends on the periodic
size, arrangement, and dielectric constant of the materials in photonic crystals. There is no defect of
fading or failure caused by dye pigment decomposition.

Photonic crystals are periodic structures formed by dielectric materials, and these special structures
are repeatedly arranged to form solid crystals [9]. When light passes through a three-dimensional (3D)
photonic crystal, the intensity of the electromagnetic wave in a specific wavelength band is greatly
reduced due to destructive interference. Incident light of a specific wavelength cannot be transmitted
inside the structure and form a photonic energy gap. This physical phenomenon is the basis of
structural color. Coatings are made via self-assembly methods and can be used as surface-enhanced
Raman scattering substrates. When the crystals exhibit various structural colors, the wavelength of
the reflected light increases as the particle size increases. When the photonic band gap overlaps the
wavelength of the incident laser source for the Raman spectrum, surface-enhanced Raman scattering is
significantly enhanced [10]. Based on their optical properties, the coatings have potential in various
fields, such as biomimetic fabrication, surface-enhanced Raman scattering, and other biological or
electronic applications.

Polystyrene has a unique dielectric property and good dimensional control. It is a commonly
used material for making photonic crystals [11]. In a previous study, the synthesis of polystyrene
particles was conducted via emulsification and a self-assembly process. It is an opal crystal array
and can be developed as a rapid qualitative detection device for methanol and ethanol. However,
polystyrene is a thermoplastic polymer material, and its glass transition temperature is about 80-90 °C.
It is not suitable for use in a high-temperature environment and has a poor chemical stability. It is easily
corroded by acid, alkali, and various organic solvents and is discolored by exposure to ultraviolet light.
These disadvantages make it poor for application in outdoor or acid-base environments.

Silica is a stable material and widely used in sensors [12], optoelectronics [13], quantum devices [14],
environmental science [15], and biomaterials [16]. Compared to organic polymer materials such as
polystyrene, silica is an inorganic material, which can be applied in a wider range of applications.
Silica is not limited by the poor tolerance of polymer materials, and can be used in high-temperature or
acid-base environments [17]. In this study, silica nanospheres with various diameters were fabricated
and self-assembly-arranged to form the structural color coating.

2. Materials and Methods

In this study, we used the sol-gel method and tetraethoxysilane (TEOS) as the precursor to
fabricate silica nanoparticles via their condensation and a hydrolysis reaction [18]. Silica (51O, i.e.,
transparent material in normal glass) was used, but not silicon (Si, an opaque material with a large
absorption in the visible region). In an acid environment, the reaction rate of hydrolysis was higher
than the reaction rate of condensation. The particle size was very small, but increased as the pH value
increased. Sample color changing was tuned by photonic crystals, by varying the period or size of
the nanospheres. The amount of precursor also influenced the particle size. Adding ethanol slowed
down the rate of the hydrolysis reaction and adding TEOS was the main factor in the size increase.
The preparation methods were described in our previous study [19], and the formula is given in Table 1.

Table 1. Precursor quantities of silica nanoparticle fabrication used to produce various structural
color samples.

Sample Color NH;OH (mL) H>,O (mL) TEOS (mL) Ethanol (mL)

Blue 1 9 1 9
Green 3 7 1 9
Red 5 5 1 9
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Photonic crystals with structural color were formed by self-assembly arrangement as periodic
structures [20]. Silica colloidal crystal coatings were prepared via self-assembly, which was forced
by solvent evaporation. A glass slide was used as the substrate. Samples were placed in beakers
that contained a silica nanoparticle suspension solution, and the solution was then heated to boiling.
This led to fast evaporation processing. The solvent was stirred and evaporated, and the silica
nanoparticles were anchored and remained upon the sample surface, and arranged via self-assembly.

The color of the samples was analyzed by the transmittance of the sample at different wavelengths.
It was obtained by an ultraviolet-visible spectrophotometer (UV-VIS, U4100, HITACHI, Tokyo, Japan).
Field-emission scanning electron microscopy (FE-SEM, AURIGA, ZEISS, Oberkochen, Germany) with
a Schottky emitter was used to observe the microstructures of samples. A transmission electron
microscope (TEM, JEM-1400, JEOL, Tokyo, Japan) was used to observe the silica nanoparticles.
Dynamic light scattering (DLS, Delsa Nano C, Beckman Coulter, Brea, CA, USA) was used to analyze
the diameter and polydispersity index (PDI) of the silica nanoparticles.

3. Results and Discussion

By adjusting the concentration of the reaction precursor, the ratio of water and ethanol, and the
pH, appropriate particle sizes can be screened [19]. The sample was prepared by stacking the silica
nanoparticles by self-assembly, as shown in Figure 1. The sol-gel method was used to prepare the
silica matrix nanospheres, which were stacked into 3D structures with red, green, and blue structural
colors by self-assembly, which was affected by the structure, diffraction, and scattering. As a result of
the optical effect, the color was completely different from the dye pigment molecule. Based on the
Bragg reflection, the specific wavelength became brighter and the other wavelengths became darker,
so the sample emitted a bright color [21].

Figure 1. Silica-based photonic glass with various colors.

The advantages of using the sol-gel method to prepare nanomaterials are the low synthesis
temperature; large vacuum process equipment; adjustable composition ratio; organic and inorganic
doping; and uniformity of the particle size, controlled to obtain a high purity. The uniformity of
the sample was very high. The sol-gel method uses a chemically active compound as a precursor,
and the reactant and precursor are uniformly dispersed in a liquid phase environment. The solution is
gradually formed into a sol system by temperature, concentration, pH, etc., and colloidal particles are
formed. They gradually aggregate and form a polymeric structure to produce a three-dimensional gel
structure. When the solvent in the voids of the gel framework is volatilized and dried, a material with
a nanostructure can be prepared [18]. This means that silica nanospheres of different particle sizes
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can be prepared, and the nanospheres of different particle sizes can correspond to different reflection
wavelengths, so that the samples exhibit different structural colors.

The transmittance of the sample at different wavelengths was obtained by an ultraviolet-visible
spectrophotometer (UV-VIS). As shown in Figure 2, the corresponding reflection wavelengths of the
three-color samples were 432, 532, and 640 nm, respectively. The red line is the spectrum of the
sample with a red color, so we marked the minimum transmission at 640 nm in the red color region
(600-700 nm). The minimum transmission was also found at the wavelength of 380 nm, but it was in
the UV region and was not marked. Sharp changes in transmission were observed for all three lines at
700 nm. The ultraviolet-visible spectrophotometer (UV-VIS, HITACHI U4100, Tokyo, Japan) has dual
detectors, and the detector change wavelength can be set at 700-900 nm. In this study, the detector
change wavelength was set at 700 nm because the visible-light region was 400-700 nm. The wavelength
range of visible light is 400-700 nm. The common blue wavelength is 450 nm, the green wavelength is
540 nm, and the red wavelength is 633 nm. The differences between the reflection wavelengths of the
samples prepared in this study were 18, 8, and 7 nm.
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Figure 2. Transmission spectrum for visible light of various colored samples.

Nanosilica particles of various sizes were fabricated via various conditions by tuning the amount
of NH4OH. In Table 1, these three conditions correspond to various colors (shown in Figure 1).
The minimum transmission (shown in Figure 2) was marked and used to determine the relationship
with the particle size. Due to the various fabrication conditions, the coatings could be made by
opal-based photonic crystals, vacancy-doped photonic crystals, and photonic glass [22-25]. The real
samples produced by self-assembly via various conditions were what we presented for the scientific
and technical information as a promising strategy for coatings.

The silica nanoparticles were stacked into a three-dimensional structure by self-assembly.
The sample was observed by SEM and is shown in Figure 3. The silica nanoparticles were observed by
TEM and are shown in Figure 4. The silica nanoparticles had a uniform spherical shape, and the size
ranged from 200 to 400 nm. This shows that the particles were closely arranged and had a multi-layer
structure. When the photonic crystal sample was self-assembled and formed, the defects or vacancies
meant that the structures were not tightly packed. The volume fraction of the photonic crystal was
decreased, and this caused the equivalent refractive index to decrease. This led to a blue shift in the
reflected light.
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Figure 3. Three-dimensional structure produced by silica nanoparticles observed by SEM.

200 nm

Figure 4. Silica nanoparticles observed by TEM.

According to Bragg’s law [26], the photonic crystal energy gap can be calculated. The diffraction
wavelength A can be calculated by the plane spacing dpyg of the crystal plane (hkl), the incident angle 6,
and the equivalent refractive index n.f;, as shown in Equation (1). The photonic crystal can be regarded
as a uniform medium, and the dispersive medium can calculate the equivalent refractive index . as
Equation (2) [27]:

A = 2dpyq[n%; - sin?0]” 1)

12 = [npfo + naie (1= £o)] @)
where 71, and n,;; are the refractive indices of the photonic crystal and air, and the volume fraction
of the photonic crystal is fp. According to the calculation results, the crystals were arranged in a
body-centered cubic (BCC) crystal structure with a volume fraction of 0.68; if the crystal was arranged
in a face-centered cubic (FCC) crystal structure, the volume fraction was 0.74, and if the crystal was
arranged in a hexagonal close-packed (HCP) crystal structure, the volume fraction was also 0.74.
For example, in the densely packed state, the equivalent refractive index of the silica photonic crystal
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was calculated by FCC (f,, = 0.74), the refractive index ng;, of the air was 1, and the refractive index np
of the silica photonic crystal was 1.5. The equivalent refractive index g of the silica photonic crystal
was 1.37. The lattice constant a of the FCC structure was calculated from the accumulated atomic
diameter D by a? + a? = (2D)?, and the plane spacing dyy of the crystal plane (hkl) was calculated

as follows:

a2

dog = 555
R (02 4 k2 4 12)

The (111) plane spacing of the FCC structure was dq1; = 0.816 D. If the incident angle is 0°, and the
equivalent refractive index n. of the silica photonic crystal is 1.37, the wavelength of the reflected light
of the photonic crystal is A = 2.236 D. In this study, the silica nanoparticles had a uniform spherical
structure with a size ranging from about 200 to 400 nm. The above theory could be used to estimate
the wavelength range of the reflected light from 447 to 894 nm and in the visible wavelength, so the
samples had structural colors corresponding to reflected light in the range of visible light.

The size of silica nanoparticles prepared by different conditions was measured by DLS.
The polydispersity index (PDI) values of the silica nanoparticles were 0.139 + 0.010, 0.203 + 0.017,
and 0.189 =+ 0.010 for blue, green, and red samples, respectively. The PDI values ranged from 0.0
(for a perfectly uniform sample) to 1.0 (for a highly polydisperse sample). Values of 0.2 or below were
deemed acceptable and suggested that the particles had narrow size distributions and were largely
homogeneous [28,29]. The sizes of the silica nanoparticles were 258 + 9, 303 + 6, and 389 + 20 nm for
blue, green, and red samples, respectively.

The DLS measurement results are shown in Figure 5. DLS detects the size of the silica nanoparticle,
and the measured particle size is a range. It was found that the nanoparticle easily formed micron-scale
clusters such that the particle size measurement value was too high. In order to correct the measured
particle size, the measured value of the reflected wavelength was calculated by the formula, the particle
size was calculated, and the energy distribution and quantity distribution of the sample were measured
with a dynamic laser light scattering instrument. The particle diameters obtained by the volume
distribution were compared, and the results are shown in Table 2.
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Figure 5. Silica particle diameter measured by dynamic light scattering (DLS).
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Table 2. The sample color and various diameters of silica nanoparticles of samples.

Calculated Intensity Number Volume
Sample Color Diameter (nm) Distribution Distribution Distribution
Diameter (nm) Diameter (nm) Diameter (nm)
Blue 193 187 + 8 145+ 6 163 £ 6
Green 238 296 + 17 186 + 35 231+ 16
Red 286 280+ 3 288 +15 251+ 10

As the particle size measured by DLS was not the true size of the nanoparticle but was the
hydraulic diameter of the nanoparticle in the solution, the dimensional data directly observed by the
TEM was higher. The DLS-measured results obtained by the illuminating scatter meter were calculated
by measuring the light intensity; therefore, the value obtained by the intensity distribution was closer
to the true size. As shown in Table 2, the particle sizes obtained by the intensity distribution were
187 + 8, 296 + 17, and 280 + 3 nm, respectively, compared to the values calculated by the formula,
which were 193, 238, and 286 nm, and the error was 3%, 24%, and 2%, respectively. The standard
deviation and error of the blue and red-light samples were quite small. The particle size measurement
obtained by the energy distribution was similar to the calculated value of the sample, but the color
of the light was green. The standard deviation and error of the light sample were large. Therefore,
the value of the number distribution was required. The particle size of the green light sample after
normalization was 232 nm, and the formula was calculated. The error was 3% with respect to 238 nm.
Through the measurement of the particle size, the calculated wavelength of the reflected light of the
samples was recalculated, and the wavelength of the measured value and the calculated value of
the wavelength were compared to obtain the blue-shift wavelength, the color of the reflected light of
different samples, and the wavelength. The measured value, the calculated wavelength value, and the
blue-shift wavelength are shown in Table 3. The sample did not consist of opal-based photonic crystals,
but possibly vacancy-doped photonic crystals or photonic glass. Short-term or long-term ordering
structures still exist. According to Bragg—Snell’s law, the calculated wavelengths of the three samples
are 418, 519, and 626 nm, respectively. Compared to the theoretical calculations, the variety between
measured values and calculated wavelengths are within 15 nm. Therefore, the normal incidence angle
in Equation (1) helps us to explain the basic wavelength of structural color.

Table 3. The measured and calculated wavelengths of samples with various colors.

Sample Color Measured Wavelength (nm)  Calculated Wavelength (nm) Blue Shift (nm)
Blue 432 418 14
Green 532 519 13
Red 640 626 14

Moreover, the sample did not consist of opal-based photonic crystals, but possibly vacancy-doped
photonic crystals or photonic glass. In order to observe the lack of ordering, the microstructures of various
structure-colored samples were observed and enlarged, as shown in Figure 6. The microstructures were
arranged, but there was a disordered solid arrangement of silica nanoparticles. These were not perfect
opal-based photonic crystals. Compared to the opal-based photonic crystals, the silica nanoparticles
formed a glassy structure with a short-range order. Non-iridescent structural colors based on a disordered
arrangement of monodisperse spherical particles, also called photonic glass, show low color saturation
due to a gradual transition in the reflectivity spectrum [24]. Due to the accumulation of silica nanoparticle
aggregates, samples showed a stable colloidal film, independent of the viewing angle [30]. In our study,
the fast solvent evaporation in the self-assembly process led to the formation of a colloidal amorphous
array, and it met the requirement for non-iridescence (shown in Figure 7). Non-iridescent photonic glass
with various colors was obtained. This type of color coating has wide potential applications, including in
reflective displays [31], colorimetric sensors [32], textiles [33], and buildings [34].
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Figure 6. Microstructures of various structure-colored samples: (a) Blue, (b) green, and (c) red. Sample
color is shown in the corner of each image.

Figure 7. The photographs at various incident angles (0°—45°) for different nanoparticle sizes.
4. Conclusions

In this study, nanosilica particles were fabricated by sol-gel methods, and the particle sizes of the
silica nanoparticles were controlled by tuning the amount of NH4OH. The silica nanoparticle sizes were
280, 232, and 187 nm, based on dynamic light scattering. The silica nanoparticle suspension solution
was heated to boiling for fast evaporation processing for self-assembly to fabricate three-dimensional
photonic glass for structural color coatings. The sample had an adjustable structural color (red: 640 nm,
green: 532 nm, and blue: 432 nm). Compared to the opal-based photonic crystal, the arrangement
of silica nanoparticles was a glassy structure with a short-range order. Due to the accumulation of
silica nanoparticle aggregates, samples displayed a stable colloidal film, independent of the viewing
angle. The fast solvent evaporation in the self-assembly process led to the formation of a colloidal
amorphous array, and it fitted the requirement for non-iridescence. Non-iridescent photonic glass with
various colors was obtained in this study. This type of color coating has wide potential applications,
including reflective displays, colorimetric sensors, textiles, and buildings.
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