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Chapter 1 General Introduction  
 

1.1 Colorants and their  types 

In this section, the history of colorant utilization is discussed, followed by descriptions of the 

colorants currently in use and the methods employed to evaluate them. 

 

1.1.1 History of colorants 

Since ancient times, humans have been captivated by the allure of color, incorporating naturally 

occurring hues into their artistic and daily practices. The use of color traces back to the 

Paleolithic period, evidenced by the employment of natural pigments in cave paintings and body 

modifications.1 These early pigments, sourced from soil, plants, and minerals, have been integral 

to human expression for tens of thousands of years. 

In ancient Egypt, artisans crushed colored natural ores into powder to serve as pigments. It is 

believed that blue pigments were produced from azurite (copper ores) and green from malachite, 

while red pigments were derived from iron oxide.2 As civilizations evolved, the extraction of 

pigments became more sophisticated, extending beyond the use of naturally occurring materials. 

For instance, in ancient India, the dye indigo was extracted from plants, marking a significant 

technological advancement in the utilization of natural substances for dyeing.3 

Further technological innovations occurred around 2000 BC when the Egyptians began adding 

blue and green hues to glass by incorporating copper and iron oxides.4 This practice was 

expanded by the Romans around the 1st century BC, who advanced glass manufacturing 

techniques, integrating colored glass into building materials and everyday objects.5 

The Middle Ages saw further refinement in the use of pigments. In Europe, a plethora of 

coloring techniques were developed, each workshop inventing unique methods. Pigments such as 
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red lead and lapis lazuli, still prominent in modern inorganic pigment applications, were 

developed during this period.6 The technology of glass coloring also proliferated throughout 

Europe, significantly influencing the art of medieval stained glass.7 

The modern era ushered in the synthesis of synthetic dyes. The earliest synthetic dyes were 

derived from substances such as coal tar by Friedlieb Ferdinand Runge8 and aniline, synthesized 

by August Wilhelm von Hoffmann,9 the mentor of William Henry Perkin. In 1856, the synthesis 

of mauveine by British chemist William Perkin catalyzed a revolution in dye technology, 

enabling more vibrant and cost-effective coloring of materials.10 

Despite the widespread adoption of synthetic dyes in the 20th century, concerns over their 

environmental and health impacts have emerged in recent decades. This has reignited interest in 

natural dyes and pigments. Concurrently, research has expanded into the development of 

functional pigments, including those capable of reflecting sunlight11 and biodegradable pigments 

derived from sustainable resources,12 reflecting ongoing efforts to harmonize technological 

advances with environmental stewardship.  

Thus, the history of colorants has changed with the development of culture and technology and 

has evolved in response to human aesthetic pursuits and practical needs. In other words, the 

history of colorants is a mirror that reflects the history of humanity. 

 

1.1.2 Organic colorants 

Organic colorants, which are dyes and pigments based on organic compounds, exhibit a diverse 

array of colors and chemical properties. These colorants can be either synthetic or derived from 

natural sources, finding utility across a broad spectrum of industries. 
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Synthetic organic dyes such as azo dyes and phthalocyanine dyes are extensively used. Azo dyes, 

characterized by the presence of the azo group (-N=N-), are among the most prevalent synthetic 

organic dyes, producing vibrant red, yellow, and orange hues.13 These dyes are predominantly 

utilized in the food, textile, and ink industries. Phthalocyanine dyes, noted for their blue and 

green shades, demonstrate exceptional resistance to light and chemicals, making them ideal for 

use in automotive paints and inks.14 

Conversely, natural pigments like carmine, curcumin, and chlorophyll are derived from 

biological sources. Carmine, or cochineal pigment, is a red pigment extracted from the cochineal 

scale insect used in foods and cosmetics.15 When extracted with warm or hot water, it is obtained 

as carminic acid and is insoluble as an aluminum salt. Curcumin, a yellow polyphenolic 

compound extracted from the turmeric root, is employed in food coloring and medicinal 

products.16 Chlorophyll, sourced from green leaves, colors foods and beverages. 

The classification of dyes and pigments hinges on their solubility and binding properties: dyes 

like carminic acid dissolve in solvents and chemically bond to substrates, imparting color, 

whereas pigments such as carmine are insoluble and adhere physically to surfaces. Due to their 

vivid colors and processing ease, organic colorants are vital in various fields including industrial 

products, art, cosmetics, and the food industry. However, carbon-based molecules are prone to 

"fading," a loss of color due to structural changes from decomposition by ultraviolet light or 

oxidation.17 Efforts to mitigate fading and deterioration include improving molecular structures, 

polymer bonding, using stabilizers, and, for pigments, adjusting their shape and size. Despite 

these efforts, current technology cannot entirely prevent the decomposition and deterioration of 

organic colorants. 
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and weather, thus are more suited for outdoor applications. They maintain their color stability in 

high-temperature environments and are less reactive to chemicals and solvents, making them 

ideal for industrial applications. Consequently, inorganic pigments are commonly employed to 

color products that demand longevity, such as building materials, automotive paints, and 

ceramics. However, the use of pigments containing hazardous elements is increasingly regulated, 

prompting the development of safer and more sustainable alternatives.24 

 

1.1.4 Other colorants 

In addition to organic colorants and inorganic pigments, structural color represents a distinct 

category of coloration. Structural color arises not from the chemical composition of materials but 

from the interaction of light with the microstructure of an object. This type of coloration is the 

result of the surface or internal structure of an object forming specific patterns that cause 

interference, diffraction, and reflection of incident light, producing distinctive colors. These 

colors often vary depending on the angle of light incidence and observation, and they change 

with the lighting conditions.25 

Structural color is generated through mechanisms such as interference, diffraction, and scattering 

of light. In phenomena like soap bubbles and an oil film on water, a thin film causes interference 

of light waves, selectively reinforcing certain colors.25 Furthermore, objects like compact discs, 

some butterfly wings,26 and certain bird feathers27 possess fine lattices and patterns that diffract 

light, creating visible colors. In the case of scattering, structures of specific sizes scatter light 

where the color observed is influenced by Rayleigh scattering,28 which colors the sky blue, and 

Mie scattering,29 which makes clouds appear white. 

Structural colors are prevalent in nature, observable in butterfly wings, bird feathers, and the 

shells of crustaceans. Technologically, structural colors find applications across a diverse range, 
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including security, art, decorative materials, and high-performance optical devices.30 They are 

employed in banknotes and passports to enhance anti-counterfeiting measures. Displays 

leveraging structural colors are anticipated to offer vivid colors along with energy efficiency. 

Research is actively pursuing the development of new materials that replicate the principles of 

structural color observed in nature through biomimicry. Structural colors are particularly 

advantageous due to their sustainability and minimal environmental impact. Unlike chemical 

dyes, they are long-lasting and resistant to fading. Additionally, they can be produced using safe, 

commonly available raw materials, circumventing the issues associated with inorganic pigments. 

These characteristics render structural colors highly valuable for specific applications. The 

classification and properties of structural color materials is discussed in the following section. 

 

1.1.5 Color evaluation 

Various scientific techniques are employed to accurately measure and express colors. The 

principal methods include spectrum measurement, evaluation using a multi-angle 

spectrophotometer, and evaluation with a color difference meter. Spectrum measurement 

methods encompass both reflection and transmission spectrum measurements. Reflection 

spectrum measurement assesses the color of an object by analyzing the spectrum of light 

reflected from its surface. This method determines how light of different wavelengths is 

reflected, identifying the color based on this data. It is particularly suited for measuring the color 

of non-translucent materials like solids and powders and can analyze surface color characteristics 

in detail, facilitating easy color reproduction and comparison. 

On the other hand, transmission spectrum measurement evaluates color by analyzing how light is 

absorbed as it passes through a material. This method is ideal for measuring the color of 

transparent materials, such as liquids and transparent solids. 
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Multi -angle spectrophotometers measure the reflection of light from different angles, making 

them capable of evaluating colors of materials with unique surface effects, such as gloss, 

metallic, and pearlescent finishes.31 These instruments are beneficial for materials whose color 

appearance changes with the viewing angle, such as automotive paints and cosmetic products, 

enabling the accurate capture of complex visual color effects. This feature is crucial for product 

management and quality control. 

Color difference meters quantify the difference between two colors as a numerical value based 

on a specified color space.32 These devices are instrumental in industries that demand high color 

reproducibility, including printing, painting, and textiles, ensuring color consistency across 

productions. 

Additionally, plotting the obtained spectrum as coordinates in a chromaticity diagram and a color 

space is possible. A chromaticity diagram, which illustrates hue and saturation (color purity), 

places colors on a two-dimensional plane.33 This diagram helps visually understand the 

relationship between hue and saturation. The most widely used chromaticity diagram is the CIE 

xy chromaticity diagram, established by the Commission Internationale de l'Éclairage 

(International Commission on Illumination).34 The CIE xy chromaticity diagram is a horseshoe-

shaped diagram encompassing all colors perceptible to the human eye. The primary feature of 

the CIE xy chromaticity diagram is that the diagram represents only hue and saturation based on 

the tristimulus values of color and does not include brightness. 

In contrast to the chromaticity diagram, a color space is a three-dimensional coordinate system 

that numerically expresses colors.35 To fully describe a color, color spaces include three 

dimensions: hue, saturation, and brightness (or lightness). Among the various types of color 

spaces, RGB, CMYK, HSV, HSL, CIE XYZ, and CIE Lab are commonly used. 
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RGB color space, representing Red, Green, and Blue, is prevalent in evaluating digital displays 

such as televisions, computers, and smartphone screens.36 The RGB color space creates colors by 

blending these three primary colors, based on the principle of additive color mixing where 

combining colors increases brightness and approaches white. This system allows for simple and 

intuitive color manipulation. 

CMYK color space, standing for Cyan, Magenta, Yellow, and Key (Black), is essential in the 

printing industry. The CMYK color space utilizes four ink colors and operates on the principle of 

subtractive color mixing, where colors become darker upon mixing.37 This system is ideal for 

accurate color reproduction in print. 

HSV color space, or Hue, Saturation, and Value, breaks down color into three components: hue 

indicates the type of color, saturation denotes the vividness, and value reflects the brightness.38 

This model facilitates intuitive adjustments that align with human color perception. 

HSL color space, which stands for Hue, Saturation, and Lightness, is frequently employed in 

web design. The HSL color space represents color with hue, saturation, and lightness, similar to 

HSV color space but differs in how brightness is handled, trending towards a middle gray, thus 

allowing for straightforward color balance adjustments and intuitive brightness control.39  

CIE XYZ color space is a standard developed from scientific analysis of color reproducibility, 

designed to reflect colors as perceived by the human eye with three components: X, Y, and Z. 

The X component predominantly relates to red hues, Y represents luminance or brightness as 

perceived by the human eye, and Z is primarily associated with blue hues.34 This space is 

excellent for color comparison and covers a wide color gamut. 

CIE Lab color space aims to accurately represent color differences, where L* indicates lightness, 

a* the red-to-green spectrum, and b* the yellow-to-blue spectrum.40 It employs nonlinear 

















16 

Using this calculation, it is possible to predict the behavior of light at specific wavelengths and 

design materials with specific optical properties, which makes it possible to design anti-reflective 

coatings or bandpass filters that enhance or cancel the light of specific colors. Recent reports of 

structural color materials using multilayer interference include anodized aluminum photonic 

crystal films with adjustable structural color53 and magnesium-based reflective filters prepared 

by magnetron sputtering.54 In addition, multilayer films that control not only reflection but also 

reflection and transmission have been developed.55,56 In addition, multi-layer film materials are 

applied to an electrochromic device that exhibits the Janus effect, characterized by materials that 

display different optical properties depending on whether they are viewed from the front or the 

back57  and a multilayer structure that created an optical Janus effect was reported.58 

Structural color materials utilize multilayer interference made of inorganic compounds and 

structural color materials utilize multilayer interference made of organic compounds. Photonic 

crystals made of polymers was reported using block copolymers, and in this study, 1D photonic 

structures were created by self-assembling the polymers through coating and crosslinking.59 

Photonic hydrogels have also been made by self-assembly of amphiphilic polymers and a 

structure in which lamellar amphiphilic bilayers of poly(dodecyl glyceryl itaconate) (PDGI) are 

alternately embedded in the matrix using hydrophilic polyacrylamide (PAAm) hydrogels, in 

which the bilayer domains function as "reflectors" and the hydrogel exhibits structural color.60 

 

1.2.3 Colloidal particle system 

Similar to the interference of light in a monolayer film and the interference of light in a 

multilayer film, when the refractive index changes periodically in a structure composed of 

particles, a reflection of a specific wavelength occurs, and it can be used as a structural color 

material. The mechanism can be explained by light interference, diffraction, and Bragg 
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Through these strategies, I aimed to develop photonic-plasmonic coupling color materials that 

combine the photonic properties derived from the periodic structure of the composition with the 

plasmonic characteristics of the embedded metal nitride nanoparticles. 

 

 

1.5 Contents of this dissertation 

This dissertation begins with an introduction chapter that explores the background of structural 

color materials. It emphasizes the significance of developing structural color materials that 

control absorption and reflection without the use of noble metals, which is the central aim of this 

research. The second chapter introduces zirconium nitride (ZrN) as a specific wavelength range 

absorber, capable of absorbing around 700 nm due to LSPR, and discusses the synthesis and 

evaluation of ZrN-SiO2 core-shell particles. The third chapter expands this investigation to 

include titanium nitride (TiN) and hafnium nitride (HfN) as specific wavelength range absorbing 

species, detailing the preparation and evaluation of TiN-SiO2 and HfN-SiO2 core-shell particles. 

The fourth chapter describes the synthesis process for SiO2-ZrN core-shell particles used in 

structural color materials, focusing on the reversed roles of metal nitride nanoparticles and silica, 

and their optical properties. The fifth chapter investigates materials that manage reflection by 

adjusting the size of silica particles and control absorption through the species and distribution 

density of metal nitride nanoparticles, including further developments with TiN and HfN. The 

sixth and final chapter concludes the findings and discusses their implications for the field of 

structural color materials.  
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Figure 2. 3 Photograph, TEM images, XRD profile, particle size distribution, and absorption 

specrum of the sample. (a) Photograph of the diluted particle dispersion. Transmission electron 

microscopy (TEM) images of the product from ZrO2 and Mg3N2. (b) Low magnification image. 

(c) Medium magnification image. (d) High magnification image. (e) X-ray diffraction (XRD) 

profile of the dried particles obtained. (f) Particle size distribution derived by analyzing the 

small-angle X-ray scattering (SAXS) intensity (Figure 2.4). (g) Absorption spectrum of the 

diluted particle dispersion. 
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Figure 2. 4 SAXS profile of the obtained ZrN particle dispersion. 

 

 

The ZrN-SiO2 core-shell particles were synthesized using the obtained ZrN dispersions. The dark 

blue solution transformed to a white hue as the reaction proceeded (Figure 2.5). During this 

process, the solution did not undergo gelation and precipitation. After each reaction, the particles 

were collected by centrifugation. Figure 2.6 shows the photographs of the particles obtained at 

each reaction time. The color of particles changed from dark purple to gray white as the amount 

of silica produced increased with the reaction time. Subsequently, the morphology of the 

synthesized particles was examined using scanning transmission electron microscopy (STEM). 

Figure 2.7 shows the high-angle annular dark-field (HAADF) STEM images of the particles 

obtained at various reaction times (40, 180, 300, and 1440 min). Spherical particles with internal 

cores are observed at all reaction times. The morphology of the core particles reflects the 
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Figure 2. 6 Photographs of particles synthesized at reaction times of (a) 40 min, (b) 180 min, (c) 

300 min, and (d) 1440 min. 

 

 

 

Figure 2. 7 HAADF STEM images of the particles produced at the reaction times of (a) 40 min, 

(b) 180 min, (c) 300 min, and (d) 1440 min. 
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Figure 2. 8 Size of the particles produced at the reaction times of (a) 40 min, (b) 180 min, (c) 

300 min, and (d) 1440 min. 
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Energy-dispersive X-ray spectroscopy (EDS) was employed to determine the elemental 

composition more precisely across different areas of the particles. From Figure 2.11.a,b, the 

EDS line scan demonstrates a concentration of Zr predominantly in the core area and a 

concentration of Si in the shell region. This distinct elemental distribution suggested a core-shell 

structure, a conclusion further supported by TEM imaging, as displayed in Figure 2.11.c. The 

TEM images showed specific features consistent with a core-shell morphology. The electron 

diffraction patterns in Figure 2.11.d displayed distinct spots, indicating crystallinity within the 

particles. To further validate these findings and explore the specific phases present, XRD was 

conducted on the synthesized particles. XRD measurements, as illustrated in Figure 2.11.e, 

showed the presence of the ZrN phase in particles synthesized after a reaction time of 1440 min. 

Collating the data from STEM-EDS and XRD, it can be concluded that the particles synthesized 

possess a ZrN core and an SiO2 shell, designating them as ZrN-SiO2 core-shell particles. The 

resonance wavelength of particles exhibiting LSPR is known to shift to longer wavelengths as 

the particle size increases. However, in the process of preparing core-shell particles in the present 

study, the change in the size of the ZrN particles themselves that exhibit LSPR was not observed. 

Therefore, I believe that there is no need to consider changes in the absorption wavelength due to 

changes in ZrN particle size. The absorption wavelength of ZrN nanoparticles due to LSPR is 

presumed to shift toward longer wavelengths when surrounded by SiO2, compared to when 

dispersed in water. This shift is attributed to the dependence of the LSPR resonance wavelength 

on the dielectric constant of the surrounding medium. The relative permittivity of water is 

approximately 1.33, while that of SiO2 is approximately 3.9. A higher dielectric constant tends to 

elongate the LSPR resonance wavelength of nanoparticles, as it more strongly suppresses the 

oscillations of electrons around the particle, resulting in resonance at lower energy (longer 
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wavelength).209 Analyzing the LSPR effects in the submicron-sized core-shell particles 

fabricated in this study is challenging due to the dominant influence of overall particle scattering 

over absorption by the core's LSPR. However, as observed in the obtained images (Figure 2.6), 

specific wavelength range absorption leading to a purple coloration of the particles is confirmed 

for shell thicknesses up to 250 nm. 

 

 

Figure 2. 11 STEM images and XRD profile of the products. (a) High-angle annular dark-field 

(HAADF) scanning transmission electron microscopy (STEM) image of products with 

highlighted energy-dispersive X-ray spectroscopy (EDS) analysis line. (b) Composition amount 

of the line across the particle. (c) Transmission electron microscopy (TEM) image of products. 

(d) Electron diffraction image of products. (e) X-ray diffraction (XRD) profile of the products. 
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The obtained ZrN-SiO2 core-shell particles were stacked on a glass substrate by the layer-by-

layer method using a poly(diallyl dimethylammonium chloride) (PDDA) solution. The layers of 

particles were formed on the surface of the substrate. Particle-stacked films comprising ZrN-

SiO2 core-shell particles were obtained (Figure 2.12). The thickness of the particle-stacked film 

was approximately 2 µm (Figure 2.13). The optical characteristics of the particle-stacked films 

of the obtained particles were assessed using reflection spectra. 

Figure 2.14 shows the reflection spectra of the particle-stacked films. In the case of the particle-

stacked films containing ZrN-SiO2 core-shell particles with diameters of 497, 628, and 715 nm, 

peaks appear at 542, 605, and 673 nm in the reflection spectra, respectively, as shown in 

Figures 2.14.a,b. The particle-stacked film composed of ZrN-SiO2 core-shell particles with 

particle size 289 nm did not exhibit a clear peak. In every instance, a peak was observed at 

approximately 330 nm. A similar peak at this wavelength was also evident in the SiO2 substrate 

alone. This consistent occurrence suggests that the origin of the peak can be attributed to the 

intrinsic properties of the SiO2 substrate. Table 2.1 shows the summary of particle size, 

coefficient of variation (CV) which means monodispersity, and peak positions of particle-staked 

film. The CV serves as a statistical metric to assess the homogeneity of particle size 

distributions. This is the standard deviation of the particle size distribution divided by the 

average particle diameter, and the lower the CV, the more uniform the particle size distribution. 

Conversely, a high CV indicates a large variation in particle size. In the reflection spectra 

derived from films stacked with particles, the observed maxima shift based on particle size. This 

shift suggests that these maxima indicate structural colors, arising from the strong reflection of 

specific wavelengths by periodic structures (i.e., Brag diffraction). However, the intensity is less 

than 10%, and the peaks are broad with large half-widths. The reason why the peaks with large 
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Figure 2. 13 (a) Surface SEM image and (b) cross-sectional SEM image of the prepared 

particle-stacked film. 

 

 

 

Figure 2. 14 Reflection spectra of the particle-stacked films composed of ZrN-SiO2 core-shell 

particles (a) with diameters of 289, 497, 628, and 715 nm, and (b) its enlarged view. 
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2.4 Method 

2.4.1 Materials 

Zirconium dioxide (ZrO2, 10 nm) was purchased from ITEC Co., Ltd. Magnesium nitride 

(Mg3N2) was purchased from Sigma-Aldrich. Tetraethoxysilane (TEOS) was purchased from 

Fluorochem Ltd. Ammonia solution (30 wt%) was purchased from KANTO CHEMICAL CO., 

INC. A PDDA solution (20 wt% in H2O) was purchased from Sigma-Aldrich. Hydrochloric acid 

(1 M) was purchased from KANTO CHEMICAL Co., Inc. 

 

2.4.2 Sample preparation 

2.4.2.1 ZrN nanoparticle dispersion 

ZrN nanoparticles were synthesized using a modified version of the process described by 

Karaballi et al.163 A mixture of 1 g of zirconium dioxide nanopowder and a 3 molar excess of 

Mg3N2 powder was mixed using an agate mortar for 5 min in an Ar glove box. The resulting 

mixture was transferred to an alumina combustion boat and hermetically sealed in a plastic bag 

with a zip. The powder confined in the plastic bag was immediately inserted into a quartz tube 

and heated at 1000°C for 12 h under nitrogen gas flow in a tubular furnace. After natural cooling 

to room temperature, 0.2 g of the final product was transferred to a beaker and mixed with 25 mL 

of 1.0 M HCl solution. The mixture was sonicated for 20 min and 20 mL of water was added. 

After stirring for 1 h, the supernatant was separated by centrifugation for 1 h at 11 000 rpm. The 

residual precipitate was then redispersed in 5 mL of water by sonication and centrifuged for 

15 min at 3300 rpm. The blue-colored supernatant was collected, and the precipitates were 

suspended in 5 mL of water by sonication. Finally, supernatants were collected. The ZrN 

concentration in the obtained dispersion was 0.03 wt%. 

 













56 

electrons varies, leading to changes in the wavelength at which the nanoparticles exhibit the 

strongest light absorption LSPR peak. This research aimed to investigate the effect of these 

nitrides in combination with silica shells, assessing the implications for optical applications. 

The methodology involves the synthesis of TiN and HfN nanoparticles exhibiting LSPRs, 

followed by preparing TiN-SiO2 and HfN-SiO2 core-shell particles using a sol-gel process,72 the 

same technique used for ZrN-SiO2. This approach aims to adjust the optical properties by 

strategically layering metal nitride cores with silica shells. By adjusting the thickness of the silica 

shell and the type of metal nitride core, I aim to tune the absorption wavelengths and use the 

particles as structural color materials. 

The synthesis and optical evaluation of these core-shell particles aim to provide insights into 

their potential applications, particularly in enhancing the efficiency and functionality of optical 

devices and sensors. This study broadens the understanding of metal nitride-based core-shell 

particles. 

 

 

3.2 Results and Discussion 

The mixture of oxide precursor (TiO2 or HfO2) nanopowder and Mg3N2 powder was heated at 

1000°C under nitrogen flow to obtain black products. Figure 3.1 shows the X-ray diffraction 

(XRD) profiles of the products obtained from the reaction between MO2 and Mg3N2. The 

products obtained after the reaction contained MN (M=Ti or Hf), MgO, and Mg3N2. MN and 

MgO were formed through the reaction of MO2 with Mg3N2, while the residual Mg3N2 was due 

to an excess of 3 molar equivalents of Mg3N2 added to the oxide precursor, resulting in unreacted 

Mg3N2 remaining. The reaction of MO2 and Mg3N2 forming metal nitride is as follows.163 
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Figure 3. 1 XRD profiles of the products obtained from the reactions between MO2 and Mg3N2, 

where M=Ti (top) and M=Hf (bottom). 

 

 

 

Figure 3. 2 Photograph of (a) the dispersion of the TiN nanoparticles, and the sols of the 

reaction times of (b) 1 h, (c) 2 h, and (d) 3 h. Photograph of (e) the dispersion of the HfN 

nanoparticles, and the sols of the reaction times of (f) 1 h, (g) 2 h, and (h) 3 h. 





60 

 

 

Subsequently, the morphology of the synthesized particles was examined using transmission 

electron microscopy (TEM) and scanning transmission electron microscopy (STEM). Figure 3.5 

shows the TEM images of prepared metal nitride nanoparticles and bright-field (BF) STEM 

images of the particles obtained at various reaction times (1 h, 2 h, and 3 h). TEM images 

showed that the particle size of synthesized TiN and HfN nanoparticles was 10-30 nm. Spherical 

particles with internal cores were observed at reaction times 1, 2, and 3 hours. However, there 

were also some particles without a core. The morphology of the core particles reflects the 

agglomeration state of the metal nitride nanoparticles. There were agglomerated metal nitride 

nanoparticles inside the shell. 

The shell thickness was changed by varying the reaction time. Moreover, BF STEM images are 

obtained by detecting electrons that have passed through the sample. The BF STEM image 

contrast is primarily influenced by the amount of electron scattering, dependent on the element's 

atomic number. In these images, heavy atoms scatter more electrons and thus appear darker, 

while light atoms scatter fewer electrons and appear brighter. The BF STEM images in Figure 

3.5 show that the particle's core area appears darker than its shell area, suggesting a different 

atomic composition between the core and shell. These results confirmed that core-shell particles 

containing metal nitride core formed. However, particles that did not contain a metal nitride core 

were also produced, and some particles became distorted from a spherical shape due to the 

agglomeration of the core metal nitride nanoparticles. For particles to be used as components of 

structural color materials, they need to be spherical and have uniform sizes. Therefore, it was 

difficult to use the particles obtained as components of structural color materials. 
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Energy-dispersive X-ray spectroscopy (EDS) was employed to determine the elemental 

composition more precisely across different areas of the particles as shown in Figure 3.8.a,d. 

The EDS line scan showed a concentration of Ti or Hf predominantly in the core area. This 

distinct elemental distribution suggests a core-shell structure, a conclusion further supported by 

TEM imaging, as displayed in Figure 3.8.b,e. The TEM images showed specific features 

consistent with a core-shell morphology. The electron diffraction patterns in 

Figure 3.8.c,f showed distinct spots, indicating crystallinity within the particles. Collating the 

data from STEM-EDS and XRD, it can be concluded that the particles synthesized possess an 

MN core (M=Ti or Hf) and a SiO2 shell, designating them as MN-SiO2 core-shell particles 

(M=Ti or Hf).  
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Figure 3. 8 (a) HAADF STEM image of the products using TiN nanoparticles with highlighted 

energy-dispersive X-ray spectroscopy (EDS) analysis line. (b) Transmission electron microscopy 

(TEM) image of the products using TiN nanoparticles. (c) Electron diffraction image of the 

products using TiN nanoparticles. (d) HAADF STEM image and EDS line scan of the products 

using HfN nanoparticle. (e) TEM image of the products using HfN nanoparticles. (f) Electron 

diffraction image of the products using HfN nanoparticles. 

 

 

The absorption spectrum of the TiN nanoparticle dispersion and HfN nanoparticle dispersion 

respectively exhibits a peak at approximately 880 nm and 630 nm, as shown in Figure 3.9. For 

both TiN and HfN, the peak wavelength shifted to the shorter wavelength side after one hour of 

reaction time, and after that, the peak disappeared. The absorption wavelength of TiN and HfN 

nanoparticles due to LSPR is presumed to shift toward longer wavelengths when surrounded by 

SiO2, compared to when dispersed in water for the same reasons as with the ZrN system. Indeed, 
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analyzing the LSPR effects in the submicron-sized core-shell particles fabricated in this study is 

challenging due to the dominant influence of overall particle scattering over absorption by the 

core's LSPR. However, as observed in the obtained images (Figure 3.4), specific wavelength 

range absorption leading to dark green and dark blue coloration of the particles is confirmed for 

TiN-SiO2 core-shell particles and HfN-SiO2 core-shell particles, respectively. 

 

 

Figure 3. 9 Absorption spectra of the obtained particle dispersion at reaction times of 0 h, 1 h, 2 

h, and 3 h. 

 

 

The above results indicated that MN-SiO2 core-shell particles were synthesized by liquid-phase 

synthesis of SiO2 around MN nanoparticles (M=Ti or Hf), using TEOS as the raw material. 

Adjusting the reaction time controlled the thickness of the SiO2 shell. Additionally, the formation 

of the SiO2 shell was suggested to prevent the oxidation of the metal nitride nanoparticles. 
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Figure 4. 1 (a) Schematic illustration of the preparation process of SiO2-ZrN core-shell particles. 

(b) SE-STEM image of the obtained particle. (c) Absorption spectra of an aqueous dispersion of 

ZrN particles and the obtained core-shell particles containing 150, 180, 210, 240, 270, and 

300 nm SiO2 core particles. d) XRD pattern of the obtained particles. (e) BF-STEM image of the 

obtained particle and EDS mapping images highlighted by elements Zr and Si. (f) TEM images 

of the obtained particle and electron diffraction image: low magnification image, intermediate 

magnification image, and high magnification image of the area enclosed by the red square. 
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Figure 4. 2 (a) HAADF STEM micrograph and (b) BF STEM micrograph of one SiO2-ZrN 

core-shell particle. 

 

 

4.2.2 Optical Properties of Core-Shell Powders and Particle-Stacked Films 

Figure 4.3 displays a photograph of the dried powder and BF-STEM images of the obtained 

SiO2-ZrN core-shell particles. The BF-STEM images (Figure 4.4) showed that the ZrN 

nanoparticles were attached to the surface of the SiO2 core particles of all sizes used, forming 

SiO2-ZrN core-shell particles containing 150-300 nm of SiO2 core. The obtained particle's size 

distribution (Figure 4.5) shows the high monodispersion of SiO2-ZrN core-shell particle size 

enough to exhibit structural color since the ZrN nanoparticles were smaller compared to the core 

SiO2 particles and did not significantly affect the overall diameter of the core-shell particles 

when attached to the surface of SiO2. The powder of the obtained SiO2-ZrN core-shell particles 

exhibited a color that depended on the particle size after drying at room temperature. The change 

in color depending on particle size indicated that the color originated from the aggregate 

structure of the particles. 
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Figure 4. 3 Photographs of the obtained powder and BF-STEM images of the SiO2-ZrN core-

shell particles containing SiO2 core particles of 150, 180, 210, 240, 270, and 300 nm. 

 

 

 

Figure 4. 4 BF STEM images of the SiO2-ZrN core-shell particles containing SiO2 core particles 

of 150, 180, 210, 240, 270, and 300 nm. 
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also shown. Figure 4.7.a shows the results when SiO2 particles were only used for particle-

stacked film fabrication. Regardless of whether SiO2-ZrN core-shell particles or SiO2 particles 

were used as constituent substances, the color of the particle-stacked film changed depending on 

the size of the constituent particles, indicating that the color of the particle-stacked films was 

caused by the differences in particle size. 
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vertical plane of the particle laminated film, with the reflected light detected with an integrating 

sphere unit. (c) Angular dependence of reflection spectra of particle-stacked films comprising 

SiO2-ZrN core-shell particles with core particles of 270 nm. The reflectance intensity was 

measured to analyze angular dependence: the incident angle of the light source to the particle-

stacked film was 10°, and the reflection angle to the detector was in 10° increments from 35° to 

65°. (d) Surface FE-SEM images of particle-stacked films comprising SiO2-ZrN core-shell 

particles with core particles of 270 nm and Fourier transform the image. (e) Cross-sectional FE-

SEM images of particle-stacked films comprising SiO2-ZrN core-shell particles with core 

particles of 270 nm. 

 

 









85 

only SiO2 particles. Even in the case of particle-stacked films with 240 and 300 nm particles, the 

shift was smaller for SiO2-ZrN core-shell particles (Figure 4.8 and Figure 4.9). These results 

suggested that the SiO2-ZrN core-shell particles were stacked more randomly than the 

SiO2 particles. The difference in the peak wavelength shift of the reflection spectrum between 

the SiO2-ZrN core-shell particle-stacked film and SiO2 particle-stacked film when the angle was 

altered by 30° was 14 nm, imperceptible to the naked eye. However, this result quantitatively 

demonstrated that the core-shell particle-stacked film exhibited less angular dependence than the 

silica particle-stacked film. 
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Figure 4. 8 Angular dependence of reflection spectra of particle-stacked films comprising SiO2-

ZrN core-shell particles with core particles of 150, 180, 210, 240, 270, and 300 nm. 
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Figure 4. 9 Angular dependence of reflection spectra of particle-stacked films comprising SiO2 

particles with particle size of 150, 180, 210, 240, 270, and 300 nm. 
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The stacked particle films were observed using field-emission scanning electron microscopy 

(FE-SEM) to investigate the stacking state of the particles. Figure 4.6.d,e shows surface and 

cross-sectional FE-SEM images of the particle-stacked films. The surfaces of the particle-stacked 

films composed of SiO2-ZrN core-shell particles were smoother than those of the SiO2 particle-

stacked films (Figure 4.10) because the particle-stacked films composed of SiO2-ZrN core-shell 

particles had fewer irregularities made up of particle agglomerates than SiO2, thus reflecting the 

differences in the state of particle film formation. Although no noticeable difference was 

observed in the surface images of the particle-stacked films at medium magnification, 

differences between the particle-stacked films composed of SiO2-ZrN core-shell particles and 

SiO2 particles were visible in the surface FE-SEM images at high magnification. Only spherical 

particles were observed in the SiO2 particle stack (Figure 4.11), whereas protrusions on the 

particle surface were observed in the SiO2-ZrN core-shell particles. These protrusions correspond 

to ZrN nanoparticles attached to SiO2 core particles. The Fourier transform image of the surface 

of the SiO2 particle-stacked film clearly exhibited rings derived from the periodic structure 

compared to the image of the surface of the particle-stacked film of SiO2-ZrN core-shell 

particles. More distinct rings indicate higher periodicity of the constituent particles. Thus, the 

periodicity of the SiO2-ZrN core-shell particles in the particle-stacked films was lower than that 

of the SiO2 particle-stacked films, implying that the particle-stacked films of the SiO2-ZrN core-

shell particles had less angular dependence on reflection, consistent with the reflection spectrum 

results (Figure 4.6.c). From the cross-sectional FE-SEM images (Figure 4.6.e), no significant 

periodicity was observed in the height direction for both the particle-stacked films of the SiO2-

ZrN core-shell particles and SiO2 particles (Figure 4.12). It was considered that there was no 











93 

 

Figure 4. 13 BF-STEM images, photographs of the obtained powder, and photographs of the 

particle-stacked films are presented for the following samples: 240 nm SiO2 particles, SiO2-ZrN 

core-shell particles containing 240 nm SiO2 particles as the core, and SiO2-ZrN core-shell 

particles with a dense ZrN as shell and 240 nm SiO2 particles as the core. 

 

 

Figure 4. 14 Reflection spectra of the particle-stacked films composed of 240 nm SiO2 particles, 

SiO2-ZrN core-shell particles with core particles of 240 nm, and SiO2-ZrN core-shell particles 

with a dense ZrN as shell and 240 nm SiO2 particles as the core. The light was incident at 5° 

from the vertical plane of the film, with the reflected light detected with an integrating sphere 

unit. 
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The powder confined in the plastic bag was immediately inserted into a quartz tube and heated at 

1000 °C for 12 h under nitrogen gas flow in a tubular furnace. After natural cooling to room 

temperature, 0.2 g of the final product was transferred to a beaker and mixed with 25 mL of 

1.0 m HCl solution. The mixture was sonicated for 20 min, and water (20 mL) was added. After 

stirring for 1 h, the supernatant was separated by centrifugation for 1 h at 11 000 rpm. The 

residual precipitate was redispersed in 5 mL of water by sonication and centrifuged for 15 min at 

3300 rpm. The blue supernatant was collected to obtain a dispersion of the ZrN nanoparticles. 

 

4.4.2.2 SiO2-ZrN core-shell Particles 

PVP 90 (0.1 g) was added to a water dispersion (50 mL) of SiO2 particles (0.05 g) while stirring 

at 400 rpm. The mixture was continuously stirred for one night. Subsequently, the liquids were 

centrifuged at 3300 rpm for 15 min, with the supernatant discarded to remove the solution 

containing unattached PVP 90. The precipitate was resuspended in water (50 mL) and sonicated. 

The suspended liquid was centrifuged again at 3300 rpm for 15 min, with the supernatant 

discarded again. The residue was suspended in water (5 mL) to obtain SiO2 particles modified 

with PVP 90. The ZrN dispersion (0.4 mL) was added to a 1 mL dispersion of modified 

SiO2 particles. The mixture was then shaken and sonicated. The obtained dispersion was 

centrifuged at 3300 rpm for 15 min, with the supernatant discarded to remove the ZrN 

nanoparticles not attached to the SiO2 particles. The residual precipitate was dried to obtain the 

SiO2-ZrN core-shell particles. 

 

4.4.2.3 Particle-Stacked Films 

The obtained SiO2-ZrN core-shell and SiO2 particles were arrayed onto glass substrates by drop-

casting using silicone molds. Silicone molds, with a thickness of 3 mm and a 1 cm square hole, 
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maximum absorption. However, the dispersions of core-shell particles containing 150 nm and 

180 nm showed an increasing trend of absorbance at the wavelength corresponding to the 

absorption of HfN. The X-ray diffraction (XRD) profile (Figure 5.1d) shows the obtained core-

shell particles contained TiN or HfN.  

 

 

Figure 5. 1 XRD profiles of washed products from Mg3N2 and MO2 (M=Ti and Hf). 

 

 

Figure 5. 2 (a) TEM micrograph of obtained TiN particles and (b) high-magnification image of 

TiN particles. (c) TEM image of obtained HfN particles and (d) high-magnification image. 
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Figure 5. 3 Absorbance spectra of obtained TiN nanoparticle dispersion and HfN nanoparticle 

dispersion. 
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Figure 5. 4 (a) Schematic illustration of the preparation process of SiO2-MN core-shell particles. 

SE-STEM images of the obtained particle using (b) TiN nanoparticle dispersion and (c) HfN 

nanoparticle dispersion. (d) Absorption spectra of aqueous dispersions of TiN nanoparticles and 

the obtained core-shell particles containing 150, 180, 210, 240, 270, and 300 nm SiO2 core 

particles, and (e) HfN nanoparticles and obtained particles using them. (f) XRD pattern of the 

obtained particles. 
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Figure 5. 6 (a) BF-STEM image of the obtained particle containing TiN nanoparticles and EDS 

mapping images highlighted by elements Ti and Si, and (b) BF-STEM image of the obtained 

particle containing HfN nanoparticles and EDS mapping images highlighted by elements Hf and 

Si. (f) HAADF-STEM images of the obtained particle containing (c) TiN nanoparticles and (d) 

HfN nanoparticles: overall view of particle, low magnification image, intermediate magnification 

image, and high magnification image of the area enclosed by the red square. 
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Figure 5. 7 Absorption spectra of aqueous dispersions of SiO2-TiN shell particles containing 

150, 180, 210, 240, 270, and 300 nm SiO2 core particles (0.125 wt.%). 

 

 

5.2.2 Optical Properties of Powders and Particle-stacked Films of SiO2-TiN Core-shell Particles 
and SiO2-HfN Core-shell Particles 

Figure 5.8.a,c shows photographs of the dried powder, and Figure 5.8.b,d shows BF-STEM 

images of the obtained SiO2-TiN core-shell particles and SiO2-HfN core-shell particles 

containing 150, 180, 210, 240, 270, and 300 nm SiO2 core particles. In the case of SiO2 particles 

alone with nothing attached to them, the powder was white (Figure 5.9), whereas the powder of 

SiO2-metal nitride core-shell particles, which had metal nitride nanoparticles attached around the 

SiO2 particles, was colored. It was found that a sufficient distribution density of metal nitride 

nanoparticles was attached around the SiO2 particles to observe the coloring behavior of the 
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SiO2-metal nitride core-shell particle powder. The BF-STEM images (Figure 5.8.b,d, Figure 

5.10, and Figure 5.11) prove that the TiN nanoparticles and HfN nanoparticles were attached to 

the surface of SiO2 core particles of all sizes used, forming SiO2-TiN core-shell particles and 

SiO2-HfN core-shell particles containing 150-300 nm of SiO2 core. The obtained particle's size 

distribution (Figure 5.12, Figure 5.13) confirmed that the metal nitride particles adhered to the 

SiO2 core particles to an extent that did not compromise monodispersity of the SiO2 particles. 

The powder of the obtained SiO2-TiN core-shell particles and SiO2-HfN core-shell particles 

exhibited a color that depended on the particle size after drying at room temperature. The change 

in color depending on particle size indicated that the color originated from the aggregate 

structure of the particles. In addition, when the amount of metal nitride nanoparticles attached to 

the SiO2-metal nitride core-shell particles was small, the color of the SiO2-metal nitride core-

shell particle powder became lighter and closer to white (Figure 5.9). These results indicate that 

the color of SiO2-metal nitride core-shell particle powder can be adjusted by changing the 

amount of metal nitride nanoparticles attached around the SiO2 particles. 
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Figure 5. 8 (a) Photographs of the obtained powder and (b) BF-STEM images of the SiO2-TiN 

core-shell particles, which contain SiO2 core particles of 150, 180, 210, 240, 270, and 300 nm. 

(c) shows photographs of the obtained powder and (d) presents BF-STEM images of the SiO2-

HfN core-shell particles with SiO2 core particles of the same sizes. 
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5.14.b shows the photographs in the case of using SiO2-HfN core-shell particles. Regardless of 

whether SiO2-TiN core-shell particles or SiO2-HfN core-shell particles were used as constituent 

substances, the particle-stacked films were colored and did not show a white area caused by 

localized aggregation of particles observed in SiO2 particle-stacked films (Figure 4.7). The color 

of both films containing SiO2-TiN core-shell particles and SiO2-HfN core-shell particles changed 

depending on the size of the constituent particles, indicating that the differences in particle size 

caused the color of the particle-stacked films. 
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Figure 5. 14 (a) Photographs of the particle-stacked films comprising SiO2-TiN core-shell 

particles with SiO2 core particles of 150, 180, 210, 240, 270, and 300 nm. (b) Photographs of the 

particle-stacked film comprising SiO2-HfN core-shell particles with SiO2 diameters of 150, 180, 

210, 240, 270, and 300 nm. For panels (a) and (b), the topmost photographs were taken with the 

camera positioned perpendicular to the particle-stacked films, and the light source inclined at 30° 

from the front of the film. The photographs in the subsequent rows were captured with the light 

source tilted at 10° from the front of the film, and the camera angled at 35°, 45°, 55°, and 65° 

from the front of the particle-stacked film, respectively. 

 






























































































