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Preface

The work of this thesis has been carried out under the supervision of Professor Dr.
Nobuhito Imanaka at Department of Applied Chemistry, Graduate School of Engineering, Osaka
University.

The object of this thesis is to develop novel inorganic yellow, red, and blue pigments with
high color performance.

The author wishes that the findings and the knowledge obtained in this work provide useful
suggestions and information for further development and design of novel environmentally friendly

inorganic pigments and that the materials would contribute to more practical applications.
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General Introduction

Pigments are colored fine powders that are insoluble or poorly-soluble in water and
organic solvents. They are firmly fixed on or well dispersed in an object to be colored by the
action of the dispersing media. The color of such pigment is determined by selective
absorption of the visible light and the complementary color of the absorbed one is observable.

Generally, pigments fall into the general classification of organic and inorganic.
Usually, organic pigments are brilliantly colored with a wide variety of hues and have
relatively high tinting strength compared with those of inorganic ones. However, organic
pigments have some limitations for practical uses due to low thermal stability and poor
ultraviolet light resistance. In contrast, inorganic pigments based on oxides, nitrides, and
sulfides have higher thermal stability and weather fastness than organic pigments.

On the other hand, inorganic pigments are applied in a wide range of products such
as paints, inks, plastics, rubbers, ceramics, enamels, and glasses [1, 2]. Although there are
various colors in inorganic pigments, the demands for pigments with three primary colors, i.e.,
yellow, red, and blue, are exceptionally large after black and white pigments. For decades,
several inorganic pigments, such as chrome yellow (PbCrO4), cadmium zinc yellow
(CdS-ZnS), titanate yellow (TiO,-NiO-Sb,03), red lead (Pb3O4 or 2PbO-Pb0O,), cadmium
selenide red (CdSe-CdS), mercuric sulfide red (HgS), and cobalt aluminate blue (CoAl,Oy4),
have been used for many applications, because these compounds can exhibit brilliant colors.
However, the use of these materials has been restricted because they contain toxic elements
(Pb, Cr, Cd, Sb, Se, Hg, and Co), which are harmful not only to the human body but also to
the environment.

Because of this situation, several nontoxic materials such as praseodymium yellow



(ZrSi04: Pr), red iron oxide (Fe,Os3), iron hexacyanoferrate (Fe(III)s[Fe(II)(CN)¢]s, Prussian
blue), and sulfur-containing sodium aluminosilicate (Nag-gAlsSisO24S,-4, Ultramarine) have
been employed as environmentally friendly inorganic pigments, but, unfortunately, their color
performances are insufficient in comparison with those of the conventional toxic ones.
Furthermore, iron hexacyanoferrate and sulfur-containing sodium aluminosilicate have poor
chemical resistance to acidic and alkaline environments. In addition, the former has an
explosion hazard; the ignition point is 600 — 625 °C [2]. Although bismuth vanadate (BiVOy)
is a relatively new class of environmentally friendly inorganic yellow pigments and has
gained steadily in importance over the last two decades [1], its tinting power is not enough as
compared to those of the conventional toxic ones.

Although most of the existing inorganic pigments are oxide compounds, some rare
earth sulfides, and oxynitrides, such as Ce;S3, LayS3, CesSizSi» [3, 4], Ca-nLa TaO o Ni+y),
and Sm4W4033-3,Ny, [5, 6], have been reported as possible nontoxic pigments because these
compounds show various brilliant colors. Unfortunately, sulfides sometimes cause color
changes when they are mixed with other pigments due to their poor chemical stability. In the
case of the oxynitride compounds, toxic and flammable ammonia gas is required for their
synthesis [5, 6]. Furthermore, both sulfide and oxynitride compounds involve a risk to
generate toxic sulfur oxides (SO,) and nitrogen oxides (NO,) gasses, respectively, when they
are incinerated. Accordingly, inorganic pigments composed of oxides are considered to be
ideal materials from a practical perspective.

A number of oxidic compounds have been already reported as new environmentally
friendly inorganic pigments [7—27]. The research group, to which the present author belongs,
has also been working toward the synthesis of several environmentally friendly yellow
pigments to meet environmental requirements and the demands of safety-oriented producers

[28—34]. Unfortunately, the color properties of these pigments are not enough in comparison



with those of the conventional toxic ones. In addition, YIn;-,Mn,O; compounds have also
been reported as environmentally friendly inorganic pigments with the potential to give
brilliant blue color [35, 36]. However, one of the constituent elements, indium (In), has the
potential for causing interstitial lung disease [37].

In order to develop the novel environmentally friendly inorganic pigments that can
substitute for the conventional toxic materials, it is essential to choose the base materials
which are composed of only nontoxic elements and/or have already been identified as
nontoxic compounds. Of course, the other constituent elements also have to be nontoxic and
safe. Based on the above concept, in this work, novel and environmentally friendly inorganic
yellow, red, and blue pigments with high color performance were synthesized and their color
properties were characterized from the view point of possible ecologically friendly inorganic
materials.

The present work of this thesis consists of the following three chapters.

In Chapter 1, novel yellow pigments, Bij—,—-Ca,Zn,La.VO4—+,)2 (0.04 <x <0.12;
0.01 <y <0.05; 0.01 <z <0.10), are described. These pigments were synthesized to further
enhance the yellow hue of a Big 99Cag 0sZn9.02VO3.950 pigment, which was previously reported
by our research group.

In Chapter 2, novel red pigments, (Bij——,Zr.Al)sV201145 (0 <x <0.15,0<y <
0.10), in which a portion of bismuth ions in the BisV,0;; lattice was substituted with "
and/or AI** ions, are described.

In Chapter 3, novel blue pigments, (Ca;—Eu,);Sc;Si301245 (0 < x < 0.10), are
described. The composition and the synthesis conditions were optimized to produce the most

vivid blue hue.
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Chapter 1
Synthesis of Novel Inorganic Yellow Pigments Based on Bismuth

Vanadate (BiVO,)

1.1 Introduction

As mentioned in the General Introduction, this chapter describes synthesis of novel
environmentally friendly yellow pigments. For the synthesis of such pigments, bismuth
vanadate (BiVO,) was selected as a base material. This compound has already been known as
an environmentally friendly inorganic yellow pigment for industrial uses [1, 2], but its yellow
color is inferior to those of the conventional toxic ones. Accordingly, this material cannot be a
perfect substitute for the conventional toxic pigments.

Bismuth vanadate can form three polymorphic phases: tetragonal dreyerite,
monoclinic clinobisvanite, and orthorhombic pucherite [38]. Among them, the monoclinic
BiVO, 1s thermodynamically stable and vivid yellow [39]. The coloring mechanism of
monoclinic BiVO;, originates in a charge transfer transition from a valence band (VB) of a
hybrid orbital of Biss and Oy, to a conduction band (CB) of V34 in the band structure [38,
40—43]. Therefore, it is expected that the color of BiVOy4 can be tuned by introducing other
elements into the BiVO, lattice to control the lattice size, because the extent of the orbital
hybridization in the Bigs—O,, valence band should depend on the interionic distance between
Bi’"and O°.

Based on this concept, Bi;—,La,VO4 (0 < x < 0.15) solid solutions were synthesized,
and it was clarified that a BiggolLag 10VOs pigment exhibited the most yellowish hue (b* =

+86.6 in the CIE L*a*b* system) among them. The hybridization degree of the valence band



was increased by the doping of smaller La®" (ionic radius: 0.116 nm) [44] ions into the Bi*"
(ionic radius: 0.117 nm) [44] sites of the BiVO, lattice to generate lattice shrinkage. As a
result, the width of the valence band was increased, leading to the decrease in the bandgap
energy. However, a small amount of the tetragonal phase, which shows murky yellowish hue
[39], was formed as an impurity, when an excess amount of La> was doped (x = 0.15).

Furthermore, Bij-,-,Ca,Zn,VO4-(+,)2 (0 < x < 0.10; 0 < y < 0.10) solid solutions
were also successfully synthesized. In the solid solutions, the lattice volumes were shrunk in
comparison with that of BiVO, and oxide anion vacancies were generated by the charge
compensation mechanism, because trivalent Bi** (ionic radius: 0.117 nm) [44] was substituted
with smaller divalent Ca®" (ionic radius: 0.112 nm) [44] and/or Zn®" (ionic radius: 0.090 nm)
[44]. Although a single-phase monoclinic structure was observed for all solid solutions,
overproduction of the oxide anion vacancies in the lattice caused the decrease in the yellow
hue. Therefore, the composition was optimized to liven the yellow color, and, as a result, a
Bi.90Cag 0321902 VO3.950 pigment showed the most vivid yellow hue with a yellowness value
(b* in the CIE L*a*b* system) of +91.6.

From the results mentioned above, the following findings were obtained.
(1) The lattice shrinkage of BiVO,4 by the introduction of trivalent cation into the lattice is
effective to increase the yellowness, but the excess doping induces the formation of the
tetragonal impurity phase.
(2) The lattice shrinkage of BiVO,4 accompanying with the formation of oxide anion vacancies
is also effective to enhance the yellow color without the production of the tetragonal impurity
phase, but the introduction of an excess amount of the vacancies has the opposite effect to
produce vivid yellow color.

Taking into consideration of these findings, it is reasonable to expect that the

yellowness of Bij—,Ca,.Zn,VOy4-(r+)2 could be improved by the introduction of La** to



further shrink the lattice without the overproduction of the oxide anion vacancies. In this
chapter, therefore, synthesis and characterization of novel Bij-,-,—-Ca,Zn,La.VOs-(r+,)> (0.04
<x <0.12; 0.01 <y <£0.05; 0.01 <z <0.10) yellow pigments are described. The color
properties of the samples are characterized and the concentrations of La**, Ca**, and Zn*" are

optimized to produce the most vivid yellow hue.

1.2 Experimental Procedure

The Bij—,-CaZn,La.VOs-(r+y)2 (0.04 < x <0.12; 0.01 <y <0.05; 0.01 <z<0.10)
pigments were synthesized by an evaporation to dryness method. A stoichiometric mixture of
0.5 mol dm™ Bi(NOs)3, 0.1 mol dm— Ca(NOs),, 0.1 mol dm ™ Zn(NOs),, and 0.1 mol dm™
La(NOs); aqueous solutions was added to 30 cm’ of nitric acid solution (3.0 mol dm™), in
which 1.08 g of NH4VOs; was dissolved. The pH of the aqueous mixture was adjusted to 6.5
by dropwise addition of an aqueous solution of ammonia (5%). After stirring at room
temperature for 1 h, the mixed solution was heated at 180 °C until the solvent was vaporized.
The resultant solid was then ground in an agate mortar and finally calcined at 650 °C for 6 h
in a flow of air to afford the product. The obtained pigments were gently ground in an agate
mortar before characterization.

The samples were characterized by X-ray powder diffraction (XRD; Rigaku,
SmartLab) with Cu-Ka radiation (40 kV and 30 mA) to identify the crystal structure. The
lattice volumes of the samples were calculated from the peak angles in the XRD patterns,
which were refined using a-Al,O3 as a standard. The lattice strain into the samples was
estimated using the Williamson-Hall equation, £ cos 6/4 = 2¢ sin 6/ + K/D (f: full width at
half maximum (FWHM); 4: wavelength of the X-ray, 0.154178 nm; &: lattice strain; K:
Scherrer constant, 1.05; D: crystallite diameter) [45]. X-ray fluorescence spectroscopy (XRF;

Rigaku, ZSX-100e) measurements were used to analyze the composition of the samples. The



optical reflectance was measured with a UV-Vis spectrometer (Shimadzu, UV-2600) using
barium sulfate as a reference. The bandgap energies of the samples were determined from the
absorption edge of the absorbance spectra represented by the Kubelka—Munk function, f(R) =
(1 — R)*2R, where R is reflectance [46, 47]. The color properties of the samples were
evaluated in terms of the CIE L*a*b*CH® system using a chromometer (Konica-Minolta,
CR-300). The L* parameter represents the brightness or darkness of a color relative to a
neutral grey scale, and the a* (the red—green axis) and b* (the yellow—blue axis) parameters
express the color qualitatively. The parameters C (chroma) and H° represent saturation of the
color and the hue angle, respectively. The chroma (C) is defined as C = [(a*)* + (b*)*]". The
hue angle (H°) ranges from 0 to 360° and is calculated using the formula, H° = tan”" (b*/a*).
Raman spectra were obtained using a Jasco NRS-3100 spectrometer with a green laser (532

nm) as an excitation source, operated at a power of 100 mW, and a CCD detector.

1.3 Results and Discussion
1.3.1 Bijg9—,CagosZng;La, VO35 (0 <z <0.10) pigments

XRD patterns of the Biggp-.Cag 0sZngo2La;VOs.9s50 (0 <z < 0.10) samples are shown
in Figure 1.1. The monoclinic BiVOy structure was obtained in a single-phase form for the
samples in which the La’" content was 5 mol% and less, and there were no extra lines due to
other compounds or impurity phases. In contrast, for the samples in which the La**
concentration was more than 5 mol%, a tetragonal BiVO, structure was observed as an
impurity phase in addition to the monoclinic structure.

Figure 1.2 depicts the La’" content dependence of the monoclinic lattice volume in
the Big.go--Cag 0sZng 02La,VO39s0 (0 < z < 0.10) pigments. The monoclinic lattice volume of
the samples monotonously decreased with the increase in the amount of La’" in the

single-phase region (0 < z < 0.05), because the ionic radius of La®" (0.116 nm) [44] is smaller
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Figure 1.1 XRD patterns of the Big 99—.Cag 0sZn¢ 021.a, VO3 950 (0 <z< 010) samples.

0.3095 . T

Lattice Volume / nm’

0.3090

0 0.02 0.04 0.06 0.08 0.1
Z in Bip.g0-2Ca0.08ZNo.02LazV O3 950

Figure 1.2 Dependence of the monoclinic lattice volume on the La’" content in the

Big.90--Cag 08Zng.02L.a;VO3.950 (0 <z < 0.10) pigments.
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than that of Bi** (0.117 nm) [44]. However, the lattice volume of the samples became nearly
constant in the two-phase region (0.05 <z < 0.10). These results indicated that solid solutions
with a single-phase monoclinic BiVOj structure were successfully formed and the solubility
limit of La*" ions was approximately 5 mol% in this system.

Figure 1.3 illustrates UV-Vis diffuse reflectance spectra for the
Big.90--Cag 0sZng02La,VO39s50 (0 < z < 0.10) samples. Strong optical absorption behavior was
observed for all samples at wavelengths shorter than 500 nm, including the blue light region
(435 — 480 nm). These samples are yellow, because blue is the complementary color of yellow.
The wavelength of absorption edge depended on the sample composition, and the strongest

absorption in the blue region was observed for Big gsCag 0sZng.02Lag.0s VO3.950.
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Figure 1.3 UV-Vis diffuse reflectance spectra for the Biggo-.Cag0sZngp2L.a;VO3.950 (0 <z <

0.10) samples.
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The CIE L*a*b*CH° color coordinate data and bandgap energies (E,) of the
Big.90--Cag.0sZng.02La,VO3950 (0 < z < 0.10) pigments are summarized in Table 1.1. All
samples are yellow, because the hue angle (H°) parameters fall in the yellow region (70° < H°
< 105°). The b* value corresponding to yellow chromaticity and the color saturation
parameter (C) depend on the concentration of La®" and the Big.s5Cag 0sZng g2 Lag 05 VO3 950
pigment has the highest »* and C values at +93.5 and 93.8, respectively. The decrease in these
values in the samples with La®* content of more than 5 mol% is attributed to the formation of

the impurity tetragonal BiVO, phase, as seen in Figure 1.1, which is murky yellow [39].

Table 1.1 CIE L*a*b*CH" color coordinate data and bandgap energies (E,) of the pigments

Pigments L* a* b* C H° E,/ eV

Bip.90Ca0.08Z1.02VO3.950 87.7 436 +91.6 91.7 92.7 242
Biy.89Cag.08Zng.02La9.01 VO3 950 89.2 =727 4924 92.7 94.5 242
Big g5Cag.0sZng 0212905 VO3 950 89.0 —-6.82 4935 93.8 94.2 242
Biy.83Ca.08Zng.02La9.07VO3.950 90.1 —-8.80  +91.0 91.4 95.5 242

Bio.gocao.ogznolozLaO.10V03.950 92.0 -12.7 +89.2 90.1 98.1 2.44

1.3.2  Bigg3-Ca,Zngg;Lay05sVO;3.999-.2 and Bi0.87—yCao.osZHyL30.05V03.960—y/2

As mentioned in the previous section, the optimum La®" concentration that exhibited
the highest yellow hue was 5 mol% in the Bigg9-.Cag 0sZng ¢2La, VO3 959 system. In this section,
the concentrations of Ca*" and Zn®* were adjusted minutely to determine the optimum
composition that gave the most vivid yellow hue for the samples in which the concentration

of La** was fixed at 5 mol%.
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Accordingly, Big.93-+CaZng02Lag 05V 039902 and Biggr-,Cag.osZn,Lag.osVO3.960-y2
samples were synthesized and their color properties were evaluated. Figure 1.4 shows the
XRD patterns of the Big 93-»Ca,Zng 02Lao.05VO3.990-x2 (a) and Bigg7-,Cag03Zn,Lag.osVO3.960-y2
(b) samples. A single-phase monoclinic BiVOy structure was obtained for all the samples, and
there were no diffraction peaks due to any impurities in the patterns. Figure 1.5 shows the
monoclinic  lattice  volume of the Bipg3—CaZngpLagosVO3990-x2 (a) and
Big 37-,Cag.08Zn,Lag 0sVO3960-y2 (b) samples. The lattice volume decreased monotonously
with increasing Ca*" or Zn*" concentration, because the ionic radii of Ca*" (0.112 nm) [44]
and Zn>" (0.090 nm) [44] are smaller than that of Bi*" (0.117 nm) [44]. These results indicate

that solid solutions of a single monoclinic BiVO,4 phase were successfully formed for all

samples.
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Figure 1.4 XRD patterns of the Bio.937xCaxZn0.02Lao,05V03,9901/2 (a) and

Big g7-/Cag.08Zn,Lag.0s VO3 960-,2 (b) samples.
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Big.93-+Ca,Zng 02Lag.05VO3.990-x2 (a) and Big g7-,Cag.08Zn,Lag 05V O3.960-,2 (b) samples.

Figure 1.6 illustrates the UV-Vis diffuse reflectance spectra of the
Big.93-+Ca,Zng.02Lag 05sVO3.990-v2 (a) and Bigg7-Cag.0sZn,Lag0sVO3.960-,2 (b) samples. The
wavelength of the reflectance edge depended on the sample composition, and the maximum
absorption in blue light region (435 — 480 nm) was observed at the composition of
Bi.g5Cag 0sZng.02Lag0sVO3.9s0. The CIE L*a*b*CH® color coordinate data and bandgap
energies (Eg) of the Bigoz—CaiZngo2lag.0sVO3990-v2 and Biggr-,CagosZn,LagosVO3.960-y2
pigments are tabulated in Table 1.2, with those of the commercially available BiVO,
(Dainichiseika Color & Chemicals Mfg., IRGACOLOR YELLOW 2GLMA) and PbCrO4
(NIC NEOS5GS) pigments for comparison. The highest b* and C values were obtained for the
Big 35Cag 0sZng02LagosVOs.950 pigment (b* = +93.5, C = 93.8), as in the UV-Vis diffuse
reflectance measurement. Although the yellowness value and the color saturation parameter
for the Bigg5Cag0sZng.02Lagos VO350 pigment fall just one step short of those for the toxic
PbCrO4 (b* = +96.5, C = 96.5) pigment, they are significantly greater than those for the

environmentally friendly BiVO4 pigment (b* = +80.3, C = §1.8).
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Table 1.2 CIE L*a*b*CH" color coordinate data and bandgap energies (E,) of the pigments

Pigments L* a* b* C H° Eq,/ eV

Big.90Cag.08Zn0.02 VO3 950 87.7 —4.36 1+91.6 91.7 92.7 242
Bi.39Cag.04Zng 02Lag.0sVO3.970 87.4 -4.05  +89.8 89.9 92.6 2.44
Big.87Ca.06Z1n0.02L.20.0s VO3 960 89.8 =7.72  +91.0 913 94.8 243
Big.35Cag.03Zng 02Lag.0sVO3.950 89.0 —6.82  +93.5 93.8 94.2 242
Big.84Cag.09Zng 0212905V O3 945 88.4 -3.39  +93.1 93.2 92.1 242

Bi0.81Ca0.122n0.02La0_05V03_930 87.8 —2.11 +91.7 91.7 91.3 2.41

Bio‘gﬁcao‘ogzno‘mLaob05VO3.955 89.5 =5.53 +93.0 93.2 934 2.43
Bi().gsCﬁo.ogZﬂo.ozLao.05V03.950 89.0 —6.82 +93.5 93.8 94.2 2.42
Bio‘84Cao‘oan0‘03La0.05VO3.945 87.1 —3.86 +93.1 93.2 92.4 241

Bio.82Ca0.oan0.05La0,05V03,935 86.9 —2.28 +91.2 91.2 914 2.40

Commercially available BiVO4 93.3 -15.7  +80.3 81.8 101.1 2.51

Commercially available PbCrO4 89.9 +1.12 +96.5 96.5 89.3 2.38

As mentioned above, the highest b* value was obtained for the
Bi.g5Cag 0sZng.02Lag0sVOs950 pigment (b* = +93.5). However, its bandgap energy was
equivalent to that of non-doped Big 99Cag 0sZn 02V O3.9s50. To clarify the reason for that, Raman
spectra of the previous Bigg9CagsZng2VO39s50 and present BiggsCag.osZno.o2Lag.0sVO3.950
pigments were measured as illustrated in Figure 1.7. The spectrum of the previous
Big.90Cag.08Zn9.02VO3.950 shows a strong band at 8§17 cmfl, which is attributed to the v;
symmetric stretching mode of VOy units [48], and small bands at 336 and 365 cm ' that

correspond to the v, bending modes of VO4 units [48]. In contrast, for the spectrum of the
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! which is

Big.g5Cag 08Zng.02Lag0s VOs.950 pigment, there is an additional band at 712 cm
assigned to the v; asymmetric stretching mode of VO, units [48]. These results indicate that
local strain in the crystal structure was generated by doping La’" ions into the
Big90Cag0sZng 02 VO350 lattice. In fact, the local strain in the Bigg5Cag.0sZng g2Lag.05VO3.950
lattice was estimated to be 0.198%, while that in the Big 99Cag 03Zng 02 VOs3.950 lattice was about
0.057%, from the Williamson-Hall plots illustrated in Figure 1.8. This is probably one of the

reasons why BiggsCagosZngoLagosVOs9s0 has more vivid yellow hue than

Big.90Cag,03Zn9.02VOs3.950 even though both of them have the same bandgap energies.

Bio 90Ca0.08ZN0 02V O3 950

vz (VOs)

VY

Bio.s5Ca0.08ZNo.02L.20.05V O3 950

vz (VO4)
V4

Intensity / a. u.

1000 900 800 700 600 500 400 300

Wavenumber / cm
Figure 1.7 Raman spectra Of the Bio.gocao.ogzn0.02V03.95() and Bi().g5ca().ogzn0.02Lao.05VO3.95()

pigments.
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Figure 1.8 Williamson-Hall plots of the BiggoCagosZngp2VO39s0 (a) and

Big.g5Cag 03sZng g2l.ag 05 VO3 950 (b) pigments.

1.4  Conclusion

Bij——-Ca,Zn,La,VOs—(y1y)n (0.04 <x < 0.12; 0.01 <y <0.05; and 0.01 <z <0.10)
pigments were successfully synthesized as novel environmentally friendly inorganic yellow
pigments. The color of the pigments was dependent on the concentrations of Ca®", Zn*", and
La*>". The most vivid yellowness was obtained for BiggsCagsZng g2Lag.05VO3.950, which has
CIE L*a*b* color parameters of L* = 89.0, a* = —6.82, and b* = +93.5. The b* value is
markedly higher than that of a commercially available BiVO,4 pigment (b* = +80.3). Since
BiVOy has been already known as an environmentally friendly inorganic yellow pigment, and
Ca, Zn, and La are also nontoxic and safe elements, the present pigments should be suitable

alternatives for the conventional toxic ones.
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Chapter 2
Synthesis of Novel Inorganic Red Pigments Based on Bismuth

Vanadate (Bi,V,01)

2.1 Introduction

In this chapter, novel environmentally friendly inorganic red pigments are described.
At the beginning, bismuth oxide (Bi,Os;) was chosen as a base material because this
compound has already been reported to be nontoxic and insoluble [49]. Although Bi,0O; is a
pale yellow compound, the color was altered to be reddish by the change in the lattice size
and the band structure when Er'*, Y*', and Fe’* ions were dissolved into the Bi,O; lattice.
Among the Er’, Y**, and Fe'"-doped pigments synthesized, the most brilliant red hue was
obtained for ((Bio.72Er0.04Y0.24)0.80F€020)203 (a* = +33.1 in the CIE L*a*b* system). The red
hue of this pigment surpassed that of a commercially available Fe,O3 pigment (a* = +28.9),
but the difference was small. Accordingly, it is highly required to synthesize new red
pigments with more reddish hue.

Because of this situation, bismuth vanadate (Bi4V,0;;) with orthorhombic structure
(space group: Aba2 [50, 51]) came to the forefront as a new base material. The structure of
orthorhombic BisV,0;; consists of Bi,O, layers interleaved with vanadium oxide sheets,
which are composed of edge-shared VO4 and VOg units. However, half of the VOg¢ units
contain a blank oxide anion site, and accordingly, the VOq layer acts as VO35 [51].

As 1s the case with monoclinic BiVO4 described in Chapter 1, the coloring
mechanism of the Bi4V,0;; is also based on a charge transfer transition from a hybrid

Bigs—O»,, orbital to V34 orbital in the band structure. Furthermore, the mean interionic distance
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between Bi*" and O in the Bi,V,0y, lattice is approximately 0.23 nm [51, 52], which is
shorter than that in the monoclinic BiVOy lattice (0.2467 nm) [53]. Accordingly, it is expected
that the hybridization degree of the valence band in BisV,0; is higher than that in BiVOy,
and consequently, bandgap energy of BisV,0;; became smaller than that of BiVO,. Therefore,
it is expected that orthorhombic BisV,0,; can serve as a base material for novel red pigments,
by absorbing visible light in the longer wavelengths region.

In Chapter 1, it has been elucidated that lattice shrinkage positively affects the color
properties by modulating the width of valence band, whereas, an excess amount of oxide
anion vacancies gives a negative effect on the color properties. In accordance with these
findings, in the study described in this chapter, blank oxide anion sites in the Bi4V,0y; lattice
were filled by the synthesis in a flow of oxygen, accompanying with the oxidation state
change of a part of bismuth ions from Bi*" to Bi*". Furthermore, smaller Zr*" (ionic radius:
0.072 nm) and AI’" (ionic radius: 0.0535 nm) ions were doped into the Bi*" (ionic radius:
0.103 nm) and Bi’" (ionic radius: 0.076 nm) [44] sites of the lattice. In this chapter, therefore,
novel (Bij——,Zr,Al)4V201145 (0 < x < 0.15; 0 <y < 0.10) red pigments are described. The
color properties of the samples were characterized, and, the doping effects of Zr*" and AI’*

were revealed.

2.2 Experimental Procedure

The (Bij-ZrAl)4V201145 (0 < x < 0.15; 0 < y < 0.10) pigments were synthesized
by a conventional solid state reaction method. Stoichiometric amount of Bi,Os, ZrO,, Al,O3,
and V,0s powders were mixed in an agate mortar. After mechanically mixed with a
planetary-type ball-milling apparatus (PULVERISETTE 7, Fritsch GmbH), the homogenous
mixture was calcined at 800 °C for 10 h in a flow of air or pure O,. The obtained samples

were gently ground in an agate mortar before characterization.
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The crystal structures of the samples were identified by X-ray powder diffraction
(XRD; Rigaku SmartLab) using Cu-Ka radiation (40 kV, 30 mA). The compositions of the
samples were analyzed by X-ray fluorescence spectrometer (XRF, Rigaku Supermini200),
and it was confirmed that they were in good agreement with the theoretical values within the
experimental errors. X-ray photoelectron spectroscopy (XPS; ULVAC 5500MT) was
performed at room temperature with Mg-Ka radiation (1253.6 eV) without Ar etching. The
effect of charging on the binding energies was corrected with respect to the C 1s peak at 284.6
eV.

Bi L;; XANES (X-ray absorption near-edge structure) spectra of the samples were
measured in the transmission mode using the BL-11 beam line at SAGA Light Source
(SAGA-LS). A Si (111) double-crystal monochromator was employed to monochromize the
synchrotron radiation. The [y and [ ionization chambers were filled with N,85%-Ar15%
mixture gas and pure Ar gas, respectively. XANES spectrum of a-Bi,O3; was also measured as
a standard material.

Optical reflectance spectra of the samples were measured using a UV-Vis
spectrometer (Shimadzu UV-2600) with barium sulfate as a reference. The bandgap energies
of the samples were determined from the absorption edge of the absorbance spectra
represented by the Kubelka—Munk function, f{lR) = (1 — R)*/2R, where R is reflectance [46,
47]. The color properties of the samples were evaluated in terms of CIE L*a*b*CH® system
with a chromometer (Konica-Minolta CR-300). In this system, the parameter L* represents
the brightness or darkness of a color relative to a neutral grey scale, while the parameters a*
(the red—green axis) and b* (the yellow—blue axis) qualitatively express the color. The
chroma parameter (C) represents the color saturation of pigments and is calculated according
to the following formula: C = [(a*)* + (b**)]”. The parameter H° ranges from 0 to 360°, and is

calculated with the formula, H° = tan' (b* / a*) (for pure red, H° = 0).
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2.3 Results and Discussion

23.1 Bi,V,0q

Figure 2.1 shows the XRD patterns of BisV,0;; synthesized in a flow of air
(Bi4V,0,; (Air)) and pure O, (BisV,0;; (O3)). The orthorhombic BisV,0,; structure was
obtained in a single-phase form for both samples. Table 2.1 lists the lattice volume of the
samples calculated from the diffraction angle in the XRD patterns. The lattice volume of
Bi4V,01; (O;) was smaller than that of Bi4V,0; (Air). These results indicate that pentavalent
Bi’" ions were generated in the lattice of Bi4V,04; (O,) by oxidization of trivalent Bi** ions,

because the ionic radius of Bi>" (0.076 nm) [44] is smaller than that of Bi*" (0.103 nm) [44].
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Figure 2.1 XRD patterns of the samples.
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Table 2.1 Lattice volume of the samples

Samples V/nm?
BisV,01; (Air) 0.4729
BisV,01; (02) 0.4719

The valence states of the chemical species on near the surface for the BisV,0;; (Air)
and Bi4V,0,; (O,) samples were identified by XPS analysis without Ar etching. The XPS of
the Bi 4f, V 2p, and O 1s core-levels for the samples were collected as illustrated in Figure
2.2. The peak shape and binding energies were obviously depended on the calcination
atmosphere. In the case of the Bi 4f spectrum of BisV,0;; (Air), the 4fs, and 4f;, peaks
located at 164.1 eV and 158.8 eV can be assigned to those of trivalent Bi*" [54, 55]. For
Bi4V,0; (O,), however, the additional shoulder peaks were observed at 165.8 eV and 160.5
eV corresponding to those of pentavalent Bi>* [55].

On the other hand, in the cases of V 2p and O 1s for Bi4V,0;; (Air), the 2p;, and
2ps» peaks located at 524.1 eV and 516.4 eV can be attributed to those of pentavalent V>*
[56], and 1s peak at 529.7 eV can be assigned to the lattice oxygen [56], respectively. In the
spectrum of Bi4V,01; (O,), however, some additional peaks appeared: a shoulder peak located
at 531.3 eV can be attributed to an excess amount of oxygen species introduced into the lattice
[56], and a shoulder peak located at 517.9 eV corresponding to V 2ps/,, which is considered to
be attributable to the excessive oxygen species.

From the above results, it is revealed that partial oxidization of Bi** to Bi’* occurred,
due to the calcination of BisV;0;; in a flow of pure O,. As a result, oxide anions were
introduced by the charge compensation mechanism into the blank oxide anion sites, which
originally exists in the Bi4V,0y; lattice. Accordingly, it is precise to express BisV,0;; (O3)

and Bi4V2011 (AII') as Bi4V2011+5' and Bi4V2011, respectively.
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Figure 2.2 XPS of the Bi 4f (a), V 2p and Ols (b) core-levels for the samples.

Figure 2.3 depicts the UV-Vis diffuse reflectance spectra for BisV,0;; and
Bi4V,0111¢. In comparison to Bi4V,0;;, Bi4V,0;;44s reflected the red light (605 — 780 nm)
more effectively. The CIE L*a*b* color coordinate data and bandgap energies (E,) for the
samples are summarized in Table 2.2. The a* value, which corresponds to red component, for
Bi4V;,0111¢ (@* = +37.1) was higher by about 10 points than that of BisV,0y; (a* = +27.3).

As already mentioned in the XPS analysis, pentavalent Bi’* ions were partially
generated in the Bi4V,0;11s sample, and the amount of the blank oxide anion sites was
decreased. Consequently, the impurity energy levels originated in these blank oxide anion
sites in the band structure were partially eliminated from the BisV,01;:5 sample. Therefore,
the reflection in the red light increased for Bi4V,0,;+¢, leading to the significant increase in

the redness (a*), although the bandgap energy of this sample was slightly larger than that of
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Bi4V,0,, as seen in Table 2.2. Based on these results, all pigments were synthesized in a

flow of pure O, in the following sections.
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Figure 2.3 UV-Vis diffuse reflectance spectra for Bi4V,0;; and Bi4V,01;+4-

Table 2.2 CIE L*a*b* color coordinate data and bandgap energies (E,) for the samples

Samples L* a* b* Eq,/ eV
BisV,01, 43.5 +27.3 +29.3 2.15
BisV,01 144 47.3 +37.1 +36.6 2.20
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23.2 (Bi-Zr,),V,0115 (0=5x<0.15)

Figure 2.4 shows the XRD patterns of the (Bi,-,Zr,)4V,01145, (0 <x <0.15) samples.
For (Bi;—Z1,)4V201145 (0 <x <0.08), the orthorhombic BisV,0y; structure was obtained in a
single phase form, and no diffraction peaks of impurities were evident in the patterns. On the
other hand, a monoclinic BiVOy structure was observed as an impurity phase in the patterns
of (Bi1—+Zr1y)4V,0114s, (0.10 < x < 0.15), in addition to the main orthorhombic BisV,0y;
structure. The orthorhombic Bi4V,0; lattice volumes for the samples are listed in Table 2.3.
The lattice volume linearly decreased with increasing Zr*" content, in the single phase region
(0 < x < 0.08), because the ionic radius of Zr*" (0.072 nm) [44] is smaller than those of Bi>"
(0.076 nm) [44] and Bi’* (0.103 nm) [44] ions. However, the lattice volumes became
approximately constant in the two-phase region (0.10 < x < 0.15). These results indicate the
formation of solid solutions with a single-phase orthorhombic BisV,0;; structure, and the

solubility limit of Zr*" ions was about 8 mol% in (B11-+Z1,)4V,01 14,
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Figure 2.4 XRD patterns of the (Bi;-,Zr,)4V,0114s, (0 <x <0.15) samples.
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Table 2.3 Lattice volume of the (Bi;_Zr,)4V20111s, (0 <x <0.15) samples

Samples V/nm?
BisV,01 145 0.4719
(Bio.95Zr0.05)aV2O11+s,, 0.4690
(Bio.92Zr0.08)4V2O01 145, 0.4686
(Bi0.90Zr0.10)4V2O114s,. 0.4684
(Bio.85Zr0.15)a V201145, 0.4685

UV-Vis diffuse reflectance spectra for the (Bi;—Zr,)4V20114s, (0 <x < 0.15) samples
are depicted in Figure 2.5. In order to realize a red pigment, it is important to satisfy both
high reflection in the red light region (605 — 780 nm) and effective absorption (i.e., low
reflection) in the green light region (490 — 560 nm), because green and red are the
complementary colors. Strong reflection in the red light (605 — 780 nm) and effective
absorption in the green light (490 — 560 nm) were observed for all samples. Therefore, these
samples are red. Among the single-phase samples (0 < x < 0.08), the (Bi9.92Z1008)4V2011+s,,
sample reflects the red light most effectively. In the two-phase region (0.10 < x < 0.15), the
absorption in the green light (490 — 560 nm) decreased, although further increase in the red
light reflection was observed.

The CIE L*a*b* color coordinate data and bandgap energies (E;) for the
(Bi;Z1,)aV201145, (0 < x < 0.15) samples are listed in Table 2.4. The a* value, which
corresponds to red chromaticity in the positive direction, increased with increasing the
concentration of Zr*" ions in the single phase region (0 <x < 0.08), and (Biy92Z10.08)4 V201145,
exhibited the highest a* value at +40.5. However, the redness (a*) decreased in the two-phase
samples (0.10 < x < 0.15), due to the formation of the impurity monoclinic BiVO4 phase,

which shows yellow hue as already described in Chapter 1.
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Figure 2.5 UV-Vis diffuse reflectance spectra of (Bi;-,Zr,)4V201145, (0 <x <0.15).

Table 2.4 CIE L*a*b* color coordinate data and bandgap energies (E,) for the samples

Samples L* a* b* E,/ eV
B14V,01145 47.3 +37.1 +36.6 2.20
(Bi0.95Z10.05)4 V201145, 49.4 +39.7 +40.6 2.19
(Bi9.92Z10.08)4 V201140, 49.6 +40.5 +41.1 2.18
(Big.00Z10.10)4 V201 145, 50.1 +40.4 +42.5 2.19
(Big.85Z10.15)4V2O1 145, 52.1 +38.9 +44.5 2.33
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233 (BiiAlL)sV20q145 (0<5y<0.10)

Figure 2.6 depicts the XRD patterns of the (Bij-,Al)sV201145 (0 < y < 0.10)
samples. The orthorhombic Bi4V,0;; phase was observed for the samples in which the Al
concentration was 5 mol% or less, and there were no diffraction peaks due to other impurities.
In contrast, for the samples with the AL** content of more than 5 mol%, the monoclinic BiVO,
structure was observed as a secondary phase. The orthorhombic BisV,0y; lattice volumes for
the (Bi;-,Al)4V201145 (0 <p <0.10) samples are tabulated in Table 2.5. The lattice volume
proportionally decreased with increasing the amount of AI*” in the single-phase region (0 < y
< 0.05), because the ionic radius of AI** (0.0535 nm) [44] is smaller than those of Bi’*" (0.076
nm) [44] and Bi*" (0.103 nm) [44]. However, the lattice volume became nearly constant in the
two-phase region (0.05 <y < 0.10). From these results, it is suggested that solid solutions of

the orthorhombic Bi4V,0;; structure were formed successfully for (Bi;—,Al)sV20114s, (0 <y

<0.05), and the solubility limit of AI’" ions was around 5 mol% in (Bi1—yAl)4V2O1 14,
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Figure 2.6 XRD patterns of the (Bi;-,Al,)4sV201145 (0 <y <0.10) samples.
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Table 2.5 Lattice volumes for the (Bi;-,Al,)4V,01145, (0 <y <0.10) samples

Samples V/nm?
BisV,01 145 0.4719
(Big.97Al0.03)4V201144,, 0.4681
(Big.95Al0.05)4V2O1144, 0.4678
(Big.93Al0.07)4V201 145, 0.4679
(Bio.90Al0.10)4V201 144, 0.4677

Figure 2.7 illustrates the UV-Vis diffuse reflectance spectra of the
(Bi1-yAl)4V201145, (0 <y <0.10) samples. For (Bi;—,Al)4V201145, (0 <y < 0.05), which were
obtained in the single orthorhombic BisV,0;; phase, the absorption in the green light region
(490 — 560 nm) increased with increasing the amount of AI’". Among them,
(Bio.97Alp.03)aV20114s,, reflected the red light (605 — 780 nm) most effectively, although the
green light (490 — 560 nm) absorption of this sample was weaker than that of
(Big.9sAlo.05)4aV2O11+5.

Table 2.6 lists the CIE L*a*b* color coordinate data and bandgap energies (£;) for
the (Bi;-,Al,)4V,01145, (0 <y <0.10) samples. The a* value representing the red chromaticity
of the pigments depended on their compositions, and the most highest redness was obtained

for (Big.97Al0.03)4V20114s, (a® = +41.6), as in the UV-Vis diffuse reflectance measurement.

30



100 Ll T T 1 1 T T T T | T T T T I T T T T

Reflectance / %

0 I
400 500 600 700 800
Wavelength / nm

Figure 2.7 UV-Vis diffuse reflectance spectra of the (Bi;—,Al)sV20i14s, (0 < y < 0.10)

samples.

Table 2.6 CIE L*a*b* color coordinate data and bandgap energies (E,) for the samples

Samples L* a* b* E;/ eV
BisV,01 145 47.3 +37.1 +36.6 2.20
(Bio.97Al0.03)4V2O1 145, 47.7 +41.6 +38.0 2.17
(Big.95Alp.05)4V2O1 145, 47.8 +40.6 +36.8 2.19
(Big.93Al0.07)4V2O1 145, 52.5 +40.2 +38.8 2.20
(Big.90Alp.10)4 V201146, 53.0 +36.9 +43.4 221
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234 (Bij—Zr.Al)V,0uss (0.01 <x<0.07;0.01 <y <0.07)

As mentioned in the previous sections, dissolution of Zr*" or A’ into the BisV,01 145
lattice is effective to increase the red hue of the obtained pigments. In this section, therefore,
both Zr*" and AI** were doped into the Bi4V,01;44 lattice and the composition was optimized
to produce the most vivid red color. In this regard, the total amount of Zr*" and AI’* was kept
constant at 8 mol%, because an excess amount of the dopants had opposite effect on the red
hue of the pigments by the formation of yellowish monoclinic BiVO4 phase as an impurity.

XRD patterns of the (Bij—,ZrAl,)4V,01145 (0.01 < x < 0.07; 0.01 <y < 0.07)
samples are presented in Figure 2.8. The orthorhombic BisV,0,; structure was obtained in a
single-phase form for all samples. As shown in Table 2.7, the lattice volumes of the
(B1j—4—Z1 Al )4sV201145, (0.01 <x <0.07; 0.01 <y <0.07) samples were smaller than that of

the non-doped BisV,0;+¢s sample, indicating that the formation of solid solutions.
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Figure 2.8 XRD patterns of the (Bij—,ZrAl,)4V,01145, (0.01 <x <0.07; 0.01 <y <0.07)

samples.
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Table 2.7 Lattice volume of the samples

Samples V/nm?

BisV,01 145 0.4719
(Big.92Zr0.07A10.01)4V201 146, 0.4684
(Big.92Zr0.04Al.04)4 V201145, 0.4681
(Big.92Z10.01Al0.07)4V2011+4, 0.4678

Figure 2.9 depicts the UV-Vis diffuse reflectance spectra for the
(Bij—xZr Al )4V701145, (0.01 <x<0.07; 0.01 <y <0.07) samples. Both the reflection in the
red light (605 — 780 nm) and the absorption in the green light (490 — 560 nm) were dependent
on their compositions. Among these pigments, the (Big92Zro07Alo01)4V201145,, pigment
presented the most effective reflection in the red light region (605 — 780 nm).

In Table 2.8, CIE L*a*b*CH" color coordinate data and bandgap energies (E,) for
the (Bij—y-,Z1:Al)4V201145, (0.01 <x <0.07; 0.01 <y < 0.07) samples are summarized. The
a* value corresponding to the red chromaticity depended on their compositions, and the
highest red hue was obtained for (Big.92Zr0.07Al0.01)4V2011+s, and (Bi.92Zr0.04Al0.04)4V2O011+6,s
where a* = +41.9 for both samples. Furthermore, the hue angle (H°), which corresponds to
color purity, for (Big.92Z10.07Al.01)aV20114s., (H° = 39.0) was smaller than that for
(Bi0.02Z10.04Al0.04)4 V201145, (H° = 40.0). Therefore, (Big.2Z10.07Alp.01)4V2011+5, produced the

deepest red hue among these pigments.
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Figure 2.9 UV-Vis diffuse reflectance spectra for the (Bij—Zr,Al)4sV201145 (0.01 < x <

0.07; 0.01 <y <0.07) samples.

Table 2.8 CIE L*a*b*CH" color coordinate data and bandgap energies (E,) for the samples

Samples L* a* b* C H° E,/ eV

Bi4 V501145 47.3 +37.1 +36.6 52.1 44.6 2.20
(B10.92Zr0.07A10.01)4V201 145, 49.6 +41.9 +34.0 53.9 39.0 2.18
(Bi0A922r0.04A10.04)4V2O1 1402 49.7 +41.9 +35.2 54.7 40.0 2.18

(B10.92Z10.01Alp.07)4V2O11+5.. 51.2 +38.9 +43.2 58.1 48.0 2.19
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Bi L;; XANES spectra of non-doped BisV;01+s, (Bi0.92Z10.08)aV2011+5,, and
(Big.97Al0.03)4V20114s, are shown in Figure 2.10, with that of a-Bi,O3 as the standard of Bi*".
In the spectra of non-doped BisV,011+s, (Big.92Z10.08)4V20114s,, and (Big.97Alo.03)4aV2011446,, @
peak assigned to pentavalent Bi>" ions was observed at 13,440 eV [57]. On the contrary, this
peak was absent in the spectrum of a-Bi,O3, in which bismuth ions exist only in trivalent state.
In addition, the absorption edge shift to the higher energy side was observed for these
pigments, compared with that of a-Bi,0Os. These results elucidate the existence of pentavalent
Bi’" ions in the bulk of the non-doped BisV20ii+s, (Bio.02Zr0.08)4V2011+s,, and

(Big.97Al0,03)4V2011+5, pigments.
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Figure 2.10 Bi L[[[ XANES spectra of Bi4V2011+(5', (Bi0.92Zr0.08)4V2011+5,b, and

(Bi.97A10.03)4V2011+s, and a-Bi,Os.
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Figure 2.11 illustrates XPS of (Big92Z10.08)4V2011+s,, (Big.o7Alp.03)aV2011+s,, and
(Big.92Z10.07Al9.01)4V201145.,. The spectrum of non-doped BisV,0,;+s is also depicted for
comparison. The proportion of pentavalent Bi>" in total bismuth ions (Bi>" / (Bi’™+Bi’*") for
these pigments was estimated from the peak area in the spectra, and the results are listed in
Table 2.9. The proportion of Bi’" was 35 % for (Big.92Z10,08)4V2011+s,, While it was 26 % for
non-doped BisV;,014¢. These results suggest that the amount of Bi’" was increased by the
7t doping into the bismuth sites of the Bi4V,0,;¢ lattice, and thereby, the blank oxide anion
sites were decreased in (Big.92Zr003)4V2011+4,, because of the reason already mentioned in
Section 2.3.1.

In the case of (Big.97Aly.03)4V2011+s,, the proportion of Bi’" for this pigment (21 %)
was lower than that for non-doped Bi4V,0,;+s (26 %). The binding energies of Bi4f;, (159.6
eV) and Bidfs;, (164.9 eV) attributable to those of pentavalent Bi’" were observed at lower
energies than those of non-doped BisV,011¢ : Bidfs, (160.5 eV) and Bidfs, (165.8 eV).
These results indicate that significant lattice shrinkage was occurred in the
(Big.97Alp.03)4V201144, lattice to induce significant electronic repulsion in the 4f orbital, even
the 4f electrons are well shielded from the surroundings by the 5d and 6s orbitals. As a result,
the conduction band composed of the V34 orbital was also enlarged by the lattice shrinking to
increase the crystal field splitting. In fact, the bandgap energy for this pigment was the
smallest among the three samples. Furthermore, in the case of the (Big.92Z1.07Alp.01)4V2011+s.
pigment, both of the increase in the proportion of Bi’" and the decrease in the binding

energies of Bi4f;,, and Bi4fs;, were confirmed.
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Table 2.9 The proportion of pentavalent Bi°* (Bi*" / (Bi”*+Bi’")) for the samples

Samples Proportion of Bi*" / %
BisV101 146 26
(Bi0.92Zr0.08)4V2011+5,, 35
(Big.97Al0.03)4V201144,, 21
(Big.92Zr0.07A10.01)4V2011+5, 30
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Taking into account of these results, the doping effect of Zr*" and Al’* on the red hue
of the pigments can be summarized as follows.

Doping effect of Zr*": The zr* doping into the bismuth sites in the BisV,0,;4s lattice
positively affects the color property: the blank oxide anion sites were occupied by the charge
compensation mechanism, leading to the elimination of the impurity energy levels between
the valence and the conduction bands in the band structure. However, the introduction of an
excess amount of Zr*" ions induces the formation of yellowish monoclinic BiVO,4 as an
impurity phase to decrease the redness value.

Doping effect of AI’*: Dissolution of AI’" reduces the bandgap energy of the BisV,01:5 by
broadening the width of V34 valence band, although it increases the amount of the blank oxide
anion sites (oxide anion vacancies). Accordingly, both positive and negative effects are
produced simultaneously. It is considered that the positive effect is dominant when a small
amount of A’ is doped into the lattice, but adversely the negative effect will become
prominent when the amount of AI*" is large.

Consequently, the synergetic effects of both mentioned above was observed when
both Zr*" and AI*" were doped into the Bi4V,0,;44 lattice. As a result, the band structure was
optimized for the (Big.92Zr0,07Al0.01)4V20114s,, pigment.

Table 2.10 lists the CIE L*a*b*CH" color coordinate data and bandgap energies (E,)
of the (Big.92Zr007Alp01)4V20114s., pigment, the commercial cadmium selenide red (Holbein
works, Ltd., PG002), commercial mercuric sulfide red (Holbein works, Ltd., PG009), and
commercial iron oxide (Morishita Bengara Kogyo Co. Ltd., MR-320A) pigments. Although
the redness value and the color saturation parameter for the (Big.92Zr0.07Al001)4V20114s.,
pigment (a* = +41.9, C = 53.9) fell short of those for the toxic cadmium selenide red (a* =
+63.7, C = 84.6) and mercuric sulfide red (a* = +56.5, C = 69.5) pigments, they are

significantly greater than those for the environmentally friendly iron oxide pigment (a* =
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+28.9, C = 38.4). In addition, the brightness value of this pigment (L* = 49.6) was also larger
than that of the iron oxide pigment (L* = 38.9), indicating that the (Big.92Zr.07Alp.01)4V2011+s.,

pigment produced a light red hue.

Table 2.10 CIE L*a*b*CH" color coordinate data and bandgap energies (£,) of the pigments

Pigments L* a* b* C H® E,/eV

(Bi9.92Z10.07A10.01)4V201146., 496 +419 +34.0 539 39.0 2.18

Commercial cadmium selenide red
519 +63.7 +55.8 84.6 41.2 2.11

(CdS-CdSe)
Commercial mercuric sulfide red
52.0 +56.5 +405 69.5 35.6 2.13
(HgS)
Commercial iron oxide
389 +289 +253 384 41.2 2.21
(F€203)

24 Conclusion

Novel environmentally friendly red pigments, (Bi;-,-,Zr,Al,)4V,011+5 (0 <x < 0.15; 0
<y <0.10), were successfully synthesized by a conventional solid state reaction method. The
color of the pigments depended on the calcination condition and the composition, and the
most vivid red hue was obtained for (Big.92Z10.07Al0.01)4V20114s,, Which has CIE L*a*b* color
parameters of L* = 49.6, a* = +41.9, and b* = +34.0. The a* value corresponds to the redness
was significantly higher than that of a commercially available iron oxide pigment (a* =
+28.9). Since BisV,0,; is considered to be a nontoxic compound, and Zr and Al are also
nontoxic and safe elements, the present pigments should be effective alternatives for the

conventional iron oxide pigment.
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Chapter 3
Synthesis of Novel Inorganic Blue Pigments Based on Calcium

Scandium Silicate Garnet (Ca;Sc,Si;0q,)

3.1 Introduction

In this chapter, novel environmentally friendly inorganic blue pigments are described.
Initially, tungsten oxyphosphate (WOP,07) was focused on as an attractive candidate. This
compound is composed of only nontoxic and safe elements (W, P, and O) and the color is dark
blue when it is amorphous [58]. The color of amorphous WOP,0; depends on the amount of
W’" in this compound, and can be tuned by doping rare earth ions to control the W>°
concentration. In fact, amorphous (W;-,Ln,)OP,07-5 (0.10 < x < 0.29; Ln = La, Eu, Gd, Y,
and Lu) materials were successfully synthesized and these pigments showed brilliant blue
colors in comparison with that of amorphous WOP,0O;. Unfortunately, however, thermal
stability of these pigments was insufficient, because they are amorphous.

Because of this situation, our research group focused on calcium scandium silicate
(Ca3Sc;,S13043), because this compound adopts a thermally and chemically stable garnet-type
structure and is composed of only nontoxic elements (Ca, Sc, Si, and O). However,
CasScyS1305, 1s white, but in this study, it has been found that a surprisingly intense
bright-blue color is obtained when divalent Eu”" ions are introduced into the Ca®" sites in the
CasSc,S130y; lattice. These materials are expected to be environmentally friendly inorganic
blue pigments, because europium is also a nontoxic and safe element. Therefore,
(Ca;—Eu,)3ScsS1301245 (0 < x < 0.10) samples were synthesized, and the compositions and the

preparation conditions were optimized to produce the most vivid blue hue.
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3.2 Experimental Procedure

The (Ca;—Eu,)3ScSi3050:5 (0 < x < 0.10) pigments were synthesized by a
conventional solid state reaction method. CaCO3;, Eu,Os3, Sc,03, and SiO, powders were
mixed in a stoichiometric ratio in an agate mortar. Then, the mixture was mechanically mixed
using a planetary-type ball-milling apparatus (PULVERISETTE 7 premium line, Fritsch
GmbH) for 3 h. The homogenous mixture was calcined at 1300, 1350, 1375, or 1400 °C for 4,
6, or 8 h in a flow of 2%H,—98%Ar gas for the reduction of Eu'' to Eu®’. In some cases, the
pigment was washed with a dilute hydrochloric acid solution (2%), where the sample (0.1 g)
was soaked into 15 cm’® of the HCI solution and the suspension was stirred for 10 min at room
temperature. The pigment was collected by filtration, washed with deionized water and
ethanol until the pH of the supernatant solution becomes neutral. Finally, the pigment was
dried at 80 °C for 3 h. Before characterization, the samples were gently ground in an agate
mortar.

The samples were characterized by X-ray powder diffraction (XRD; Rigaku
SmartLab) using Cu-Ka radiation (40 kV, 30 mA) to identify their crystal structure. The
compositions of the samples were analyzed by X-ray fluorescence spectroscopy (XRF;
Rigaku ZSX-100e). The optical reflectance spectra were obtained using a UV-Vis
spectrometer (Shimadzu UV-2600) with barium sulfate as a reference. The spectra of all
samples were measured in a green pellet form (0.3 g) without any additives. The color
properties of the samples were estimated in terms of the CIE L*a*b* system with a
colorimeter (Konica-Minolta CR-300). The parameter L* represents the brightness or
darkness of a color relative to a neutral grey scale, while the parameters a* (the red—green

axis) and b* (the yellow—blue axis) express the color qualitatively.
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3.3 Results and Discussion

The compositions of all samples were confirmed by the XRF analysis to be in good
agreement with their stoichiometric values. Figure 3.1 depicts the XRD patterns of the
(Ca;—Eu,)3ScySi301245 (0 < x < 0.10) samples calcined at 1350 °C for 4 h. For all samples, the
garnet-type Ca3Sc,Si301, phase was obtained almost in a single phase form, although a
nominal amount of SiO, and Sc,O; were observed as impurity phases. It is difficult to confirm
the formation of solid solutions, because there was no peak shift in the XRD patterns with
increasing europium content. The ionic radius of Eu’" (0.1066 nm) [44] is smaller than that of
Ca®" (0.112 nm) [44], but that of Eu®" (0.125 nm) [44] is larger. Therefore, it is suggested that
europium ions in the Ca;Sc,Si30; lattice exist both in trivalent and divalent states. From their

ionic sizes, the relative ratio of Eu>":Eu®" was estimated to be approximately 71:29.
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Figure 3.1 XRD patterns of the (Ca;_Eu,);Sc,;Si30215 (0 < x < 0.10) samples calcined at

1350 °C for 4 h.
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Figure 3.2 illustrates UV-Vis diffuse reflectance spectra for the
(Ca;—Eu,)3ScySi301245 (0 < x < 0.10) samples calcined at 1350 °C for 4 h. High reflection was
observed throughout the visible light region for non-doped Ca;Sc,Si30,, sample, because it is
white. On the other hand, for the (Ca;_Eu,);Sc;Si301245 (0.01 < x < 0.10) samples, strong
reflection peaks were confirmed only at wavelengths between 430 and 500 nm including the
blue region (435 — 480 nm), and therefore, these samples are blue. The blueness of the
pigment is also affected by the optical reflection or absorption in the yellow region (570 — 590
nm), because yellow is the complementary color of blue. To realize brilliant blue color, it is
important to satisfy both high reflection of blue light and effective absorption (i.e., low
reflection) of yellow light in Figure 3.2. Among these samples, a (Cag94Eu0,06)35¢2S13012+5
pigment exhibited moderate reflection in the blue light region (435 — 480 nm) and the most
effective absorption in the yellow light region (570 — 590 nm).

The CIE L*a*b* color coordinate data for the (Ca;—Eu,)3Sc2Si3012+5 (0 < x < 0.10)
samples are summarized in Table 3.1. For non-doped Ca3Sc,Si301,, the brightness parameter
L* was large (93.3), but the chromaticity parameters a* and b* were around 0. However, these
parameters varied significantly with the introduction of europium ions into the Ca3Sc,Si301
lattice. In particular, the b* value, which corresponds to the blue chromaticity in the negative
direction,  decreased =~ with  increasing  the  europium  concentration, and
(Cap94FEu,06)3S¢2S130121s has  the lowest b* value (—30.1). Consequently, the
(Cag.94Eu0,06)3S¢2S130124+5  pigment shows the most bluish hue among the

(Ca;—Eu,)3Sc,Si301545 samples.
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Figure 3.2 UV-Vis diffuse reflectance spectra for the (Ca;—Eu,)3Sc;Si3012+5 (0 < x < 0.10)

samples calcined at 1350 °C for 4 h.

Table 3.1 CIE L*a*b* color coordinate data for the (Ca;—Eu,)3Sc,Si301215 (0 < x < 0.10)

samples calcined at 1350 °C for 4 h

Pigments L* a* b*
Ca3Sc,S13012 933 +1.61 +0.19
(Cap.99Eu0,01)3S¢2S13012+6 78.7 +11.1 -14.0
(Cap.97Eu0,03)3S¢2S13012+5 66.4 +16.9 —22.7
(Cap.94Eu0,06)3S¢2513012+5 36.8 +22.9 -30.1
(Cap.90Eu0.10)3S¢2S13012+5 40.1 +19.1 —25.6
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As mentioned above, it is evident that dissolution of europium ions into the
Ca3Sc;,Si30y; lattice is effective in increasing the blueness of the sample, and the optimum
amount of Eu was 6 mol% to produce the most vivid blue hue. However, calcination
temperature and period are also important factors which affect the color of resulting materials,
because solid state reactions are dependent on these reaction conditions. Therefore, the
synthesis condition for the (CagosEug06)3S¢,Si3012+5 pigment was optimized to further
improve its blueness value.

First, the (Cag.94Eu,06)3S¢2S13012+5 samples were synthesized at various temperatures,
where the calcination time was fixed at 4 h. XRD patterns of the (Cag94Eu0,06)3S¢2S13012+5
samples calcined at 1300, 1350, 1375, and 1400 °C for 4 h are shown in Figure 3.3. The

garnet-type Ca3Sc,Si301, phase was obtained almost in a single phase form for all samples.
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Figure 3.3 XRD patterns of the (Cag94Eug.06)3S¢c2S13012+5 samples synthesized at 1300, 1350,

1375, and 1400 °C for 4 h.
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Nominal amounts of SiO, and Sc,Os3 phases were still observed as impurities even after the
calcination at 1400 °C, although the peak intensities corresponding to these impurity phases
decreased with increasing the temperature.

Figure 3.4 shows the UV-Vis diffuse reflectance spectra for the
(Cag.94Eu0,06)3S¢2S1301215 samples synthesized at different temperatures. Except for the
sample synthesized at 1300 °C, similar results were obtained: moderate reflection peaks were
observed in the blue region (435 — 480 nm).

The CIE L*a*b* color coordinate data of these samples are summarized in Table 3.2.
Although the difference in the b* values is small among the three samples calcined at 1350,
1375, and 1400 °C, the lowest b* value was obtained for the sample obtained at 1375 °C (b* =
—31.0). Accordingly, the optimum calcination temperature was 1375 °C for the synthesis of

(Cap.94Eu0.06)35¢2S13012+5.
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Figure 3.4 UV-Vis diffuse reflectance spectra for the (CagosEug06)3Sc2Si301245 samples

calcined at 1300, 1350, 1375, and 1400 °C for 4 h.
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Table 3.2 CIE L*a*b* color coordinate data of the (Cag 94Eug.06)3S¢c2S130,2+s samples calcined

at 1300, 1350, 1375, and 1400 °C for 4 h

Calcination temperature / °C L* a* b*
1300 72.5 +14.7 -19.8
1350 36.8 +22.9 —30.1
1375 38.0 +23.4 -31.0
1400 41.0 +22.4 —30.1

Then, the calcination time was optimized to obtain the most vivid blue color, where
the calcination temperature was fixed at 1375 °C. Figure 3.5 shows the XRD patterns of the
(Cag.94Eu0,06)3S¢,2S13012+5 samples calcined at 1375 °C for 4, 6, and 8 h. In addition to the
garnet-type Ca3Sc,Si30, phase, SiO; and Sc,O3 impurity phases were also still observed for
all samples.

Figure 3.6 illustrates the UV-Vis diffuse reflectance spectra for these samples. The
reflection intensity in the blue light (435 — 480 nm) and yellow light (570 — 590 nm) regions
depended on the calcination time. The CIE L*a*b* color coordinate data of the
(Cag.94Eu0,06)3S¢2S1301,15 samples calcined at 1375 °C for 4, 6, and 8 h are summarized in
Table 3.3. The highest blueness was obtained for the pigment calcined at 1375 °C for 6 h (b*

=-33.8).
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Figure 3.5 XRD patterns of the (Cag94Eug,06)3Sc2S13012+5 samples calcined at 1375 °C for 4, 6,

and 8 h.
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Figure 3.6 UV-Vis diffuse reflectance spectra of the (Cago4Eu06)3Sc2Si13012+9 samples

calcined at 1375 °C for 4, 6, and 8 h.
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Table 3.3 CIE L*a*b* color coordinate data of the (Cag 94Eu0.06)3S¢c2S130,2+s samples calcined

at 1375°C for 4, 6,and 8 h

Calcination period / h L* a* b*
4 38.0 +23.4 -31.0
6 34.2 +25.6 —33.8
8 34.5 +20.4 —28.2

From the results mentioned above, it was found that the most vivid blue color was
obtained for (Cag.94Eu,06)3S¢2S13012+s synthesized at 1375 °C for 6 h. However, the impurity
Si0, and Sc,O; phases were still observed in addition to the main garnet-type CaszSc,Si301,
phase. It is considered that the blue hue of this pigment could be further improved by
removing these impurities. For this purpose, the (Cago4Eu.06)3S¢2S13012+5 sample synthesized
at 1375 °C for 6 h was washed with a dilute HCI solution (2%). Figure 3.7 shows the XRD
patterns of the (Cag.94Eu06)3S¢2S13012+5 samples before and after washing. The integral peak
intensities of Sc,O03 and (Cag.94Eu006)3S¢,S13012+5 were estimated using the diffraction peaks
at 20 = 31.5° and 32.5° for the former and the latter, respectively. The intensity ratio of
1Sc,05/Ipigment was calculated for each sample, and the results are summarized in Table 3.4.
The 1Sc,05/Ipigment slightly decreased after washing, indicating that a small amount of the

Sc,03 impurity was removed by the purification process.
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Figure 3.7 XRD patterns of the optimized (Cag 94Eug,06)3S¢2S13012+5 samples before and after

washing with a dilute HCI solution (2%).

Table 3.4 The integral peak intensity ratio of /Sc,0s/Ipigment before and after washing the

(Cag.94Eu0,06)3S¢2S1301,+5 pigment with a dilute HCI solution (2%)

Samples ISc203/Ipigment
(Cao.94Eu0.06)3SCQSi3012+5 (before washing) 0.066
(Cag.94Eu0,06)3S¢2S13012+ (after washing) 0.042

Figure 3.8 illustrates the UV-Vis diffuse reflectance spectra for the samples before
and after washing. The reflection intensity was decreased after washing. The CIE L*a*b*
color coordinate data for the samples before and after washing with 2% HCI are summarized

in Table 3.5, with those for the previous amorphous (Wg76Eu024)OP,07-5, the commercial

50



iron hexacyanoferrate (Prussian blue, Dainichiseika Color & Chemicals Mfg., MILORI
BLUE 905), and cobalt aluminate blue (Cobalt blue, Dainichiseika Color & Chemicals Mfg.,
DAIPYROXIDE TM COLOR BLUE#3490E) pigments. The lowest b* value, —36.3, was
obtained for the (Cago4Eug06)3S¢2Si3012+5 pigment after washing. Although this blueness
value came short of that for the commercial cobalt blue pigment (—64.2), it was significantly
larger than those of the commercial iron hexacyanoferrate (—15.6), (Zr,V)SiO4 (—17.6) [9],
AL O3-MoO, (=8.4) [10], YIng9sMngsO3 (—31.2) [36], and amorphous (Wo.76Eup.24)OP207-5
(—25.2). In addition, the brightness of this pigment (L* = 31.2) was also higher than that of the
commercial iron hexacyanoferrate (L* = 9.31), and, as a result, the color of the

(Cag.94Eu0,06)3S¢2S13012+5 pigment became genuine blue.
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Figure 3.8 UV-Vis diffuse reflectance spectra for the (Cago4Eug06)3S¢2S13012+5 pigments

before and after washing with a dilute HCI solution (2%).
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Table 3.5 CIE L*a*b* color coordinate data for the pigments

Pigments L* a* b*
(Ca0,94EuO,06)3SCZSi3O12+(5 (before washing) 34.2 +25.6 —33.8
(Cag.94Eu0,06)3S¢2S13012+5 (after washing) 31.2 +27.7 -36.3
(Wo.76Eug.24)OP207-5 39.2 +10.6 -25.2
Commercial iron hexacyanoferrate
, 9.31 +12.6 -15.6
(Fe(II)4[ Fe(IT)(CN)¢]3, Prussian blue)
Commercial cobalt aluminate
34.6 +32.4 —64.2

(CoAl,Oy4, Cobalt blue)

34 Conclusion

Novel garnet-type (Ca;—Eu,);Sc,Si3012+5 (0 < x < 0.10) were synthesized as

environmentally friendly inorganic blue pigments. The color of the pigments depended on
their composition and the synthesis conditions. The most vivid blue color was obtained for the
(Cag.94Eu0,06)3S¢2S1301215 pigment, which was calcined at 1375 °C for 6 h and subsequently
washed with a dilute HCI solution (2%). The blueness value (b* = —36.3) was more brilliant
than that of the commercially available iron hexacyanoferrate pigment (b* = —15.6). The

present pigment consists of nontoxic and safe elements (Ca, Eu, Sc, Si, and O), and therefore,

it should be an attractive alternative for the conventional inorganic blue one.
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Summary

In the work of this thesis, novel and environmentally friendly inorganic pigments
exhibiting yellow, red, and blue colors have been successfully synthesized and their color
properties were characterized to realize advanced coloring materials with high color

performances. The results obtained through this work are summarized as follows:

Chapter 1

Novel yellow pigments, Bij—,—-Ca,Zn,La.-VOs(r+))2 (0.04 < x < 0.12; 0.01 <y <
0.05; 0.01 <£z<0.10), were successfully synthesized by the evaporation to dryness method, to
further improve the yellowness of a Big.99Cag 0sZng 02 VO3.950 pigment (b* = +91.6), which was
previously reported by our research group. The color of these pigments depended on their
compositions. Among them, the most vivid yellowness (b*) was obtained for a
Big 35Cag 08Zng 02Lag 0sVO3.950 pigment, with a b* value of +93.5, which was significantly
higher than that of the commercially available BiVO,4 pigment (b* = +80.3). Furthermore, the
yellowness of the present Big ssCag 9sZng o2Lag 05 VO3.950 pigment (b* = +93.5) is the best value
compared with those of any other environmentally friendly inorganic yellow pigments that

have ever reported.

Chapter 2

Novel red pigments, (Bij—,Zr,Al)4V,01145 (0 < x < 0.15; 0 < y < 0.10), were
successfully synthesized by the conventional solid state reaction method. The color of the
pigments depended on the calcination atmosphere and the concentrations of Zr*" and AI’".

Among them, the deepest red color was obtained for a (Big.9,Zr007Alp.01)4V20114s,, pigment
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calcined in a flow of O,. The redness of this pigment (a* = +41.9) was significantly higher

than that of the commercial Fe,O; pigment (a* = +28.9).

Chapter 3

Novel blue pigments, (Ca;—Eu,);Sc:Si3012+5 (0 < x < 0.10) with the garnet-type
structure, were successfully synthesized by the conventional solid state reaction method. A
bright-blue color was realized by doping divalent Eu®" ions into the Ca®" sites in the
CazSc;,Si30y; lattice, and the color of the pigments was dependent on their compositions and
the preparation conditions. The most brilliant blue hue has been achieved for the
(Cag.94Eu0,06)3S¢2S1301215 pigment, which was calcined at 1375 °C for 6 h in a flow of
2%H,—98%Ar and subsequently washed with a dilute HCI solution (2%). This pigment
exhibited bright blue color as the brightness and blueness values (L* = 31.2, b* =—36.3) were
obviously higher than those of the commercially available Prussian blue

(Fe(IT)4[Fe(IT)(CN)e]s) pigment (L* = 9.31, b* = —15.6).
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