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General Introduction

It is generally accepted that rare earth (RE) elements include the group 3 elements
scandium and yttrium and the lanthanide group from lanthanum to lutetium. RE
elements have peculiar properties that differ from those of other elements. The
peculiarity arises from their unique electronic configurations and radial distribution
functions in 4f orbitals. The electronic configuration éf the outermosf shell of a trivalent
lanthanide ion is 5525p6, and 4f orbitals exist deep inside the 5s and 5p orbitals (Fig. 1).
Since the electron clouds of 5s and 5p orbitals shroud that of 4f orbitals, the extensity of
the electrons in the 4f orbitals is small. An electron is first introduced into one of the
seven-fold degenerate 4f orbitals of cerium (III) ion, and all 4f orbitals are finally filled
with 14 electrons in 1utetium (I1) ion (Table 1). A characteristic of RE elements is that
the 4f orbitals exist deep in the -atom and are not completely filled with electrons. A
phenomenon known as lanthanoid contraction—a monotonous decrease in the ionic size
with an increase in the atomic number—results from the peculiar electronic states in 4f
orbitalé.mﬁ‘efcenﬂy, RE elements have been used to produce phosphor; magnetic ma{j;cﬁr?al,
hydrogen storage alloy, fuel cell, solid electrolyte, catalyst, superconductors, etc [1].

Typically, RE ions in RE oxides take a trivalent state with the general formula RE,Os.
However, some RE elements take divalent or tetravalent states, and in the case of Ce, Pr,
and Tb, intermediate states also appear as REO;x [2]. RE mixed oxides such as
REMeO; (Me = transitional metals) with a perovskite structure and RE;MesO12 (Me: Al,
Ga, etc.) with a garnet structure are also known to exist. The former is used as a
high-temperature superconductivity material, while the latter is used to form matrices
for iaser emission [3]. | |

Recently, remarkable progress has been made in the development of metal oxide

nanoparticles. Further, it is expected that the properties of nanoparticles obtained by
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Fig. 1. Radial distribution functions for 4f, 5s, 5d and 6s orbitals [3].

Table 1 Electron configurations of rare earth elements (3+). |
Sc  |[NeJ3s°3p° Gd  |[XeJsf'55%5p°
Y |[Ar]3d"%s%4p® Tb  |[Xel4f*5s%5p°
La |[Kr]4d"5s%5p° Dy |[Xel4f’5s>5p°

Ce |[Xe]4f'5s%5p° Ho |[XeJ4f*5s*5p°
Pr |[Xe]4f55°5p° Er |[XeJ4f '55°5p°
Nd  |[Xe]af’5s°5p° Tm  |[Xe]4f'*55°5p°
Pm |[Xe]4f'5s%5p° Yb  |[Xe]af55%5p°
Sm |[Xe]4f’55°5p° Lu  |[XeJ4f'*5s”5p°

Fu |[Xe]4f°55°5p°




these techniques will differ from those of bulk particles. The new properties of
nano-sized metal particlesAare derived from the defect structure in the crystal, size and
its distribution, morphology of the primary particle, peculiar aggregation state that is
caused by the unusual charged state of the particle surface during the aggregation

process, etc.

It is expected that RE oxide nanoparticles exhibit peculiar properties such as
superplasticity due to their small particle sizes. For example, Y,05:Eu’ is used as a red
light emission material in fluorescence lamps. Sharma et al. have reported that the
luminescence intensity of Y,03:Eu’” is stronger with smaller particles (10 nm) [4]. RE
oxides can be used as catalysts or catalyst supports [5-8]. Therefore, it is very
interesting to develop methods for synthesizing nano-sized RE oxides with large surface
areas.

In a simple method for synthesizing RE oxide composed of a single RE metal species,

RE hydroxide is precipitated from the corresponding aqueous RE nitrate by adding

~ alkali solutions such as aqueous ammonium hydroxide or ammonium carbonate [9].

Then, the precipitate is dried and calciﬁed. The concentration of the precipitating agents
may become heterogeneous in the solution during particle formation. To avoid the
concentraﬁon heterogeneity of the precipitating agents, urea can be used while heating
[10].
(NH,),CO + 3H,0 — 2NH," + CO, +20H

The precipitation proceeds under the same condition through the solution due to mild
and. homogeneous décomposition of urea. This method is referred to as the
homogeneous precipitation method. However, the resulting RE oxides have low surface
areas due to the aggregation of particles during drying, particularly, during the

vaporization of water whose surface tension is high.



RE oxide nanoparticles cannot be obtained by calcination or thermal decomposition
of RE acetéte or oxalate in air because RE carbonate oxides formed as intermediates
remain stable up to high temperatures (600-800 °C) [11-13].

Recently, many studies have been conducted on the syntheses of RE oxide
nanoparticles by using ‘orga.nic compounds [14-20]. For example, Y(OH); is
precipitated by adding aqueous Y(NO;); to aqueous ammonium hydroxide. The
aggregation of the resulting hydroxidé particles is prevented by a polymer surface
modification agent added before the precipitation process [4]. It is reported that the
particle size can be controlled by changing the concentration of the surface modification
agent, and Y03 nanoparticles (10 nm) are obtained. Masui et al. have reported that
ultrafine CeQ, particles (2.6 nm) have been prepared by a reaction in reversed micelles
formed with a surfactant in oil [21]. The ultrafine particles are obtained by mixing
water-in-oil microemulsions containing cerium nitrate solution with those containing
ammonium hydroxide. Y,05:Eu®* phosphor nanoparticles (~8 nm) are obtained by a
combustion method, i.e., co-ignition of RE nitrate and glycin [22].

Recently, morphology control of RE oxides has attracted considerable attention.
Shape-controlled RE oxides are highly valuable; for example, for CO oxidation,
rod-shaped or spindle-like CeO, particles have higher activity than spherical CeO,
particles [23]. One-dimensional or hollow shaped RE oxides have been synthesized. In
this case, a gel prepared by a sol-gél or homogeneous precipitation method is laminated
on various templates such as an alumina anode or micelle formed with surfactants; this

process is followed by the elimination of the template and calcination [24-26].

Powders of RE mixed oxides with the perovskite structure are used not only as
photocatalysts [27] but also as catalysts for automotive exhaust gas purification [28] or

NQ decomposition [29]. Mixed oxides with the garnet structure, particularly Y3Al501,,



are used as phosphors [30]. Therefore, RE mixed oxides can potentially be used as
advanced ceramic materials, and it is crucial to synthesize RE mixed oxide
nanoparticles with high surface areas.

Since mixed oxides are composed of various metal species, the homogeneity of the
metal species in the precursors before calcination determines the crystal phases or
physical properties of the mixed oxides. Therefore, methods for the synthesis of mixed
oxides are different from those for single component metal oxides. Solid-phase reaction
is one of the classical methods. In this method, mixed oxides are synthesized by the
high-temperature calcination of combined metal oxides or carbonates that are physically
mixed beforehand and crushed to microparticles by ball milling. When the desired
products are mixed oxides with structures such as perovskite, garnet, and pyrochlore
structures, heat treatment at high temperatures (>1000 °C) is required. However, this
process sometimes yields oxides with the pseudomorphs of the desired product or the
starting materials remain intact. Therefore, repeated crushing and calcination must be
carried out rebeatedly to obtain phase-pure mixed oxides. Moreover, when a large
amount of thermal energy is applied to decompose the precursors, it causes sintering of
the product particles.

Liquid phase syntheses are preferred to prepare inorganic materials with well-defined
morphologies. These synthetic reactions proceed at relatively lower temperatures and
therefore require lower energies; the sol-gel (alkoxyide) method and coprecipitation
method are typical examples of such syntheses. In the coprecipitation method, a
precursor product is obtained by adding an alkali solution to a solution containing target
metal ions. In the sol-gel method, metal alkoxides are hydrolyzed to yield
corresponding metal hydroxides, and the precursor products are obtained by the
condensation polymerization of the hydroxides. The calcination of these precursor

products is required in order to obtain crystallized products. However, the



reproducibility of these two methods may sometimes be poor depending on various
factors such as the reaction temperature, pH of the solution, and rate of precipitation or
hydrolysis. The phase separation can occur due to the heterogenecous distribution of
metal atoms in the precursor products caused by various factors. Recently, Liu et al.
have reported the synthesis of Y3AlsO;» nanoparticles by the coprecipitation method
using ultrasonic waves [31]. The precursor powder thus obtained can be crystallized
into the Y3Al50y, phase by calcination at a low temperature of 900 °C for 2 h due to the
uniform distribution of Al and Y ions; a éolid-phase reaction requires considerably
higher temperatures (>1600 °C) and prolonged calcination time. To the author’s
knowledge, Y3Al;O1; particles obtained by this method have the smallest particle size
(15 nm). |

New methods such as the polymerized complex method have been developed in
which organic solvents are used to obtain mixed oxides with a highly uniform
distribution of the constituent metal atoms. The polymerized complex method can be
explained by a simple chemical scheme in which a mixture of ethylene glycol and citric
acid containing pertinent metal ions is polymerized to form a polyester-type resin with a
random distribution of the metal ions. The calcination of the resin yields mixed metal
oxide. Because the mobility of the metal ions in the polyester-type resin is low, their
aggregation or segregation during calcination can be prevented;_ Consequently, the
composition of the mixed oxide is uniform at the atomic level. For example, the
crystallization of LaAlOQ; synthesized by the polymerized complex method occurs at a
temperature (750 °C) that is significantly lower than that in solid-phase reactions
(1500-1700 °C) [32]. Therefore, the surface area of LaAlO; synthesized by the
polymerized complex method (15 m?/g) is larger than that of LaAlO; prepared by the
solid-phase reaction (0.3 m?*/g). Other mixed oxides (e.g., RE;Ti»07 [32], Y3NbO7 [32],

and Y3AlsOp [33]) synthesized by the polymerized complex method are also



crystallized at low temperatures.

There are various methods for synthesizing inorganic materials, as described above.
Recently, the syntheses of inorganic materials by a solvothermal reaction have been
actively studied. When the term “solvothermal” is searched in the Web of Science, it is
observed that the number of pertinent papers has drastically increased in recent time, as
shown in Fig. 2. This term is used for reactions in liquids or supercritical media at
temperatures higher than their boiling points [34]. Although hydrothermal reactions or
reactions in NH; and HF solutions are also types of solvothermal reactions,
“solvothermal” is used in this dissertation to refer to the reactions in organic media.

Most of the solvothermal products are nano- or microparticles with well-defined
morphologies. The distribution of the particle size of the products is usually very
narrow; the formation of monodispersed particles has been reported frequently [35].
When solvent molecules or additives are preferentially adsorbed on (or have a specific
interaction with) a certain surface of a product, the growth of the surface is inhibitéd,
and therefore a product with a unique morphology can be formed. Thus, various types
of prodﬁcts (nanorods, wires, tubes, and sheets) have been obtained by this reaction [36,
37].

Regarding the synthesis of RE oxide, Demazeau et al. reported that well-crystallized
CeO; particles were prepared by the solvothermal reaction of a colloidal suspension of
Ce(OH), in ethanol. The thermal stability of CeO, synthesized by this method was
higher than that of CeO, obtained by a hydrothermal reaction [38]. Nano-sized
Y3Als042:Ce®" particles were synthesized from a precursor by a solvothermal reaction
in ethanol. The precursor was precipitated from a stoichiometric mixture of aluminum
and yttrium nitrates with ammonium hydrogen carbonate in the presence of a small

amount of cerium nitrate [39]. The crystallite and particle sizes of Y3Als012 were 14.6
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nm and 60 nm, respectively. Kominami et al. reported that an amorphous product,
which was obtained by the solvothermal decomposition of La(OiPr); and Fe(Obu)z in
toluene, was crystallized into perovskite-type LaFeOs in the subsequent solvothermal
treatment in 1,4-butanediol [40].

Since 1984, Inoue et al. have actively investigated various methods for the synthesis
~ of inorganic materials by solvothermal reactions at elevated temperatures (200-300 °C)
under autogeneous pressures of organic media [41]. A transparent colloidal solution of
ultrafine particles (particle size, 2—4 nm) of CeO; is directly obtained by the reaction of
Ce metal in 2-methoxyethanol at 200-300 °C [42]. Various oxides (TiO; [43], ZrO, [44],
. etc.) and mixed oxides (ZnAl,O4 [45], Gay03-Al03 solid solutions [46], etc.) are also
directly crystallized under mild conditions when suitable starting materials such as
metal alkoxide, acetylacetonate, or acetate are allowed to react in 1,4-butanediol at
200-300 °C. This solvothermal reaction using glycols as the organic solvents is termed
“olycothermal reaction.” For the syntheses of RE mixed oxides, glycothermal reactions
in 1,4-butanediol yielded REPO;4 [34], REVO, [47], REsNbO; [48], RE;AlsO12 [49],
RE3Gas012 [50], and REFeOs[51].

The properties or morphologies of inorganic materials synthesized by solvothermal
reactions in organic media differ significantly from those of the compounds synthesized
in water (coprecipitation, sol-gel methods, etc.) [52, 53]. Therefore, RE oxides or mixed
oxides synthesized by solvothermal reactions have high potential to serve as functional

materials in various fields .

With this background the present thesis focuses on the synthesis of RE oxides or
mixed oxides by solvothermal reactions.
The solvothermal reactions of RE metals in 2-methoxyethanol and 2-aminoethanol

are described in Chapter 1. Transparent colloidal solutions of CeOz, Sm;0;3, and Yb,O3



were obtained by the solvothermal reactions. Their particle sizes were extremely small
in the range of 2-3 nm.

Chapter 2 deals with the thermal decomposition behavior of the products synthésized
by the glycothermal treatment of RE acetates in vic-glycol (ethylene glycol,
1,2-propanediol, and 1,2-butanediol). The physical properties of the RE bxides obtained
by thermal decomposition are clarified. The RE oxide nanoparticles (RE = Gd-Yb, Y)

obtained by the glycothermal treatment of RE acetates in 1,2-propanediol and the

* . subsequent calcination had remarkably high surface areas.

Chapter 3 deals with further analysis of the morphology of the RE oxides obtained by
the glycothermal treatment of RE acetate in 1,2-propanediol and the subsequent
calcination. RE,O3 with a high surface area was a nano-hollow shaped particle.

Chapter 4 explains the solvothermal treatment of RE chloride hydrates in the
presence of amine bases to neutralize liberated HCl. The crystalline structures of the
products are clarified, and the relationship between the crystalline structure and the
ionic size of the RE elements is described.

Chapter 5 describes the physical properties of YbyOssxH,O obtained by the
solvothermal treatment of ytterbium chloride hydrate in various solvents in the presence
of amines. The relationship between the morphology of Yb,O3exH,0 and the effect of
~ the solvents or amines are discussed.

The synthesis of RE borate (REBOs3) by the glycothermal method is discussed in
chapter 6. The YBO; particles obtained by this method were spheroidal with a mean
diameter of 1 um. Selected area electron diffraction analysis indicated that each particle
was a “single crystal” of YBO; developed from a single nucleus.

Chapter 7 deals with the defective structure of RE aluminium garnet (RE3AlsO12)
obtained by the glycothermal method. It is suggested that Al and oxygen vacancies are

present in RE3AlsO; synthesized in 1,4-butanediol.
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Chapter 1
Solvothermal reaction of rare earth metals in

2-methoxyethanol and 2-aminoethanol

1.1. Introduction

Hydrothermal methods have been widely studied for thé synthesis of a variety of
minerals and inorganic materials [1-5]. Hydrothermal oxidation of metals has been also
examined as a synthesis route for inorganic materials and various compounds having
specific properties have been prepared [6-9]. Although it is known that some metals
corrode in alcohols, oxidation of metals in alcohols has been scarcely examined from
the view point of material synthesis [10-12]. Alcothermal reaction to prepare inorganic
materials uses liquid (or supercritical) alcohols as the reaction media at temperatures
higher than their boiling points. Inoue et al. examined alcohothermal oxidation of
cerium metal and reported that a transparent colloidal solution of ultrafine particles of
ceria was directly obtained by the reaction in 2-methoxyethanol at 200-300 °C [13,14].
High-surface-area ceria powder (183 m?/g) was recovered by coagulation of ceria
colloidal particles caused by the addition of an ammonia solution. Because of high
surface energy of the product particles, however, the surface area of the ceria powders
abruptly decreased by calcination at relatively low temperatures (the sample calcined at
600 °C had a surface area of 2.7 mZ/g with the crystallite size of 21 nm). Addition of a
nonionic surfactant to the recpvered ceria powder prevented the crystal growth and ceria
powder particles maintained a high-surface-area ceria (76 m?/g) even after calcination at
600 °C [15].

In this chapter, the present author describes solvothermal oxidation of rare earth (RE)
metals in vaﬁous organic solvents, together with the synthesis of RE oxide

nanoparticles.
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1.2 Experimental

Chips of RE metals were purchased from Wako Pure Chemical Industry and were
used without further purification. RE metal (2 g; ca. 3.5 mmX2.0 mm X 1.0 mm) and
2-methoxyethanol (80 ml; Nacalai Tesque, Guaranteed Grade) were placed in a test tube,
which was then set in an autoclave (200 ml). In the gap bétween the test tube and the
autoclave wall, an additional 40 ml of 2-methoxyethanol was placed. After completely
purged with nitrogen, the autoclave was heated to a prescribed temperature (250-315
°C) at the ra;ce 2.5 °C/min and kept at that temperature for a desired period (2 or 8 h)

~under the autogeneous pressure of the alcohol. After the autoclave was cooled to room
temperature, the product was centrifuged at 3500 rpm to remove the coarse particles
originating from the superficial layer of the metal chips. To the clear supernatant, a
small amount of ammonia was added. The solution became turbid and precipitate was
formed. The precipitate was washed with deionized water, dried in air, and calcined at
various temperatures for 1 h. Flow chart for the solvothermal oxidation of RE metals is
illustrated in Fig. 1-1.

For the reaction systems where the starting RE metal chips were recovered, the
reaction in 2-methoxyehanol in the presence of acetic acid was examined. Besides the
addition of 5 ml of acetic acid (Wako, GR grade) to 80 ml of 2-methoxyehanol,
completely the same procedure was adapted. The solvothermal reaction of RE metals (2
g) in 2-aminoethanol (80 ml; Wako, EP grade) was carried out by using the solvent in
place of 2-methoxyethanol of the aforementioned procedure.

X-ray powder diffraction (XRD: Model XD-D1, Shimadzu, Kyoto, Japan) was
performed using CuKa radiation and a carbon monochromator. The crystallite size was
estimated by the Scherrer equation. The morphology of the colloidal particles was
observed with a transmission electron microscope (TEM; Model H-800, Hitachi, Tokyo,

Japan) operated at 200 kV. The TEM specimen was prepared by dipping a microgrid in
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Fig. 1-1. Flow chart of solvothermal oxidation of RE metals.
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a diluted colloidal solution (colloidal solution : distilled water = 1 : 100). Simultaneous
thermogravimetric and differential thermal analyses were performed on a thermal
analyzer (Model DTG-50, Shimadzu, Kyoto, Japan). Raman spectra were recorded
(Model, T64000, Jobin-Yvon, Edison, NJ) at room temperature using a 514.5 nm line of

argon laser.

1.3 Results and Discussion
1.3.1 Solvothermal reaction of Yb and Sm in 2-methoxyethanol

Figure 1-2 shows the XRD patterns of the RE metal chips. For lanthanum, cerium
and praseodymium, metal oxide peaks were clearly detected, indicating thét the metal
chips of these RE elements were covered with relatively thick superficial layers of metal
oxide. For heavy REs, on the other hand, diffraction peaks due to pure metal were found
and no other peaks were detected, indicating that the superficial layer is amorphous or
quite thin beyond the detection of the crystalline phase by XRD.

The reaction of Yb metal or Sm metal in 2-methoxyethanol proceeded completely. In
these reactions, yellow transparent solutions were obtained after the removal of the
coarse particles derived from the superficial layer of the metal chips. Addition of a salt
solution such as aqueous NaCl to the transparent solutions caused the formation of
gelatinous precipitates, indicating that these solutions contained colloidal particles. The
TEM image of the Yb,Oj3 colloidal particles is shown in Fig. 1-3. Loosely agglomerated
Yb,05 particles with a diameter of ca. 3 nm were observed.

The colloidal particles were coagulated by the addition of aqueous NHj to the
colloidal solutions. The precipitate was separated by centrifugation and dried in air. The
XRD patterns of the products obtained by the reaction of Yb and Sm metals at various
reaction temperatures and times are shown in Fig; 1-4. Although the diffraction peaks

were quite broad, the XRD profiles coincided with those of Yb,03 and Sm,03. With the
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Fig. 1-2. XRD patterns of RE metal chips.
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Fig. 1-3. The TEM image of the Yb,O3 colloidal particles obtained by

solvothermal oxidation of Yb metal at 300 °C for 2 h.
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Fig. 1-4. The XRD patterns of the products obtained by the solvothermal
oxidation of (a) Yb and (b) Sm at various temperatures for various periods,
specified in the figure.
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increase in reaction temperature and time, the XRD peaks became sharp, indicating that
these particles were crystallized to some extent. From the half-height width of the
diffraction peaks, the crystallite size of Yb,O3; was estimated to be ca. 3 nm which is in
good agreement with the particle size observed by TEM.

When the reaction was carried out at 315 °C for 8 h, growth of the oxide particles
occurred and the colloidal solutions were not obtained. The products exhibited the XRD
patterns due to the Yb,O3 and SmyOs phases and the XRD peaks were relatively sharp
(crystallite size, 24 nm for YbyO3; 37 nm for SmyO3). However, these products seem to
contain the coarse particles originating from the superficial layers of the metal chips.

Figure 1-5 shows TG-DTA profiles of the colloidal particles after coagulation and
drying. A large weight decrease associated with an exothermic response in DTA is
attributed to the combustion of the organic matter remaining on the surface of the
product particles.

The IR spectra of the products are shown in Fig. 1-6. The spectra showed bands due
to the organic residue at 2980 (vasCHs), 2930 (vasCHa), 2880 (vsCHp), 1230(t CHy),
1130(t CH,), 1100 (vCO), 930 (vCO), and 866 (vCC) cm™ for SmyO3 and 2980, 2940,
2880, 1230, 1140, 1110, and 868 cm’lffor Yb,03. Comparison of these spectra with that
of liquid 2-methoxyethanol clearly indicates the pre'seﬁée of CH30CH,CH,0- moieties
on the surface of the products. The aforementioned assignment for each band is based
on the reported data for 2-methoxyethanol [16]. Besides the bands due to the organic
moietiés, rather strong bands were observed at 1620 and 1460 cm”. These bands are
assigned to carbonate ions, which were formed by adsorption of carbon dioxide during
the storage of ‘the products.

If one assumes that 2-methoxyethyl moieties are aligned on 3 nm spherical particles
in the closest packing with fully expanded conformation with a molecular radius

equivalent to the van der Waals radius of an ethylene group, one can estimate that the
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Fig. 1-5. TG-DTA profiles of the powders obtained by coagulation of

colloidal particles formed by solvothermal oxidation of (a) Yb and (b)
Sm in 2-methoxetanol at 300 °C for 2 h
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particles formed by the reaction of Yb and Sm at 300 °C for 2 h.
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weight loss due to desorption of the moieties is ca. 13 %. This value is in good
.agreement with the observed weight loss at around 350 °C (ca. 15 %).

| Figure 1-7 shows the XRD batterns of the thermally treated samples. The XRD peaks
due to YbyO3 and Sm,0; suddenly became sharp by heat treatment at 500 °C and 600 °C,
respectively. Thése temperatures are Vapproximately the same as the Tamman
temperatures of these oxide phases. These results show a sharp contrast against the
sintering behavior of the ceria powders prepared by solvothermal oxidation of cerium
metal, where gradual increase in the crystallite size was observed from very low
temperatures [13,14]. Nonstoichiometry of cerium oxide seems to contribute to its
sintering behavior, since oxidation-reduction cyclés cause the cleavage and formation of
Ce-O bonds, which facilitates the sintering of ceria particles.

Figure 1-8 shows the Raman spectra of RE oxides obtained by solvothermal
oxidation. The ceria particles showed a quite broad peak at 460 cm™. This result
confirmed that ceria powders obtained by solvothermal oxidation of Ce metal we;e
 crystallized. Fluorite structure of ceria allows only one Raman Tz mode, which can be
viewed as a symmetric breathing mode of the O atoms around cerium cation. Graham et
al. reported that Raman spectrum of CeO, was systematically changed by the crystallite
size [17]. They showed that the Raman linewidth was inversely correlated with the
crystallite size of ceria, and they gave the following empirical equation:

T (cm™)=5.26+436/D (A),
where I is the half line width at half-maximum and D is the crystallite size of ceria.
Other researches also confirmed this relation [18,19]. Lower energy shift of Raman
peak with the decrease in the crystallite size was also noted. Although the origin of this
chﬁnge is a controversial issue, Spanier et al. recently concluded that combined effect of
the inhomogeneous strain broadening and phonon confinement is the origin of the

spectrum change [20]. They also suggested the spectra are also affected by the presence
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Fig. 1-7. XRD patterns of the powders obtained by coagulation of colloidal
particles formed by the reaction of (a) Yb and (b) Sm at 300 °C for 2 h, and

samples obtained by calcination thereof at various temperature.
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Fig. 1-8. Raman spectra of RE oxides obtained by solvothermal
oxidation at 300 °C for 2 h.
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of oxygen vacancies [20]. Although the crystéllite size (2.3 nm) of the ceria particles
obtained by solvothermal oxidation of cerium metal was much smaller than the
crystallite-size range used for determination of the empirical equation [17], the observed
linewidth (48 em’l; T = 24cm™) is in good agreement with that predicted by the
equation (I' =23.8 cm™). The observed Raman frequency (460 cm™) is much lower than
that for well-crystallized ceria (467 cm'l) [17]. However, the low energy shift of the
Raman frequency of the present product is also within the expectation from the reported
correlation betwcen linewidth and frequency [17]. On the other hand, the present author
could not obtain Raman peaks for the as-synthesized Sm;O3 and Yb,O3 particles. One
reason is fluorescence due to the organic moieties remaining on the surface of the
products, but line broadening beyond the detection of Raman peaks caused by the small
crystallite size is also likely to contribute to the absence of Raman peaks. After heat
treatment, Raman peaks for type C oxides were detected [21-23]. Note that the Yb,03
sample exhibited quite broad Raman peaks in spite of the fact that the sample was
calcined at 500 °C, which caused a significant increase in the crystallite size.

The results of solvothermal oxidation of RE metals in 2-methoxyethanol at 300 °C
are summarized in Table 1-1. The reaction of La, Pr, and Nd metals proceeded
completely. However, after the removal of coarse particles by centrifugation, colloidal
solutions were not obtained: Addition of a salt solution té the supernatants caused no
apparent chaﬁge in the supernatants. It is interesting to note that the reactivity of the RE
metal in 2-m¢thoxyethanol may depend on the crystal structure of the metal. Hexagonal
La type metals (La, Pr and Nd) reacted easily yielding coarse products, and RE metals
with the fee structure (Ce and Yb) and thombohedral crystal symmetry (Sm) reacted in
2-methoxethanol yielding colloidal solutions, while the RE metals having hexagonal

crystal symmetry were inert in 2-methoxyethanol.
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1.3.2 Solvothermal reaction of RE metals in 2-methoxyethanol in the presence of acetic
acid

Since the recovery of the starting metal chips means low solubility of the superficial
layers into 2-methoxyethanol, reaction in the presence of a small amount df acetic acid
w'as examined. The results are summarized in Table 1-2. As described in the previous
section, colloidal solutions of CeQ,, Smy0;, and YbyO3; were obtained without the
addition of acetic acid, while the other metals, such as Y, Eu, Gd, and Tb, did not afford
colloidal solutions. However, colloidal solutions were obtained by the reaction of these
metals in the présence of acetic acid. In Fig 1-9, a picture of the colloidal solution
obtained by‘ the reaction of Eu metal in 2-methoxyethanol together with a small émount
of acetic acid is shown. Tyndall phenomenon was clearly observed. Figure 1-10 shows
the XRD patterns and TG-DTA profiles of the powders obtained by coagulation of the
colloidal particles. The particles are only poorly crystallized. An exothermic response at
around 650 °C 1n DTA can be attributed to the crystallization of Eup,Os; from
Eup(CO;3)0;. The carbonate ions were formed by combustion of the organic moieties
remaining on the product particles. Besides formation of Eu,O; and Th,O3, Gd and Y
metals yielded transparent colloidal solutions. Calcination of the powders obtained by
coagulation of the colloidal particles gave GdAOOH and a mixture of Y>03 and YOOH.
Phases formed by calcination are summarized in Table 1-3.

By the addition of acetic acid to the solvothermal reaction systems, colloidal particles
were obtained from the RE metal chips having superficial layers. These results indicate
that acetic acid dissolves the superficial layers of RE metal chips and then facilitates the
reaction of RE metal with 2-méth0xyethanol (and/or acetic acid).

It must be noted that the reaction of Ce metal in a mixture of 2-methoxyethanol and
acetic acid did not yield the colloidal solution of ceria but coarse ceria particles were

sedimented by centrifugation. In previous work [13,14], Inoue et al. examined
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Fig. 1-9. Transparent colloidal solution of Eu,O; obtained by the reaction of
Eu metal in 2-methoxyethanol and acetic acid at 300 °C for 2 h.
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Fig. 1-10. XRD patterns and TG-DTA profiles of products obtained by
reaction of Eu metal in 2-methoxyethanol and acetic acid at 300 °C for 2 h.
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the reaction of cerium acetylacetonate in 2-methoxyethanol and found coarse ceria
particles were formed. Therefore, the present author concluded that the presence of the
superficial layers is essential for the formation of the ceria colloidal solution.
Dissolution of the superficial layers at high temperatures causes very rapid reaction of
cerium metal with the solvent alcohol yielding cerium alkoxide and hydrogen. High
concentration of the alkoxide causes bust nucleation of ceria resulting in formation of
the colloidal particles. The present result supports this mechanism, since the dissolution
of the superficial layer at lower temperatures will give a solution of the alkoxide, which
gradually decomposes yielding a limited number of ceria nuclei. Crystal growth takes

place lowering the alkoxide concentration and finally yielding coarse ceria particles.

1.3.3 Solvothermal reaction of RE metals in 2-aminoethanol
The XRD patterns of the products obtained by the solvothermal reaction of RE metal
chips in 2-aminoethanol are shown in Fig. 1-11. From Ce, Sm, and Yb metals, turbid
colloidal solutions were obtained after the removal of the coarse particles. The XRD
pattern of the powder recovered by coagulation of the colloidal particles by the addition
of an NH; solution showed the formation of CeO,, a mixture of Sm;O3 and SmOOL,
and Yb,0s. |
The TG-DTA profiles of the powders, which were recovered from the colloidal
soiution obtained by solvothermal reaction of Sm metal in 2-aminoethanol, are shown in
Fig. 1-12. The DTA curve exhibited endothermic peaks. These peaks were due to the
decomposition of SmOOH and desorption of the organic moieties remaining on the
product particles. The former process yielded Sm>O3 and the XRD pattern of the sample
calcined at 500 °C showed the peaks due to Sm,Os. The latter process occurred since
the presence of the nitrogen atom in the organic moieties makes them difficult to

combust.
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The results for solvothermal reaction of RE metals in 2-aminoethanol are summarized
in Table 1-2. Besides Ce, Sm and Yb metals, which gave the colloidal solutions albeit
turbid, Y, La, Pr, Nd and Eu reacted in 2-aminoethanol yielding YOOH, La(OH);,
mixture of PrOOH and Pr,0s, mixture of NdOOH and Nd,Os; and EuOOH. However,
colloidal solutions were not obtained from these metals. The phases formed by
calcination of the samples obtained by coagulation of the colloidal particles formed by
reaction of Ce, Sm and Yb are summarized in Table 1-3.

As compared with the reaction in 2-methoxyethanol, oxides or hydroxide oxides of
RE elements were obtained from a wide range of RE metals, and the reaction took place
easily. In 2-aminoethanol, the products are fairly well crystallized. These results seem to
be due to higher polarity of 2-aminoethanol (¢ = 37.72) as compared with

2-methoxyethanol (g ~ 16.93).

1.3.4 Proposed reaction mechanisms
RE metals are highly active and they are flammable when fresh surfaces are exposed to

moist air. However, in the present experiments, metal chips with superficial layers were
used, and therefore safe experiments were carried out. The reaction of RE metal with
water proceeds according to the following equation:

2RE + 6H,0 — 2RE(OH); + 3Ha.
Similarly, the reaction of RE metal with alcohol proceeds easily:

2RE + 6ROH — 2RE(OR); + 3H;.
However, the superficial layer must be dissolved or broken before the reaction takes
place, and addiﬁon of acetic acid or use of 2-aminoethanol having higher polarity than
2-methoxyethanol facilitated the dissolution of the superficial layers. The thermal
decomposition of RE alkoxide yields RE oxide according to the following reaction:

2RE(OR); — RE,0; + 3ROR
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Importance of the superficial layers of metal chips was discussed in section (1.3.2).

1.4 Conclusions

1. Transparent colloidal solutions of SmyO; and Yb,03 were obtained by solvothermal
oxidation of Sm and Yb metals in 2-methoxyethanol at 300 °C for 2 h.

2. Transparent colloidal solutions of Y, Eu, Gd and Tb species were obtained by
solvothermal oxidation of the corresponding metals in 2-methoxyethanol in the
presence of a small amount of acetic acid. The dissolution of the superficial layers of
RE metal chips was facilitated by the presence of acetic acid.

3. The reaction of Ce, Sm and Yb metals in 2-aminoethanol yielded turbid colloidal
solutions of the oxides. In addition, the reaction of some other RE metals afforded the
precipitates of the corresponding oxides or hydroxide oxides, and the reaction took

place easily because of high polarity of 2-aminoethanol.
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Chapter 2
Synthesis of nanocrystalline rare earth oxides by

glycothermal method

2.1. Introduction

Many methods have been reported for the synthesis of RE oxide nanoparticles, as
stated in General Introduction section. They include oxidation of metal [1,2] or metal
hydride [3] nanoparticles, vaporization/condensation of ceramics [4-6], chemical vapor
deposition [7], thermal decomposition [8,9], spray pyrolysis [10], combustion synfhesis
[11-13], high energy mechanical milling [14], polyol process [15-17], reverse micellar
synthesis [18,19], sonochemical synthesis [20], hydrothermal synthesis [21], and so on.
However, most of these methods give RE oxide particles with crystallite sizes larger
than 10 nm, and only a few methods are available for the synthesis of RE oxide
nanoparticles with the crystallite size less than 10 nm.

The Y,03:Eu’* phosphor nanoparticles were obtained by a reverse micelle method
(4-8 nm) [18] or by a glycine-nitrate combustion method (~8 nm) [12]. Monodispersed
RE oxide particles with an average diameter in range 2-5 nm were prepared by direct
precipitation from a diethylene glycol solution [15]. So far as the present author knows,
the smallest RE oxide particle ever was attained that reported by Nelson et al.; they
prepared Y03 nanoparticles by homogeneous reduction of YCl; with
K*(15-crown-5),Cl" and subsequent oxidation [1,2]. The as-synthesized product is
amorphous (particle size: 1-3 nm), and the sample crystallized by annealing at 500 °C
for 4 h has a surface area of 84 m%/gand a crystallite size of 11.8 nm.

The reaction of RE acetate hydrates in 1,4-butanediol yields RE(OAc),(OH),
RE(OAc)(OH), or RE(OAc)O depending on the ionic size of the RE elements [22].

However, the reaction of RE acetate hydrates in ethylene glycol vyields
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REZO(OCHZCHZO)(OAC)Z or RE;O(OCH;CH,OH),(OAc)(OH) éontaining glycol
moieties depending on the ionic size of the RE element [23]. This difference in reaction
behaviour is attributed to the high coordinating ability of the vicinal glycol as compared
with 1,4-buntanediol. The products obtained in 1,4-bunanediol decompose to RE oxides
at around 700 °C via RE carbonate oxide phase (RE20,COj;), while the products
obtained in ethylene glycol directly decompose to RE oxide at around 400 °C without
the formation of RE carbonate oxide.

Chapter 1 addressed RE oxide nanoparticles obtained by the solvothermal oxidation
of RE metals in 2-methoxyethanol. This chapter discussed the RE oxide nanoparticles
obtained by the glycothermal treatment of RE acetate hydrate in vicinal glycols
(ethylene glycol, 1,2-propanediol or 1,2-butanediol) and subsequent calcination at low

temperature.

2.2. Experimental
2.2.1 Glycothermal treatment of yttrium acetate hydrate

Ethylene glycol (EG), 1,2-propanediol (1,2-PG), 1,2-butanediol (1,2-BG),
1,3-propanediol (1,3-PG) and 1,4-butanediol (1,4-BG) were used as solvents. Yttrium
acetate hydrate (Y(OAc);4H,0) (8.453 g, 25 mmol) was suspended in 120 ml of
solvent in a test tube serving as an autoclave liner. The test tube was placed in a 300-ml
autoclave. An additional 40 ml of the solvent was placed in the gap between the
autoclave wall and test tube. The autoclave was completely purged with nitrogen,
heated to 300 °C at a rate of 2.3 °C/min and maintained at the same temperature for 2 h.
After the assembly was rapidly cooled to room temperature, the resulting prbduct was
collected by centrifugation. The product was washed with methanol by vigorous mixing
and centrifuging and then air-dried. For calcination, the products were heated in a box

furnace at a rate of 10 °C/min and maintained at the prescribed temperature for 30 min.
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The amount of product obtained in 1,2-PG was about 5.5 g, and the ceramic yield of the
product as calculated from the weight loss after calcination at 1000 °C exceeded 90%.
These products are labelled as P(abbreviation of the solvent); in the case of
calcination, the applied temperature (in Celsius) is added to the above label. For
example, P(1,4-BG)400 refers to the product obtained by the reaction in 1,4-BG

followed by calcination at 400 °C.

2.2.2 Characterization

Since RE oxides react with HyO and/or CO; in air at room temperature producing
hydroxides and/or carbonate hydroxides [24], the characterization of calcined samples
was carried out within 24 h after calcination.

The organic species derived by the thermal decomposition of the products were
analysed aé follows: The product was calcined in O2 (50 Torr) at 400 °C using a closed
circulation system (total dead volume: 150 cm’), and the generated gases were trapped
with liquid nitrogen. These gases were analysed using gas chromatographs equipped
with FID (Porapak Q column, 2 m, 180 °C) and TCD (Porapak N column, 2 m, 50 °C)
detectors and by mass spectrometry (SX102, JEOL, Tokyo, Japan).

The X-ray powder diffraction patterns (XRD: XD-D1, Shimadzu, Kyoto, Japan) were
recorded using Cu Ko radiation and a carbon monoéhromator. The crystallite sizes of
RE oxides were calculated from the full width at half maximum (FWHM) of the 222

diffraction peak using Scherrer’s equation:

D (nm) = 0.9%x0.1542
P xcosf

where D is the crystallite size; 0, the diffraction angle; and = Bexp— Bapp. Here, foxp and
Papp are the FWHM of the diffraction peak and the instrumental broadening width,

respectively.
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The diffuse reflectance FT—fR spectra of the products were recorded in the range of
4000-700 ¢m ™' using a Nicolet spectrophotometer (Magna-IR 560, Madison, USA)
with KBr as the background. Simultaneous thermogravimetric and differential thermal
analyses' (TG-DTA) were performed using a thermal analyser (DTG-50, Shimadzu,
Kyoto, Japan) at a rate of 5 °C/min in a 40 ml/min flow of dried air. The specific surface
area was calculated by BET single-point method on the basis of the N, uptake measured
at 77 K using a sorptionmeter (Flowsorb IT 2300, Micromeritics). The morphology of
the product was observed using a transmission electron microscope (TEM, Hitachi -

H-800) operated at 200 k'V.

2.3. Results and Discussion
2.3.1 XRD analysis and IR spectroscopy

The XRD patterns of the products obtained from the reaction at 300 °C are shown in
Fig. 2-1. The XRD patterns of P(1,3-PG) and P(1,4-BG) are attributed to Y(OAc)O [22],
while that of P(EG) is attributed to Y,O(OCH,CH,OH),(OAc)(OH) [23]. The XRD
patterns of P(1,2-PG) and P(1,2-BG) differ distinctly - from that of Y(OAc)O or
Y,0(0OCH,CH,OH),(OAc)(OH).

The IR spectra of the products are shown in Figs. 2-2a and 2b. In addition to the
relatively weak stretching vibration modes attributed to CH; of the acetate group,
P(1,2-PG) and P(1,2-BG) exhibit strong stretching vibration modes at 2700-3000 cm ™
due to the CH3 and CH; groups. However, P(EG) exhibits only the stretching vibration
modes of the CH, groups. In contrast, the product obtained in 1,4-BG does not exhibit
the stretching vibration modes due to the CH, groups originating from the solvent. In
addition, due to the acetate groups, all spectra exhibit the stretching vibration bands at
around 1610 and 1480 cm™. The spectrum of P(1,4-BG) is fairly similar to that of

yttrium acetate hydrate at 1084, 1053 and 955 cm™, and the peaks due to the 1,4-BG
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Fig. 2-1. XRD patterns of the products obtained by the reaction of yttrium
acetate hydrate in various glycols at 300 °C for 2 h.
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moiety are not observed. This spectral feature coincides with the proposed empirical
formula (Y(OAc)O) of P(1,4-BG) [22]. At the region from 800 to 1300 ¢m™, however,
the spectra of the other products exhibit several peaks and are similar to those of the
corresponding solvents shown in Fig. 2-2¢. However, the peak positions are slightly
different, presumably because of the strong coordination of the glycol Ihoieties to
yttrium ion. These results indicate that the products obtained in 1,2-PG, 1,2-BG and EG

contain both the glycol moieties and acetate ligands.

2.3.2 Analysis of thermal decomposition

The TG-DTA profiles of the products obtained in EG, 1,2-PG, 1,2-BG and 1,4-BG are
shown in Fig. 2-3. For P(1,4-BG), the weight loss at 350400 °C is attributed to the
decomposition of Y(OAc)O to Y,0,COs3, while the weight loss at ~700 °C is attributed
to the decomposition of Y,0,CO; to Y203 [22]. The thermal decomposition behaviour
of P(1,2-PG) is similar to that of P(1,2-BG), and significant weight loss associated with
an exothermic peak is detected at 360 °C. On the other hand, in the case of P(EG),
weight loss associated with an exothermic peak is observed at 340 °C; weight loss is
also detected at 600 °C. The total weight loss cause by calcination at 800 °C increases
with the carbon number of glycol—EG < 1,2-PG < 1,2-BG. This result also supports the
argument thaf the product contains the glycol moieties originating from the solvent.

The XRD patterns of the products treated at 400 °C, together with the BET surface
areas of the samples, are shown in Fig. 2-4. Y(OAc)O decomposes to Y2(CO3)O,, but
the products obtained in vicinal glycols decompose directly to Y203 (JCPDS card No.
41-1105) without the formation of the carbonate oxide phase. The crystallite sizes of
these Y,03; samples are less than 3 nm.

The organic species formed by the thermal decomposition of these products were

analysed using a closed circulation system. For Y(OAc)O obtained in 1,4-BG, large
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Fig. 2-3. TG-DTA profiles of the products obtained by the reaction of yttrium

acetate hydrate in various solvents at 300 °C for 2 h.
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- Fig. 2-4. XRD patterns of the samples obtained by calcination of the products

at 400 °C for 30 min. Surface area the samples calculated using BET

single-point method is given in the parenthesis.

49



amounts of acetone and CO, are genprated with traces of various volatile
low-boiling-point compounds. For P(EG) and P(1,2-PG), however, high-boiling-point
products are generated in addition to those originating from Y(OAc)O. Furthermore,
mass spectrometric analysis indicates the presence of vinyl acetate and various acetic
acid esters. Therefore, the difference between the thermal transformation sequences of
'Y(OAc)O and products obtained in vicinal glycols can be attributed to the presence or
absence of the glycol moieties: The acetate groups in the former product decomposed
into volatile acetone and carbonate ions which remain in the coordination sites of the
yttrium ions. On the other hand, the presence of glycol moieties in the latter enables the
acetate groups to form volatile esters by reacting with the glycol moieties and be
eliminated without the formation of carbonate species.

The surface areas of Y205 obtained by the thermal decomposition of P(1,2-PG) and
P(1,2-BG) are much larger than those obtained from P(EG). The weight loss at around
600 °C observed in the TG profile of P(EG) (Fig. 2-3) suggests that the small surface
area of P(EG)400 is due to the presence of a large amount of carbonaceous materials on
the surface of the oxide phase formed at low temperatures. The crystallite size of
P(1,2-PG)400 with the largest surface area (280 m%g) is 2.2 nm; its surface area
calculated assuming that each Y,Os particle is spherical with a diameter of 2.2 nm
(crystallite size) is 540 m*/g, which is significantly larger than the BET surface area.

Note that the diameter of the smallest voids in the closest packing of spherical
particles with a diameter of 2.2 nm is 0.34 nm ((2 NCY . 1)D, where D is the diameter
of the spherical particles). However, the diameter of nitrogen molecules is typically |
assumed to be 0.45 nm (the area occupied by a nitrogen molecule is assumed to be 16.2
A?). Therefore, nitrogen molecules (adsorbate) cannot access the void spaces when the
particles are closest-packed. The TEM image of P(1,2-PG)400 indicates that it is

composed of aggregated particles with a size of ca. 12 nm (Fig. 2-5). A detailed
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Fig. 2-5. TEM image of P(1,2-PG)400.
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discussion regarding the morphology of Y>O3 nanoparticles is shown in chapter 3.

As shown in Fig. 2-6, the IR spectrum of P(1,2-PG)400 exhibits peaks at 1560, 1420
and 840 cm—l; this is attributed to oxycarbonate species.v The formation of this species
can be ascribed to the reaction of RE oxides with atmospheric CO, since it is reported
that RE oxides react with H,O and/or CO, in air at room temperature yielding

hydroxides and/or carbonate hydroxides [24].

2.3.3 Other RE oxides

Figure 2-7 shows the‘XRD patterns of the product obtained by the reaction of RE
acetate hydrates in 1,2-PG. None of these patterns are found in the JCPDS cards. Based
on the XRD patterns, we classify the products into two groups—Group A for La-Nd and
- Group B for Sm-Yb and Y. |

The IR spectra of the products are shown in Fig. 2-8. Liquid 1,2-PG exhibits two
bands in the 800-850 cm™ region (Fig. 2-2c¢). Although both the product groups exhibit
the peaks attributed to the glycol moieties, Group A products exhibit peaks with low
- intensities. Thjs suggests that the glycol moieties are possibly present on the surface of
the crystals. Therefore, the coordination states of 1,2-PG toi RE ion for Group A and
Group B products are completely different. The stretching vibration bands attributed to
the acetate groups are observed at around 1610 and 1480 cm™ for both product groups.
Moreover, Group A products exhibit two sharp bands at around 3500 and 3600 cm™,
while Group B products do not exhibit these bands. This result suggests that Group A
products possess structural OH groups, while Group B products do not. |

Figure 2-9 shows the thermal decomposition behaviour of the as-synthesized
products obtained from La and Yb acetates as the representatives for Group A and
Group B, respectively. Figure 2-10 shows the XRD patterns of the samples obtained by

the calcination of the La and Yb products at various temperatures. For the La product,
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Fig. 2-6. IR spectrum of P(1,2-PG)400.
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Fig. 2-7. XRD patterns of the products obtained by the reaction of rare earth
acetate hydrates in 1,2-propanediol at 300 °C for 2 h.

54



Intensity (a.u.)
I

'La

T

4000

3000 2000

Wavenumber (cm'1)

Fig. 2-8. IR spectra of the products.
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Fig. 2-10. XRD patterns of the samples obtained by calcination of the La or
Yb products; a, Yb, 400 °C; b, La, 600 °C; ¢, La, 800 °C. Identified phases

are shown in the figure.
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weight loss accompanied by an exothermic peak in DTA is observed at 400 °C, and
lanthanum carbonate oxide (JCPDS card No. 37-0804) ‘is crystallized at 600 °C. Another
weight loss associated with an endothermic peak is observed at around 700 °C due to
the decomposition of lanthanum carbonate oxide to lanthanum oxide. This profile is
essentially identical to that of the other Group A products, except for Ce. In the case of
Ce, weight loss associated with an exothermic peak in DTA is observed at around 300
°C and CCO;): (JCPDS card No. 34-0394) is directly crystallized by calcination at 400 °C.

On the other hand, the thermal analyses of the Yb product in Group B reveals weight
loss accompanied by an exothermic peak at 350 °C, and the sample calcined at 400 °C
for 30 min exhibits the XRD pattern attributed to ytterbium oxide (JCPDS card No.
43-1037). Although gradual weight loss occurs at temperatures higher than 400 °C, no
heat response is detected. The TG-DTA profiles of the other Group B products, except
for Sm and Eu, are essentially identical to that of the Yb product. Therefore, Group B
products (except for Sm ahd Eu) decompose directly to the oxide phase at ~400 °C.

In the cases of Sm and Eu, the yields of the glycothermal products were much smaller
than those of the other products. This result suggests that the glycothermal reaction of
Sm(OAc); and Eu(OAc);s proceeds incompletely and large amounts of RE ions remain
in the glycol solution. The TG—DTA profile of the Sm product exhibits a much broader
exothermic peak at around 350 °C as compared to the Yb product, and the sample
decomposes to SmyO3; (JCPDS card No. 15-0813) at ~400 °C. Exothermic and
endothermic peaks at around 300 and 550 °C, respectively, are observed in the TG-DTA
profile of the Eu product. The endothermic peak is ascribed to the decomposition of the
oxycarbonate phase (JCPDS card No. 25-\0334).

Table 2-1 lists the phases identified from the XRD patterns, BET surface areas and
crystallite sizes of the samples obtained by the 400 °C calcination of the products.

Group B products are transformed to the oxide phase with the cubic structure; they have
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Table 2-1 BET surface area and crystallite size of the sample obtained by 400 °C calcination of the

product formed by reaction rare earth acetate in 1,2-PG.

Rare earth elements Product phasea) BET surface area (m2/ g) Crystallite size (nm)b)’ °)
La © La,0,C0, - -
Ce CeO, 85 -
Pr Pr,0,CO; - )
Nd . Nd,0,CO;, - _
Sm Sm,0; 27 -
Eu Eu,0,CO;5+Eu,04 11 -
Gd Gd,0, 122 (25)% 1
Tb Tb,0, 118 390
Dy Dy,0, 136 (42) 1°
Ho Ho,0; 140 1°
Er Er,0, 132 (39) 2°
Tm Tm, 0, 121 26
Yb Yb,0, 128 (35) 28
Y Y,0, 280 22

a) Phase identified by XRD pattern.

b) Calculated from the FWHM of the 222 diffraction peak by using Scherrer's equation.

c) Although calculated crystallite size has only one significant figure, data to one decimal place are
given in the table because measured FWHM has more than two significant figures.

d) Data in parentheses are the BET surface areas of the sample after calcintion at 600 °C.
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large surface areas (>100 m*/g) and small crystallite sizes (<3 nm), except for Sm énd
Eu. The low surface areas of Smy03; and Eu;O3; can be attributed to amorphous phases
and/or oxycarbonate species present in the products.

As described in Introduction, several studies have reported the synthesis of RE;03
nanoparticles. However, few reports have discussed the surface areas of the
nanoparticles of RE;O3, except for CeO,. It is reported that the Y,03; nanoparticles
synthesized by alkalide reduction and subsequent oxidation have a surface area of 109
m%g, but the sample is amorphous [1]. Hussein et al. investigated the thermal
decomposition of Y(OAc);-4H,0, Y(N 03)3-5H,0 and Y2(C204)3-8H;0 [8], and reported
that Y(NO3)3:5H20 decomposes at 450 °C yielding Y03 with a large surface area (58
m?/g), while Y(OAc)3-4H,0 and Y;(C204)3-8H20 decompose at 650 °C yielding Y,03
with surface areas of 55 and 12 m?/g, respectively. They also reported that Er,O3
obtained by the decomposition of Er(OAc);-4H0O at 800 °C has a surface area of 55
m?/g [9]. The RE203 (RE = Gd-Yb, Y) samples obtained by the 400 °C calcination of
the products synthesized by the reaction of RE acetate in 1,2-PG have markedly large
surface areas as compared to the reported values. Furthermore, the crystallite sizes of

these samples are the smallest among those reported thus far.

2.4. Conclusions

The calcination of the products obtained by the reaction of RE (Y, Gd-Yb) acetate
hydrates in EG 1,2-PG and 1,2-BG at 300 °C yields crystalline RE oxides at
temperatures as low as 400 °C. The thus-obtained Y,O3 sample has a significantly large
surface area (280 m?/g) and small crystallite size (2.2 nm). The other RE oxides
obtained by this method also have large surface areas (>100 m%/g). These surface areas

are much larger than those reported thus far.
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Chapter 3
Synthesis of nano-hollow shaped rare earth oxides by glycothermal

treatment of rare earth acetates and subsequent calcination

3.1 Introduction

Recently, there has been intense interest in fabricating micrometer- and
nanometer-sized hollow particles [1]. These hollow particles often exhibit properties
that are substantially different from those of conventional ordinary particles; e.g., low
density, large surface area, stability, surface permeability and so on. Rare earth (RE)
oxides have physical and chemical properties suitable for various applications as, for
example, phosphors [2-4], catalysts [5-9] or catalyst supports [10,11]. Therefore, it is
quite interesting to develop methods to synthesize nano-hollow shaped RE oxides.

Hollow shaped RE oxides have been synthesized by a template method, spray
pyrolysis, etc. [12-19]. A synthesis of various RE oxides (La;03, Y203, LuyO3, and
Ce0,) has been developed by using carbonaceous polysaccharide microspheres as
templates [12]. In spray pyrolysis, a solution of metal salts is sprayed onto a hot wall
reactor, where the reaction occurs in dispersed droplets forming the product particles.
Kang et al. prepared Gd,03:Eu and Y,03:Eu particles with hollow structures by spray
pyrolysis of nitrate solutions containing polyethylene glycol [15,16].

Chapter 2 manly discussed the thermal decomposition behavior of the product
obtained by glycothermal treatment of RE acetate in 1,2-propanediol (1,2-PG) and the
surface area of RE oxides obtained by the thermal decomposition at low temperature.
However, the detailed morphology or pore structure of RE oxide was not investigated.

In this chapter, the detailed physical properties of nano-hollow shaped RE oxide
obtained by glycothermal treatment of RE acetate in 1,2-PG and subsequent calcination

were discussed.
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3.2. Experimental
3.2.1 Glycothermal treatment

Yttrium acetate hydrate (8.453 g, 25 mmol) was suspended in 120 ml of 1,2-PG in a
test tube serving as autoclave liner. The tube was placed in a 300-ml autoclave. An
additional 40 ml of 1,2-PG was placed in the gap between the autoclave wall and the
test tube. The autoclave was completely purged with nitrogen, heated to 300 °C at a rate
of 2.3 °C/min, and kept at that temperature for 2 h. After the assembly was rapidly
cooled to room temperature, the resulting product was collected by centrifugation. The
product was washed with methanol by vigorous mixing and centrifuging, and then
air-dried. For calcination, the products were heated with a rate of 10 °C/min and held at
the prescribed temperature for 30 min in a box furnace. The amount of the product
obtained in 1,2-PG was ca. 5.5 g, and the ceramic yield calculated on the basis of the
observed weight loss of the product yielding yttrium oxide by calcination at 1000 °C
was above 90 %.

RE oxides obtained by calcination of the products are designated as
- RE;Oj3(calcination temperature). For example, Y,03(400) means the product obtained

by reaction of yttrium acetate in 1,2-PG followed by calcination at 400 °C.

3.2.2 Characterization
Since a previous report [20] indicated that RE oxide reacts with H,O and/or CO; in
air at room temperature giving hydroxide or carbonate hydroxide (RE(OH)CO3), the
characterization of the calcined samples was carried out within 24 h after calcination.
The true density of the product was determinedhby using a pycnometer. X-ray powder
diffraction (XRD: Model XD-D1 _Shimadzu, Kyoto, Japan) was recorded using CuKo.
radiation and a carbon monochromator. The crystallite size of Y,03 was calculated from

the half-height width of the peak at 29.1° by Scherrer equation. Simultaneous
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thermogravimetric and differential thermal analyses were performed on a thermal
analyzer (Model DTG-500, Shimadzu, Kyoto, Japan) at a rate of 5 °C/min in a 40
ml/min flow of dried air. Specific surface area was calculated using the BET
single-point method on the basis of N, uptake measured at 77 K using a Micrometritics
Flowsorb II 2300 sorptionmeter. Nitrogen adsorption isotherm was determined using a
volumetric gas-sorption system (Model Autosorb-1, Quantachrome, USA) and the
pore-size distribution was calculated by the BJH Iﬁethod on the basis of the desorption
branch of the isotherm. The morphology of the products was observed with a> scanning
electron microscope (SEM), Hitachi S-2500CX, or a transmission electron microscope

(TEM), Hitachi H-800, operated at 200 kV.

3.3. Results and Discussion
3.3.1. Physical properties of Y203 obtained by glycothermal treatment of yttrium acetate
and subsequent calcination

Figure 3-1 shows the XRD patterns of the as-synthesized and calcined products. The
intense peak at a low angle (7.3° 20) suggests that the as-synthesized product has a layer
structure. As shown in chapter 2, the FT-IR spectra (data not shown) of the product
indicated the presence of the glycol moieties and the acetate ligands. In the thermal
decomposition behaiviour of the as-synthesized product, a large weight decrease
associated with an exothermic peak was detected at 360 °C (Fig. 3-2). The:
as-synthesized product was decomposed to Y,O3 by calcination at 400 °C. The XRD
peaks of the sample calcined above 400 °C became gradually sharp, and coincided with
the cubic structure of Y,03 (JCPDS: No. 41-1105). The crystallite size and surface area
of Y,03 are summarized in Table 3-1. Y,03(400) had quite a large surface areas (> 200
m?*/g) and a small crystallite size (22 nm). The surface area decreased and crystallite

size increased by calcination at higher temperatures. The surface area of Y>03(700) was
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Fig. 3-1. XRD patterns of the product obtained by the reaction of yttrium acetate
hydrate in 1,2-PG at 300 °C for 2 h and the samples obtained by calcination
thereof at 400 and 500 °C. C
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Fig. 3-2. TG-DTA profiles of the product obtained by the reaction of yttrium
acetate hydrate in 1,2-PG at 300 °C for 2 h.
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Table 3-1Crystallite size and surface area of Y,05 obtained by
calcination of the product formed in 1,2-PG.

Calcination temperature ~ Crystallite size® BET surface area”

9] (nm) (m’/g)
400 22 | 280
500 4! 99
600 94 52
700 207 17

a) Calculated from half-height width of 222 diffraction peak (29.1° 20)
by using the Scherrer equation.
b) Calculated using BET single-point method.
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17 mz/g and crystallite size was about 20° nm. The Y,0s crystals were significantly
grown at the temperatures lower than the Tammann temperature (625 °C) [21], which
may suggest that the water, generated by the combustion of the organic moieties
remaining in the as—synthesized product, contributed to the crystal growth of Y,0s.

The SEM images of the as-synthesized product and Y203(400) are shown in Fig. 3-3.
The morphology of the Y,03;(400) was essentially identical with that of the
as-synthesized product. However, the TEM images indicated that the morphology was
completely altered by calcination (Flg 3-4). The as-synthesized product was composed
of nearly spherical dense particles with 17-33 nm diameter (weight mean diameter, 28
nm) and the particle size was essentially identical with the crystallite size (28° nm)
calculated from the diffraction peak at 7.3°. However, the particle size determined from
TEM photographs has some errors because of carbon contamination due to beam
damage of the organic moieties remaining in quantity in the as-synthesized particles; the
real particle size may be smaller than that determined by the TEM image. On the other
hands, Y»,03(400) was composed of nano hollow spheres with the outer diameter of
7-18 nm and the inner diameter of 2-8 nm (Fig. 3-5). The morphology of Y,03(500) was
essentially identical with that of Y>,03(400). The wall thickness was 2.5-5 nm, which
corresponds to the size of one or two crystallites.

Frdln the weight mean outer and inner diameters of the nano hollow spheres (12 nm
and 5.8 nm, respectively), the empirical weight of a hollow sphere was calculated to be
4.0 x 1078 g assuming the density of Y,0; to be 5.03 g/cm3 (calculated from the unit
cell parameter of the cubic phase of Y,03). From the observed weight loss (49.5 %) due
to formation of Y,0; from the as-synthesized product, the average weight of the
originating particle was estimated to be 8 x10™'® g. Taking into account of the true
density of the as-synthesized product (1.75 g/em’), the average particle size of the

product was calculated to be 21 nm, which is in fairly good agreement with the
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Fig. 3-3. SEM images of: (a), the product obtained by reaction of yttrium
acetate hydrate in 1,2-PG at 300 °C for 2 h; (b), Y203(400).
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Fig. 3-4. TEM image of: (a), the product obtained by reaction of yttrium
acetate hydrate in 1,2-PG at 300 °C for 2 h; (b), Y203(400).
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Fig. 3-5. TEM images of: (a), Y203(400); and (b), Y203(500).
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observed weight mean diameter (28 nm) of the as-synthesized product. These arguments
lead to the conclusion that a hollow sphere was formed from a particle of the product.

The N, adsorption isotherms of Y,03(400) and Y,03(500) are shown in Fig. 3-6.
Hysteresis loop can be assigned as E-type (de Boer classification) [22], indicating that
the sample has capillaries with the ink-bottle shape. The pore-size distribution had a
sharp peak at 3.5 nm and a broad peak at 33.4 nm. The total surface area calculated by
the V-t plot and BET surface area calculated from the multi point method were 285 and
343 m?/g, respectively, and the external surface area after cldsing the mesopores by
capillary condensation was calculated to be 65 m*/g. The difference between the total
and the external surface areas was 220 m”/g. Therefore, the most part of the surface area
of the sample is due to mesopores.

In the case of Y,03(500), the pore size distribution had two broad peaks around 3 and
15 nm Tn addition, the total and external surface areas calculated by the V-t plot were 129

‘and 63 m?/g, respectively. Aithough the total surface area of Y,03(500) was much
smaller than that of Y,03(400), the external surface area of Y,03(500) was essentially
identical with that of Y,03(400). The particle size calculated assuming that each Y203
particle is spherical with surface area of 64 m’/g was 18.6 nm, which is in good
agreement with the outer diameter of the nano hollow spheres observed from the TEM
image. Therefore, the outer diameter of nano hollow spheres of Y203(400) was
maintained, but mesopores formed between primary particles of Y,03 disappeared by
sintering of the primary particles.

From the results mentioned above, change in morphology and pore-structure of the
product can be illustrated as shown in Fig. 3-7. Ignition by the reaction between the
glycol moieties and oxygen in air occurred on the surface of the as—synthesized
spherical particles during calcination, and the heat generated by combustion would

decompose the organic moieties inside the particles, resulting in an increase in the
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at 500 °C
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Fig. 3-7. Cartoon for the change in morphology and pore structure by calcination.
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internal pressure in the particle. When the as-synthesized product was transformed into
Y>03 with the progress of combustion, internal pressure causes the formation of the
hollow shape of aggregates of the Y,03 crystals. The nano hollow sphere of Y203(400)
had many pores generated between primary particles. Although the Y,O; sample
maintained the nano hollow shape even after calcination at 500 °C, the surface area of
Y203(500) decreased by disappearance of the mesopores, which is due to crystal growth
of Y,03 from 2 to 4 nm.

3.3.2. Physical properties of RE;O3 obtained by glycothermal treatment of RE acetates
and subsequent calcination

The XRD patterns of the as-synthesized products obtained for Gd, Dy, Er and Yb are
shown in Fig. 3-8. The as-synthesized products had the layer structure essentially
identical with the product obtained from yttnum acetate. The morphologies of the
as-synthesized products are shown in Fig. 3-9. The as-synthesized product of Gd was
composed of plate-shaped particles ‘and the Dy product was comprised of a mixture of
plate-shaped particles and spherical particles with about 25 nm diameter. The
morphologies of the as-synthesized products of Er and Yb were spherical with the
average diameters of 21.6 and 11.4 nm, respectively. The plate-shaped particles were
formed in RE element with larger ionic size. The size of the spherical particle decreased
with the decrease of ionic size of the RE element.

The thermal decomposition behavior of the as-synthesized products of Gd, Dy, Er and
Yb was essentially identical with that of the Y product. As shown in Fig. 3-10, the
products were transformed into RE oxides by calcination at 400 °C. The crystallite size
and BET surface area are shown in Table 3-2. RE;03(400) had high surface areas (> 100
m*/g) and small crystallite sizes (< 3 nm). Although the crystailite size increased with

the decrease of ionic size, the difference in BET surface area was not significant. The
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Fig. 3-8. XRD vpatterns of the as-synthesized products obtained by the
reaction of RE acetate hydrates in 1,2-PG at 300 °C for 2 h.
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Fig. 3-9. TEM images of the as-synthesized products obtained by the reaction of RE
acetate hydrate in 1,2-PG at 300 °C for 2 h: (a), Gd; (b), Dy; (c), Er; and (d), Yb.
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Fig. 3-10. XRD patterns of RE,03(400).
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Table 3-2 Crysta]]ite size and surface area of RE oxides
obtained by calcination of the products formed in 1,2-PG.

Crystallite size BET surface area

Sample (nm)” (m*/g)”
Gd,0;, 1% 122 (25)7
Dy,0, 17 136 (42)
Er,0; 27 132 (39)
Yb,0, 28 128 (35)

a) Calculated from half-height width of 222 diffraction peak

(29.1° 20) by using the Scherrer equation.
b) Calculated using BET single-point method.

¢) Data in parentheses are the BET surface areas of the
samples after calcintion at 600 °C.
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surface area was drastically decreased by calcination at 600 °C.

The morphologies of RE,03(400) are shown in Fig. 3-11. Gd,03(400) was composed
of porous solids having a plate-shaped outline, and Dy,03(400) was a mixture of porous
plate-shaped particles and nano hollow spheres with an outer diameter of about 10 nm
and inner diameter of about 3 nm. The morphologies of Er,03(400) and Yb,03(400)
were nano hollow spheres with the outer diameters of about 9 and 8 nm and the inner
diameters of about 4 and 3 nm, respectively. When the as-synthesized product was
composed of spherical particles, nano hollow shaped particles were formed. Therefore,
the formation mech'fmism of the nano hollow shaped RE;O; was essentially identical
with that of Y,03(400). |

The results for the nitrogen adsorption isotherm are shown in Fig. 3-12. A large
amount of nitrogen was adsorbed at low P/Py (< 0.03) on all the samples, suggesting
that the sambles had micro or meso pores formed between primary particles. All of the
samples exhibited the hysteresis loop, which were identified as E type according to de
Boer classification, indicating the presence of ink-bottle shaped voids. Gd,03(400) and
Dy,03(400) adsorbed more nitrogen molecules at higher P/Py than Er,O3(400) and
Yb,03(400). This indicates the difference in aggregation of the porous solids or nano

hollow shaped particles.

3.4 Conclusions

The products obtained by the reaction of yttrium acetate hydrate in 1,2-PG at 300 °C
contained both the acetate group and the glycol moieties, and were decomposed to
yttrium oxide by calcination at 400 °C. Y203(400) was composed of nano hollow
spheres-with the outer diameter of 7-18 nm and inner diameter of 2-8 nm. The nano
hollow spheres had many pores generated between Y.0Oj; crystallites. The Y,03 sample

maintained the nano hollow shape even after calcination at 500 °C, but the mesopores
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Fig. 3-11. TEM images of RE,03(400): (a), Gd; (b), Dy; (c), Er; and (d), Yb.
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disappeared. Gd,03(400) was composed of porous solids having a plate-shaped outline,
and Dy,03(400) was a mixture of porous plate-shaped particles and nano hollow
spheres, while the morphologies of Er,03(400) ‘and Yb,03(400). were nano hollow

spheres.
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Chapter 4

Solvothermal treatment of rare earth chloride hydrates

4.1 Introduction

Metals, metal acetates, metal alkoxides or metal acetylacetonates are generally used
as starting materials for solvothermal reactions [1]. Inoue et al. found that various mixed
‘oxides were directly crystallized in solvothermal reaction in 1,4-butanediol (1,4-BG) at
200-300 °C [2-5]. The use of 1,4-BG is, in the most cases, essential for formation of
crystalline products under the solvothermal conditions.

The use of metal chlorides has been scarcely examined, because hydrochloric acid,
generated during the reaction, is corrosive to impair the metal such as wall of an
autoclave. To avoid this, following methods are devised: (1) hydrolysis of a metal
chloride, followed by the solvothermal reaction of thus-obtained hydroxide, (2)
solvothermal reaction in the presence of amines to neutralize the librated acid. In the
former method the resultant precursor hydroxide is generally gelatinous, so it is difficult
to control the water content in the gel. When a hydroxide gel containing a large amount
of water is allowed to react under the solvothemal cohditions, the essential nature of the
reaction is not different from that of hydrothermal reaction.

In this chapter, the author treats the solvothermal reaction of rare earth (RE) chloride
hydrates in 1,4-BG in the presence of amine bases to neutralize the liberated acid. The
crystalline structure of the products obtained by the reaction is clarified, and the

relationship between the crystalline structure and ionic size of RE element is suggested.
4.2. Experimental

RE chloride hydrates were purchased from Wako Pure Chemical Industry.

Guaranteed 1,4-BG (nacalai tesque) was used without further purification.
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Yttrium chloride hexahydrate (7.58 g, 25 mmol) was suspended in 100 ml of 1,4-BG
in a test tube serving as autoclave liner and hexylamine (20 ml) and 1,6-hexanediamine
(16 ml) were added to the tube (N/CI = 5). Hexylamine was added to neutralize the
liberated acid in the gas phase and 1,6-hexanadiamine, in the liquid phase. The tube was
placed in a 300-ml autoclave. Additional 1,4-BG (30 ml) and hexylamine (10 ml) were
placed in the gap between the autoclave wa}l and the test tube. The autoclave was
completely purged with nitrogen, heated to 300 °C at a rate of 2.3 °C/min, and kept at
that temperature for 2 h. After the assembly was cooled to room temperature, the
resulting product was collected by centrifuging. The product was washed with mefhanol
and deionized water repeatedly by vigorous mixing and centrifuging, and then air-dried.

X-ray powder diffraction (XRD: Model XD-D1 Shimadzu, Kyoto, Japan) was
recorded using Cu K, radiation and a carbon monochromator. For Rietveld analysis, the
XRD pattern was measured on another diffractometer (Model Rint 2500, Rigaku, Tokyo,
Japan) and analyzed by RIETAN-2000 program [6].

Diffuse reflectance FT-IR spectra of the products were recorded in the range
4000-700 cm™ on a Nicolet spectrbphotometer (Model Magna-IR 560, Madison, USA)
and the back ground spectrum employed' was that of KBr.

Simultaneous thermogravimetric and differential thermal analyses were performed on
a thermal analyzer (Model DTG-SO, Shimadzu, Kyoto, Japan) at a rate of 5 °C/min in a
40 ml/min flow of dried air.

The morphology of the products was observed with a scanning electron microscope

(SEM), Hitachi S-2500CX.

4.3 Results and Discussion
4.3.1. XRD patterns and IR spectra of the products

The XRD patterns of the products obtained by the reaction in 1,4-BG at 300 °C are
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shown in Fig. 4-1. Two types of products were detected, one for La-Dy (Group A) and
the other for Ho-Yb and Y (Group B). The XRD pattern of the product obtained from
lanthanum chloride hydrate essentially agreed with that reported for La(OH),Cl |
'(J CPDS: No. 85-0839) [7] albeit with large difference in the relative intensities. In the
XRD pattern of the product from yttrium chloride hydrate (Fig. 4-1), the peaks specified
by closed circles are attributed to Y(OH),Cl (JCPDS: No. 19-1445) [8] but the other
peaks could not be identiﬁed from JCPDS cards. However, when the reaction of yttrium
chloride hydrate was carried out at 250 °C, only Y(OH),Cl was formed without the
contamination of the unknown phase. Therefore, the reaction of RECl; with smaller
jonic size yielded a mixture of RE(OH),Cl and an unknown compound, and the latter
compound seems to be derived from RE(OH),Cl. |

Rietveld refinement was carried out to identify the crystal structure of La(OH),CL
La(OH),Cl could not be refined with the space group, P2/m [No.10], as the J CPDS card
noted, but had a space group of P2;/m [No.11] (Fig. 4-2). The products from Nd, Gd,
Sm and Dy chloride hydrates could also be refined with the same space group.

IR spectra of the products are shown in Fig. 4-3. Both the spectra of the products did
not show characteristic bands due to the organic residue, but showed two sharp bands |
around 3600 cm™ due to the stretching wvibration .modes of structural OH groups.
Kleystov et al. reported that the interaction between OH group and Cl in
hydroxychloride contributed to these peaks [9]. A broad band at around 3400 cm’!
observed in the Group B products seems to be due to the water molecules, suggesting
that the unknown phase in the Group B products contained a larger amount of structural
water molecules. The IR spectra of the Group B products also indicate the presence of

the RE(OH),Cl phase in the products.
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Fig. 4-3. IR spectra of the products obtained by the reactions of RE chloride
hydrates in 1,4-BG at 300 °C for 2 h. '
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4.3.2. Thermal decomposition behaviour

The TG-DTA data are summarized in Table 4-1 and typical profiles are shown in Fig.
4-4. For the Group A products, a very sharp endothermic peak was observed at around
350 °C and the weight loss at this temperature range agreed with the theoretical weight
loss from RE(OH),Cl to REOCI. The XRD patterns of the products just after the weight
loss were identified as REOCI (tetragonal). However, Ce(OH),Cl was decomposed at
350 °C yielding CeO, without formation of CeOCl.

For the Group B products, the weight loss was observed at <250 °C and XRD pattern
of the product calcined at 200 °C was different from that of the as-synthesized product
(Fig. 4-5), indicating that the water molecules are incorporated in the crystal structure of
the unknown product. Therefore, it was tentatively assigned as RE,O3xH;O with an
unidentified crystal structure. The weight loss at the temperature range from 250 °C to
450 °C was smaller than the theoretical weight loss due to dehydration of RE(OH),Cl to
REOCI because of the contamination of the unknown compound. The contents of
RE(OH),Cl in the Group B products were estimated from the weight loss, and the
results (Table 4-1) indicate that RE(OH),Cl was the predominant phase in the Grouf) B
products. The XRD pattern of the product just after the weight loss was identified as a
mixture of REOC! (hexagonal) and RE;Os. This result is in accord with the previous
assignment of the unknown product as RE,03'xH,0, since all of the REOOH phases are
known to be dehydrated into RE;Os3 at the temperatures below 500 °C.

It was reported that REOCI with larger RE elements (La-Ho) exists in the tetragonal
structure while REOC] with smaller RE elements (Tm-Lu) has the hexagonal structure,
erbium being the crossover point [10, 11]. In the present work, however, hexagonal
HoOC] and YOCI were formed (Table 4-1), in spite of the fact that the hexagonal
polymorph is thermodynamically unstable for Ho and Y.

Regardless of Groups A and B, moderate weight loss was observed at 450-1000 °C
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for the elements with smaller ionic size (<Gd), and REOCI was further decomposed into
RE;03. REOCI with larger ionic size was stable up to 1000 °C; however, it slowly
decomposed at 1000 °C and small amounts of RE,O3 were detected when the products
were calcined at 1000 °C for 30 min. Sokolova et al. [10] exainined the thermal
decomposition behavior of lanthanide chloride hydrates and reported that the
temperature for the formation of REOCI had a tendency to decrease with the decrease in
ionic size of RE element. They also reported that thermal stability of REOCI decreased
in the same direction. These reported results suggest that chloride ions in the
coordination sites of RE elements with smaller ionic size are more easily subsﬁtuted

with oxide anion. The present results are consistent with this tendency.

4.3.3. Reaction mechanism

Forced hydrolysis (180 °C, 120 h) of lanthanide chloride hydrate (6 mmol) in water
(25 ml) was also examined using an autoclave made of teflon. No precipitates were
formed, and pH of the solution was not varied by the reaction, indicating that hydrolysis
of lanthanide chloride scarcely occurred at low temperafures. The morphology of the
Y(OH),Cl particles obtained by solvothermal reaction at 250 °C was completely altered

from that of the starting material (Fig. 4-6), indicating that RE(OH),Cl were formed via
a dissolution-crystallization mechanism; that is, RE vchlorides were dissolved into the
solvent and reacted with water originated from the crystallization water of the starting

materials as depicted in the following equation:

RECL; + 2H,0 — RE(OH),Cl + 2HC1
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Fig. 4-6. SEM images of: (a), YCl3 (dried at 250 °C) and (b), Y(OH),Cl
obtained in 1,4-BG at 250 °C.
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Chapter 5
Synthesis of mesoporous needle-shaped ytterbium oxide by

solvothermal treatment of ytterbium chloride

5.1 Introduction

One dimensional crystals such as carbon nanotubes have unique physical and
chemical properties, suggested a wide range of their application [1]. Rare earth (RE)
oxides have been used in high performance luminescent devices, magnets, catalysts and
so on [2,3]. It has been reported that RE oxides with one dimensional crystals are
prepared by means of template, sol-gel, and hydrothermal methods, etc [4-9].

Chapter 4 clarified that the reaction of RE chloride hydrates in 1,4-butanediol
(1,4-BG) at 300 °C for 2 h in the presence of a small amounts of n-hexylamine (HA)
and 1,6-hexanediamine (1,6-HDA) yielded phase-pure RE(OH),Cl for La-Dy, but the
products obtained from Ho-Yb and Y were mixtures of RE,O3°xH,0 and RE(OH),Cl.

In this chapter, morphological discussion is carried out for the one dimensional
crystal obtained by the solvothermal reaction of RE chlorides hydrate in the presence of

amines was investigated.

5.2 Experimental procedure
5.2.1 Solvothermal treatment

Commercial RE chloride hydrates (Wako Pure Chemical Industry, Osaka, Japan)
were used without further purification. Ytterbium chloride hexahydrate (9.45 g, 25
mmol) was suspended in 100 mL of 1,4-BG in a test tube serving as an autoclave liner
and HA (20 mL) and 1,6-HDA (16 mL) were added to the tube (N/CI = 5). HA was
addéd. to neutralize the liberated acid in the gas phase and 1,6-HDA in the liquid phase.

The test tube was placed in a 300-mL autoclave. An additional 30 mL of 1,4-BG and 10
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mL of HA were placed in the gap between the autoclave wall and the test tube. The
autoclave was completely'purged with nitrogen, heated to 300 °C at a rate of 2.3 °C/min,
and maintained at that temperature for the prescribed time. After the assembly was
cooled to room temperature, the resulting product was collected by centrifugation. The
product was washed with methanol and distilled water repeatedly by vigorous mixing

and centrifuging, and it was then air-dried.

3.2.2 Characterization

X-ray powder diffraction (XRD, Model XD-D1, Shimadzu, Kyoto, Japan) profiles
were recorded using CuKo radiation and a carbon monochromator. Simultaneous
thermogravimetric and differential thermal analyses (TG-DTA) were performed using a
thermal analyzer (Model DTG-50, Shimadzu, Kyoto, Japan) at a rate of 5 °C/min in a 40
mL/min flow of dried air. The morphology of the products was observed with a
scanning electron microscope (SEM, Model S-2500CX, Hitachi, Tokyo, Japan) or a
transmission electron microscope (TEM, Model H-800, Hitachi, Tokyo, Japan),
operated at 200 kV. The nitrogen adsorption isotherm was measured using a volumetric

gas-sorption system (Model Autosorb-1, Quantachrome, Boynton Beach, FL).

5.3 Results and Discussion
5.3.1 Structure and morphology of the as-synthesized products

The XRD patterns of the as-synthesized products obtained by the reaction of RE (Y, Er,
and Yb) chloride hydrates in 1,4-BG at 300 °C‘for 2 and 10 h are shown in Fig. 5-1. As
shown in chapter 4, Two phases of RE(OH),Cl and RE;O3°xH;0 were detected in the
products-obtained by the reaction for 2 h. By prolonging the reaction (10 h), phase-pure
RE,03°xH,0 was obtained for Yb, although the mixtures of RE(OH),Cl and

REzOg-xHZO were still obtained for Er and Y.
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Fig. 5-1. XRD patterns of the as-synthesized products obtained by the reaction of
RE (Y, Er, and Yb) chloride hydrates in 1,4-BG in the presence of HA and
1,6-HDA at 300 °C for 2 and 10 h.
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The SEM images of the products obtained by the reaction in 1,4-BG for 2 h showed
the formation of irregularly shaped particles (Fig. 5-2). By prolonging the reaction time,
the morphology of the products for Y or Er was partly changed and needle-shaped
crystals were formed; however, the majority of the producfs was irregularly shaped. On
the other hand, the Yb,03°xH,0 product obtained for a prolonged reaction time (10 h)
was composed of needle-shaped crystals with a width of 0.2-0.6 pm and a length of
5-15 pm.

Forced hydrolysis (180 °C, 120 h) of RE chloride hydrate (6 mmol) in water (25 mL)

" was also examined using an autoclave made of teflon. No precipitates were formed, and
the pH of the solution was not varied by the reaction, indicating that the hydrolysis of
RE chlorides barely occurred at low temperatures.

The morphology of the RE(OH);Cl and RE;O;3°xH,O particles obtained by the
solvothermal reaction was completely altered from that of the starting material. This
result indicates that RE,O3;*xH,O was formed via a dissolution—crystallizétion
mechanism; in other words, RE chlorides dissolved in the solvent and reacted with
water originating from the crystallization water of the starting materials as depicted by
the following equations: |

RECI; + 2H,0 — RE(OH),Cl1 + 2HC1

2RECL; + al,0 — RE,03+(2-3)H,0 + 6HCl (a =3)

5.3.2 Effect of amines on the synthesis of the needle-shaped Yb,;03° xH,0

Hexylamine (HA), dipropylamine (DPA), trietylamine (TEA), and 1,6-hexanediamine
(1,6-HDA) were used as the amines to neutralize the liberated acid. The products
obtained by the reaction of ytterl»)iu;m‘ chloride hydrates in 1,4-BG in the presencé of
various amines (N/Cl = 5) at 300 °C for 10 h aré denoted by Pl(abbreviation of the

amine). For example, P1(HA) means the product obtained by the reaction in 1,4-BG in
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Fig. 5-2. SEM images of the products obtained by the reaction of hydrated

chlorides of (a, d) Y, (b and e) Er, (c and f) Yb in 1,4-BG in the presence of HA
and 1,6-HDA at 300 °C for (a, b,c)2h and (d, e, f) 10 h.
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the presence of HA. The XRD patterns of the as-synthesized products are shown in Fig.
5-3. Phase-pure YbyO3xH,O was obtained for P1(HA), PI1(1,6-HDA), and
P1(HA-1,6-HDA), but P1(DPA) and P1(TEA) were mixtﬁres of YbyO3xH,O and
Yb(OH),Cl. The Yb(OH),Cl content increased in the following order: HA < DPA <
TEA. The basicity of the amines to proton increases with the number of alkyl
substituents, while the basicity toward RE ions is expected to decrease because of the
steric bulkiness. Therefore, the role of the amines is not only to neutralize the liberated
acid but also to facilitate the transformation of Yb(OH)Cl into Yb,Os3*xH,O by
coordination to the Yb*" ions. To verify these arguments, the reaction of YbClz*6H,0 in
the presence bf tripropylamine, which was considered as a bulky amine, was examined.
As expected, the product was contaminated with a fairly large amount of Yb(OH),CL
The coordination ability of the tertiary amine to Yb** is lower than that of secondary or
primary amines because of steric hindrance. In other words, Yb,O3+xH,O was formed
with the aid of an amine having high coordinating ébility.

The morphologies of P1(HA), P1(DPA), and P1(1,6-HDA) were essentially identical
with that of P1(HA-1,6-HDA) (Fig. 5-4), while irregularly shaped particles were
observed in P1(TEA). When HA alone was used as the solvent, i.e., the reaction was
carried out without 1,4-BG, phase-pure Yb,03°xH,0 was obtained and the product was
composed of irregularly shaped agglomerates. However, the TEM image clearly showed
that small needle-shaped particles were formed even though the aspect ratio was
relatively small. This result suggests that a large number of needle-shaped crystals were

formed in the presence of a large quantity of HA.
5.3.3 Effect of solvent on the synthesis of the needle-shaped Yb,03 - xH>O

1-Octanol (1-OcOH), toluene (Tol), and deionized water (H,O) were used in place of

1,4-BG and the mixture of HA and 1,6-HDA was used to neutralize the liberated acid.
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Fig. 5-3. XRD patterns of the products obtained by the reaction of ytterbium chloride
hydrate in 1,4-BG in the presence of various amines (N/C1 = 5) at 300 °C for 10 h.

D HA alone was used as the medium for the solvothermal reaction.
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Fig. 5-4. SEM and TEM images of the products obtained by the reaction of ytterbium
chloride hydrate at 300 °C for 10 h in 1,4-BG in the presence of (a) HA, (b) DPA, (c)
TEA, (d) 1,6-HDA, and in (e, f) HA alone as the solvothermal medium.
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These products are denoted by P2(abbreviation of the solvent). For example,
P2(1,4-BG) means the product obtained by the reaction in 1,4-BG in the presence of HA
and 1,6-HDA (N/C1 = 5). The Yb(OH),Cl phase was detected in P2(1-OcOH), but was
not detected in P2(Tol) and P2(H,0) (Fig. 5-5). Although the XRD pattern of P2(H,0)
was different from those of P2(Tol) and P2(1,4-BG), it does not coincide with the
reported pa‘;tems for Yb(OH); or YbO(OH). Therefore, the pattern was tentativelyb
assigned as the Yb,O3°xH,0 phase with a different degree of hydration because of the
similarities in the morphology and thermal dehydration behavior (vide infra).

The morphologies of P2 are shown in Fig. 5-6. For P2(1-OcOH), a small number of
ifregularly shaped particles were observed because it contained the Yb(OH),Cl phase.
The dimensions of the needle-shaped crystals of P2(1,4-BG) and P2(1-OcOH) were
~ spread over a wide range, but P(Tol) and P(H,0) had narrow particle-size distributions
(Table 5-1). The crystal size decreases in the following order: 1,4-BG > 1-octanol >
toluene > H,0O. As mentioned above, the crystallization water of YbCl3*6H,O seems to
have an important role in the crystallization of YB203°XH20 in organic media. The
activity of water in organic media increases with a decrease in the affinity of water to
the media, and therefore the activity of wafer increases according to the following order:
1,4-BG < 1-octanol < toluene; when the same amount of water is liberated in each of
these media. Therefore, smaller needle-shaped crystals were formed by the higher
activity of water in organic media and the size of the crystals synthesized in H,O was
the smallest. Since a smaller crystal dimension means a higher nucleation frequency for
the system where Ostwald ripening does not take place, the higher activity of water

facilitates the nucleation of the crystals.

5.3.4 Thermal decomposition of needle-shaped crystals of Yb;03 xH;0

The thermal decomposition behavior of the needle-shaped crystals obtained in 1,4-BG
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Fig. 5-5. XRD patterns of the products obtained by the reaction of ytterbium
chloride hydrate in various solvents in the presence of HA and 1,6-HAD at
300 °C for the period specified in the figure.
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Fig. 5-6. TEM images of the as-synthesized products obtained by reaction of
ytterbium chloride hydrate in (a) H>O, (b) toluene, (c) 1-octanol, (d) 1,4-BG, in the
presence of HA and 1,6-HAD at 300 °C for 6 and 10 h.
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Table5- 1 Dimension of the Needle-shaped Yb,03+xH,0

Solvent Width (nm) Length (mm)

1,4-BG 200-600 5-15
1-Octanol 100-300 0.5-2.5

Toluene 80-200 0.5-1.0

H,O 15-30 0.2-0.6
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in the presence of HA and 1,6-HDA was investigated by using the TG-DTA and XRD

- patterns of the products calcined at various températures. The TG profile of the
needle-shaped Yb,0O3°xH,O exhibited a weight loss at 350-500 °C, Which 1s associated
with an endothermic peak in DTA, and another weight loss was observed at around 700
°C (Fig. 5-7). The XRD patterns of the sample calcined at 500 °C indicated the
formation of Yb,O3 (Fig. 5-8), suggesting that the weight loss at 350—50’/(‘) °C is due to
the dehydration of Yb,O3*xH,0. Since the decrease in weight at around 700 °C was.not
accompanied by a change in the XRD pattern, the exhaust gas generated during
calcination was analyzed as follows: Yb203-xH20 was heated in a 20% O,/He flow at a \

| rate of 10°C/min and the exhaust gas was bubbled in a 0.1 N-AgNO; solution. The clear
solution of AgNO3 turned turbid at 800 °C. Since the solution was not turned turbid by
the bubbling of pure CO, gas, the particles in the turbid solution were not Ag,COj3 but
AgCl. Therefore, the weight loss at around 700 °C is attributed to the desorption of
hydrogen chloride from the surface of the Yb,O; particles. “

The SEM images of the samples calcined at various temperatures revealed that the
needle shape of the crystals was maintained even after calcination at 1100 °C (Fig. 5-9).
The TEM images of the samples (Fig. 5-9) showed that the as-synthesized products
obtained in 1,4-BG were needle-shaped. Selected area electron diffraction (SAED)
clearly revealed that each needle-shaped particle of YbyO3exH,0 was a single crystal.
The contrast in the TEM image of the sample calcined at 500 °C indicated that the
needle-shaped crystals had very small voids and that calcination at 800 and 1100 °C
enlarged these voids. These voids appear to be formed by the dehydration of
Yb,03°xH,0 and were enlarged by calcination at hjgher‘ temperatures. It is interestihg to
note that the SAED analysis clearly showed that the essentially single-crystalline nature
of the neédle-shaped particle was preserved even after transformation to Yby0s,

although each diffraction spot of Yb,O3; was composed of several subspots. It is to be
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Fig. 5-7. TG-DTA profiles of Yb,053°xH,0 (needle-shaped crystals) obtained by
the reaction of YbCl3*6H,0 in 1,4-BG in the presence of HA and 1,6-HDA at
300 °C for 10 h.
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Fig. 5-8. XRD patterns of the samples obtained by calcination of the Yb,0,+xH,0
product at the temperature specified in the figure for 30 min.

Solvothermal conditions were described in the caption of Fig.1.
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Fig. 5-9. (a, b, ¢, d) SEM and (e, f, g, h) TEM images of (a, e) the as-synthesized
Yb,0,°xH,0 crystals obtained by the reaction of YbCl;*6H,0 in 1,4-BG in the
presence of HA and 1,6-HDA at 300 °C for 10 h; and samples obtained by
calcination thereafter at (b, f) 500 °C, (c, g) 800 °C, and (d, h) 1100 °C.
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noted that these SAED patterns were not obtained by using a converged beam, but with
the image of the major part of a needle-shaped crystal in a seiected area aperture. This
result can be explained by topotactic transformation from YbyO3+xH,0 to Yb,Os that
aligns the orientation of crystallites of Yb,Os in exactly the same direction.

The voids in the samples calcined at various temperatures were assessed by the N,
adsorption technique. Figures 5-10 and 5-11, respectively, show the isotherms and pore
size distributions calculated by the BJH method from the desorption branch of the
isotherms. Nitrogen was hardly adsorbed in the region with low P/Py for the sample
calcined at 500 °C, although the XRD pattern clearly indicates the formation of Yb,0;.
On the other hand, fairly large amounts of nitrogen were adsorbed on the sample
calcined at 600 °C, suggesting that the needleéshaped crystals calcined at 600 °C have
pores larger than the molecular dimension of N,. Although the hysteresis loop was not
observed in the isotherm of the crystal calcined at 700 °C, the pore size distribution
curve indicated the presence of voids with a diameter of ~3 nm. The samples calcined at
800, 900, and 1000 °C exhibited hysteresis loops, which were identified as E-type loops
according to the de Boer classification. The E-type hysteresis indicates the présence of
ink-bottle-shaped voids. The hysteresis loop shifted to a region of higher P/Py, which
agrees with the enlargement of the pore size from 3 to 10 nm for a higher calcingtion
temperature. The pore volume at larger diameters (> 10 nm) can be attributed t(; the
space between the needle-shaped particles, and the distribution curve at larger pore
diameters was hardly altered by the calcination. This result agrees with that obtained by
the SEM observations, i.e., the morphology of the particles was not altered by
calcination. The hysteresis loop was not observed for the sample calcined at 1100 °C,
and the sample exhibited both the adsorption isotherm and pore size distribution curve
essentially identical with those observed for the sample calcined at 500 °C. These results

indicate that the pore system disappeared by calcination at higher temperature.
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Fig. 5-10. N, adsorption isotherm of the samples obtained by calcination of
Yb,04°xH,0 at various temperatures; closed symbols represent adsorption, while

open symbols denote desorption.
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Fig. 5-11. Pore-size distribution calculated by the BJH method from the
desorption branch of the N, adsorption isotherm for the samples obtained by

calcination of Yb,03°xH,0 at various temperatures.
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Figure 5-12 shows the BET surface area and the crystallite size of the samples calcined
at various temperatures. The surface area drastically increased by calcination at 600 °C
and the sample calcined at 700 °C had the highest BET surface area of 41 m?/g.
Calcination at higher temperatures resulted in a gradual decrease in the surface area, and
the BET surface area of the sample calcined at 1100 °C was essentially identical with
that calcined at 500 °C (2 m%g). On the other hand, the crystallite size gradually
increased by calcination at higher temperatures and the crystallite size of the sample
célcined at 1100 °C was ~61 nm.

The sample obtained by calcination at 500 °C exhibited an XRD pattern resulting
from Yb,Os, but the dimension of the needle-shaped particles was not altered by the
calcination. Therefore, the particle must have voids because of the difference in true
densities between the YbyO3°xH,0 phase and the Yb,Os3 phase. Since these voids were
not detected by the N, adsofption method, they were closed or were smaller than the
molecular dimension of N». Calcination of the product at higher temperatures enlarged
the crystallite size of Yb,Os;, which was accompanied by the enlargement of
intraparticle pores. The enlargement of the BET surface area from 2 m?/ g for the sample
calcined at 500 °C to 32 m*g for the sample calcined at 600 °C suggests that
intraparticle pores having a size larger than the molecular size of N; were formed by thé
calcination above 600 °C.

Figure 5-13 shows the TEM images of the needle-shaped YbyOs crystals obtained by
the solvothermal reaction in toluene or H,O in the presence of HA and 1,6-HDA and the
subsequent calcination at 800 °C. The voids formed by the dehydration of Yb,O3.xH,0

were observed in each crystal.
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Fig. 5-12. BET surface area and the crystallite size of the samples obtained by
calcination of Yb,03°xH,0 at various temperatures. Yb,05xH,0 was prepared
by the reaction of YbCl;+6H,0 in the presence of HA and 1,6-HAD at 300 °C for
10 h.

2 Crystalline size calculated from the half-height width of the 222 diffraction

peak (29.6° 20 ) by using the Scherrer equation.
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Fig. 5-13. TEM images of needle-shaped Yb,Os crystals obtained by the
solvothermal reaction in (a) toluene and (b) H,O in the presence of HA and

1,6-HDA at 300 °C for 6 h and subsequent calcination at 800 °C.
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54 Conclusions

The irregularly shaped large crystals of Yb(OH),Cl were formed by the solvothermal
reaction of YbCl3*6H,0 in 1,4-BG in the presence of HA and 1,6-HAD at 300 °C for 2 h,
while the needle-shaped crystals of Yb,O3+xH,0 were obtained by a prolonged reaction
(10 h). These products were formed via a dissolution-crystallization mechanism in
which YbCls dissolving in a mixturé of organic solvents and water, which originated
from the crystallization water of the starting materials. The transformation of
Yb(OH),Cl to YbyO3+xH;0 was facilitated by amines having higher coordination ability
to Yb>'. The particle size of Yb,O3exH,0O decreased due to higher activity of Water in
the organic media; the needle-shaped crystals of Yb,03exH,0 obtained by the reaction
in toluene were considerably smaller than those obtained in 1,4-BG. The Yb,03xH,0
phase decomposed to YbyOs3 at 350-500 °C and the needle shape of the Yb,O3exH,0
crystals was maintained even after calcination at 1100 °C. The SAéD analysis clearly
showed that the single-crystalline nature of the needle-shaped particles was preserved
even after transformation to Yb,0Os. The needle-shaped particles of Yb,O; obtained by
the calcination of YbyO3+xH,0 at 600 °C had a micropore system and the pore size was
enlarged by the calcination. Finally, the pore size was enlarged beyond detection by the

N adsorption method by calcination at 1100 °C.
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Chapter 6
Synthesis of rare earth borate (REBO;) by
glycothermal method

6.1 Introduction

A large number of luminescent materials based on rare earth (RE) ions or RE host
lattices have been invented [1]. Modified RE borates with vaterite structure, in
particular (Gd,Y)BO;:Eu, represent the important material for plasma display panels.
The luminescent property of phosphor materials is strongly affected by the particle size
and morphology. Surface-perfect and spherical-shaped phosphors élways have high
packing density, good slurry property, and smooth light intensity distribution [2].

Various techniques  have been developed to prepare high-quality REBO;:Eu
phosphors. These technique are solid-state reaction [3], coprecipitation [3,4],
combustion method [5], ultrasonic spray pyrolysis [6], sol-gel techﬁique [7,8] and
sol-gel pyrolysis [9,10], and so on. Much work has been devoted on the hydrothermal
synthesis of REBO;, and nanoparticles of REBO3 or REBO; with specific morphology
were obtained by this method [2,11-15]. For example, Yan et al. prepared YBO3IE11
nanoparticles (particle size; 20 nm) by a hydrothermal method in the presence of urea
[13]. They also reported the formation of donut-like assembly' of YBO;:Eu crystals by
the hydrothermal method under an alkaline condition [14]. Lin et al. have reported that
YBO;:Eu crystals with flower and hedgehog fungus-like structures were synthesized by
a hydrothermal method under acidic conditions [15].

This chapter discussed the glycothermal reaction of RE acetates with
trimethoxyborane in 1,4-butanediol and the morphology or crystal structure of the

obtained REBOs.
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6.2 Experimental

Trimethoxyborane (1.29 g, 12.5 mmol) and yttrium acetate tetrahydrate (4.24g, 12.5
mmol) were suspended in 120 ml of 1,4-butanediol (1,4-BG) in a test tube, serving as
autoclave linear, and the test tube was placed in a 300-ml autoclave. An additional 40 ml
of 1,4-BG was placed in the gap between the autoclave wall and the test tube. The
autoclave was purged with nitrogen, heated to 315 °C at a rate of 2.3 °C/min, and kept at
that temperature for 2 h. After the assembly was cooled to room temperature, the
resulting products were centrifuged. For calcination, the products were heated at a rate
of 10 °C/min and held at a prescribed temperature for 30 min in a box furnace.

X-ray powder diffraction (XRD: Model XD-D1 Shimadzu, Kyoto, Japan) was
recorded using Cu Karadiation. For Rietveld analysis, the XRD pattern was measured
on another diffractometer (Model Rint 2500, Rigaku, Tokyo, Japan) and analyzed by
RIETAN-2000 program [16]. The morphology of the products was observed with a
scanning electron microscope (SEM), Hitachi S-2500CX, and a transmission electron
microscope (TEM), Hitachi H-800. Specific surface area was calculated using the BET
single-point method on the basis of N, uptake measured at 77 K using a Micrometritics
Flowsorb II 2300 sorptionmeter. Nitrogen adsorption isotherm was measured using a
volumetric gas-sorption system - (Model Autosorb-1, Quantachrome, USA).
Simultaneous thermogravimetric and differential thermal analyses were performed on a
thermal analyzer (Model DTG-50, Shimadzu, Kyoto, Japan) at a rate of 5 °C/min in a 40
ml/min flow of dried air. The particle size distribution was measured on an
electrophoretic light scattering spectrometer, Osluka Electronics, ELS-800. A portion of
the product (25 mg) was suspended in 250 ml of deionized water. The measurement was
carried out after ultrasonic treatment of the suspension for 10 min, followed by standing

for 10 min.
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6.3. Results and discussion
6.3.1 Synthesis of YBO3 by the glycothermal method

Figure 6-1 shows the XRD patterns of the as-synthesized products obtained by the
reaction with various fatios of yttrium acetates to trimethoxyborane at 315 °C for 2 h. A:
clear solution was obtained by the reaction of trimethoxyborane alone. YBO; was
obtained by the reaction of Y/B = 1 and 1/3. Y(OAc)O was formed in the product with
Y/B = 3/1, but the phase due to boron species was not detected [17]. The yield of YBO3
was almost 100 % for the reaction with Y/B = 1 but was low for the reaction with Y/B
of 1/3. Another yttrium borate phase, Y3BOg, has been reported [18,19], but only YBO;
was obtained in the glycothermal reaction of yttrium acetate and trimethoxyborane.

Figure 6-2 and Table 6-1 show the results for Rietveld analysis of the as-synthesized
YBO; product obtained by the reaction of yttrium acetate and trimethoxyborane with
Y/B = 1. The refinement led to residual values of Rwp = 7.48 %, Rp = 5.49 %, Re =
297 % and S = 2.52. The space group of YBOs; was P63/m [20]. The unit cell
parameters of a and c axes were 3.796 and 8.815 A, respectively, which were slightly
larger than the reported values (a, 3.776 A; b, 8.806 A) [20]. Enlargement of unit cell is
usually observed for the glycothermal products and is attributed to the alkoxyl (or
hydroxyl) groups anchored on the surface of the product particles.

The as-synthesized YBOj3; was composed of spheroidal particles with
hexagonal-pyramidal craters at the both éides of the particles. The largest diameter was
1 um (Fig. 6-3), which was distributed in a extremely narrow range, and agglomerates
were not observed, indicating mono-dispersed particles were férmed. The particle size
distribution was also assessed by the dynamic light scattering method (Fig. 6-4). The
particle size was distributed in a range of 0.4 - 1.0 pm, slightly smal}er than that
observed by SEM, which is, however, reasonable' because the product particles were not

truly spherical. The distribution curve also indicates that the product particles were well
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Fig. 6-1. XRD patterns of the products as-synthesized by the glycothermal
reaction of yttrium acetates and trimethoxyborane with various ratios in 1,4-BG

at315°C for2 h.
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Table 6-1 Crystallographic data of YBO; obtained by glycothermal method

Element Site g X y z B?
Oa 4f 1 0.667 0.333 0.104 1.0
Ob 6h 1/3 0.783 -0.132 0.250 1.0

B 6h 1/3 0.593 0.438 0.250 1.0
Y 2b 1 0 0 0 0.5

Space group P 6;/m (No. 176).

a) Site Occupacy.
b) Isotropic displacement parameter.
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Fig. 6-2. Observed, calculated, and difference patterns obtained by Rietveld
analysis of YBOj3 as synthesized by glycothermal method at 315 °C for 2 h.
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Fig. 6-3. SEM image of YBO; as synthesized by glycothermal reaction of yttrium
acetate and trimethoxyborane at 315 °C for 2 h.
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Fig. 6-4. Particle size distribution of as-synthesized YBO3; measured by dynamic
light scattering method.
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dispersed and free from agglomerates.

The TEM images of the as-synthesized YBOs particles are shown in Fig. 6-5. As
shown in Figs. 6-5a and 6-5b, the crushed particles were frequently observed. All of
them appeared to have originally been from the spheroidal particles, which were
crushed through the center of the spheroid while preparing specimens for TEM
observation. Detailed examination of the TEM images of the crushed particles indicated
that the particles contained a number of deep crevices, which can explain the reason
why the spheroidal particles easily break down. The selected area electron diffraction of
a whole particle exhibited a single crystal pattern With the ¢ axis of the YBO; crystal
parallel to the electron beam. These results suggest that, each particle was grown from
one nucleus, but was divided into smaller crystallites by the crevices. Figure 6-5d shows
a high magnification image of the edge of the YBOs crystals whose ab planes are
parallel to the electron beam. Thin plates of the YBO; crystals were preferentially
grown along with the ab plane and stacking of the plates formed the spheroidal particles.
However, the plates were not parallel but with slight angles, resulting in formation of
the spheroidal particle with the crater as shown in the SEM image. Detailed
mechanisms for the formation of the unique morpholbgy of the product particles will be
discussed in a separate paper.

Differential thermal analysis (DTA) of the as-synthesized YBO3 product obtained by
the reaction at 315 °C showed a slight exotherm at around 350 °C, which was associated
with about 2.0 % weight decrease between 200 and 400 °C (Fig. 6-6). This weight
decrease is due to the combustion of the organic residue remaining on the product
particles. No sharp peak due to the crystallization of the amorphous phase was observed
in DTA up'to 1200 °C, but a weight loss was detected between 1100 and 1200 °C. The
XRD pattern of the product calcined at 1100 °C exhibited low intensity peaks at 22.0,

32.8 and 31.1°, which are presumably due to Y3BOg [18,19]. This result indicates that
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Fig. 6-5. TEM images of YBO; as synthesized by glycothermal method at
315°C for 2 h.
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Fig. 6-6. TG-DTA of YBOj as synthesized by glycothermal method at 315 °C for 2 h.
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segregation of YBO; into Y3BOg and B,0; occurred followed by evaporation of B,0Os3
since boron oxide is known. as a highly volatile material with the boiling point of 1800
°C and the vapor pressure of 1.16x10 Pa at 800 °C [21].

Some properties of the as-synthesized YBO; and the samples obtained by calcination
thereof ﬁe summarized in Table 6-2. The as-synthesized YBO; product had a surface
area of 7 m*/g, and the sample calcined at 500 °C had the surface area of 39 m?/g, which
was much larger than the hypothetical surface area (3 m%g) calculated assuming that
each YBOj3 particle is spherical with a diameter of 1 pm (particle size), indicating that a
pore system was developed in the particles by calcination. The N, adsorption isotherm
of the sample calcined at 500 °C is shown in Fig. 6-7. A slight hysteresis was obsérved
at a high relative-pressure region. The most significant point is that a large amount of N,
molecules was adsorbed at the low relative-pressure region, P/Py < 3.0x102. This can
be clearly seem by the V-t plot derived from the isotherm. When a sample has no pore
systems, the plot gives a straight line going through the origin. When a sample has a
micropore system, an abrupt decrease in the slope is observed. The V-t plot of the
product clearly indicates the presence of micropores. The external surface area, that is
the surface area after micropores are filled with the adsobate molecules, was calculated
from the slope of the second segment of the V-t plot to be 5 m?*/g, which was essentially
identical with the value calculated assuming spherical particles: Therefore, the sample
calcined at 500 °C had a large numbér of micropores. These pores seem to be originated
by the combustion of organic residue filled in the deep crevices between the plate
crystals. The BET surface area draétically decreased to the value calculated assuming
spherical particles by calcination at 800°C, indicating that the micropores of the sample
calcined at 500 °C were closed by sintering of the crystallite.

The crystallite size of samples determined by the XRD line broadening technique was

approximately the same up to 800 °C. The crystallité size was different from the particle
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Table 6-2 Some propetties of the as-synthesized product and the samples obtained by

calcination thereof
Crystallite size (nm) BET surface area
Sample Phase ©002)  (110) (104 (n/g)
as-syn. YBO; 49 116 - 74 7
500 °C YBO; 49 88 74 39
800 °C YBO; 44 88 61
1100°C  YBO4(87.5)+Y;BO(12.5) 52 35 30

a) Mass fractions (%) of YBO; and Y3;BOg phases calculated by Rietveld analysis; the refiment
led to residual values of Rwp=7.43 %, Rp=5.44 %, Re =4.73 % and S = 1.57.
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Fig. 6-7. N2 adsorption isotherm (left) and V-t plot (right) derived from the
adsorption branch of the isotherm of the sample obtained by 500 °C calcination of
YBO:s.
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size because of the presence of the deep crevices in the particles. However, calcination
at 1100 °C drastically decrease the crystallite sizes determined with (110) and (104)
planes. This result is explained by the segregation of YBO; into B,O3 and Y3BOg, which

was facilitated by evaporation of B,Os.

6.3.2 Synthesis of REBOj3 by the glycothermal reaction
The phases formed by the reaction of RE acetates and trimethoxyborane with RE/B =
1 for 2 h are summarized in Table 6-3. The REBO; phase was not obtained in the
reaction of RE acetate with large RE ionic size: Only RE(OAc),(OH) [17] was obtained
for La. Mixtures of RE(OAc)O, REBO; and the amorphous phase were obtained for Sm
and Eu. Mixtures of REBO; and the amorphous phase were obtained for Gd-Er, while
REBO; was formed as the sole product for Tm, Yb and Y (Fig. 6-8 and Table 6-3).
Figure 6-9 and Tables 6-4 and 6-5 show the results for Rietveld analysis of the
as-synthesized product obtained by the reaction of ytterbium acetate and
trimethoxyborane. The product was comprised of two YbBO; phases with the P63y/m
and R3¢ space groups [22]. The reﬁnemént led to residual values of Rwp = 12.26 %, Rp
= 8.95 %, Re = 2.45 % and S = 5.01. The mass fractions of the P63/m and R3¢ phases
were 77 and 23 %, respectively. The unit cell parameters of a and ¢ axes of the P6s/m
phase were 3.751 and 8.790 A and those of a and ¢ axes of the R3¢ phase were 4.933
“and 16.371 A, respectively. The calculated densities of the P63/m and R3¢ phaseé were
7.19 and 6.69 g/cm’, respectively, suggesting that the P6s/m phase has higher
thermodynamical stability than the R3¢ phase. The P63;/m phase was obtained for Sm-Er
and Y, while mixtures of the P63/m and R3¢ phases were obtained for Tm and Yb.
The morphology of the product is shown in Fig. 6-10. The product obtained for Eu
was composed of yarn-ball-like particlés, but irregularly-shaped particles were also

observed. In the product for Ho, a large number of hexagonal plate particles was
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Fig. 6-8. XRD patterns of the products as-synthesized by the glycothermal
reaction of RE acetates and trimethoxyborane with RE/B =1 in 1,4-BG at 315 °C
for 2 h.
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Table 6-4 Crystallographic data of YbBO; obtained by glycothermal method

Element Site g X y z B
Oa 4f 1 0.667 0.333 0.095 1.0
Ob 6h 1/3 0.850 -0.214 0.250 1.0

B 6h 173 0.584 0.417 0.250 1.5
Yb 2b 1 0 0 0 0.4

Space group P 6;/m (No. 176).

a) Site Occupacy.
b) Isotropic displacement parameter.
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Table 6-5 Crystallographic data of YbBO; obtained by glycothermal method

Element Site g” X y z B”
6] 18¢ 1 0.698 0 0.250 1.0
B 6a 1 0 0 0.250 1.5
Yb 6b 1 0 0 0 0.4

Space group R3¢ (No. 167).
a) Site Occupacy.
b) Isotropic displacement parameter.
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Fig. 6-9. Observed, calculated, and difference patterns obtained by Rietveld
analysis of YbBOj; as synthesized by glycothermal method at 315 °C for 2 h.
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Fig. 6-10. SEM image of REBOj as synthesized by glycothermal method at 315 °C
for 2 h: (a, d), Eu; (b, €), Ho; (c, f), Yb.
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observed. The product obfained for Yb was éomposed of aggregates of disks and
irregularly-shaped polyhedrons, the latter of which seems to be due to the R3¢ REBO;3
phase.

Prolonged reaction ﬁme increased the yield of REBO3 with the P63/m space group.
The reaction of RE acetate and trimethoxyborane with RE/B = 1 for 6 h yielded
RE(OAc),(OH) without REBO; for La; Nd(OAc)O, REBOs3, and the amorphoﬁs phase
for Nd; REBO; and the amorphous phase for Sm; and REBO; for Eu-Yb and Y (Fig.
6-11 and Table 6-3). The space group of REBO3; was P63y/m for Nd-Ho, Yb and Y, and
the mixture of P6y/m and R3¢ were detected for Er and Tm. For the Yb product, the
peaks due to the R3¢ phase disapp‘eared by prolonged reaction time, indicating that the
phase transformed into the more stable P63/m phase. |

The morphologies of the products are shown in Fig. 6-12. The product obtained for
Fu was composed of spheroidal particles with hexagonal-pyramidal crater and small
" irregularly-shaped particles were also observed. In the Ho product, hexagonal plates and
spheroidal particles with the crater were observed. The Yb product was composed of
aggregates of hexagonal plate particles. The Y product was composed of spheroidal
particles (particle size; 3 pm) with the hexagonal-pyramidal crater. Enlargement of the
particle size with the prolonged reaction indicates that Ostwald ripening took place
during the glycothermal treatment.

In a previous paper, the mechanisms for the crystallization of RE gallium garnet [23]
in glycothermal reaction were discussed. Based on the arguments, the following scheme
is proposed for the formation of REBO;: The important step for the glycothermal
_ reaction is the heterolytic cleavage of the C-O bond of HO(CH2),-O-B< formed by the
alkoxyl exchange reaction between trimethoxyborane and glycol; when 1,4-BG (n = 4)
was used, the cleavage of the C-O bond in HO(CH,)n-O-B< was facilitated by

participation of the intramolecular hydroxyl group. The O anion formed by the

145



Intensity (a.u.)

L B SR B B R EAL T T T T T @RE(OA),OH) |
O RE(OAc)O
R J - A unknown B
Other peaks, REBO;,
LJ A g
- Y
r Cad| @
E 7
— l 1 J R U u; g
" Sm
b g, o S W PR
10 20 30 40 50 60 70 10 20 30 40 50 60 70
20 (degree) (CuKa) 26 (degree)(CuKa)

Fig. 6-11. XRD patterns of the products as synthesized by the glycothermal
reaction of RE acetates and trimethoxyborane with RE/B =1 in 1,4-BG at 315 °C
for 6 h.
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Fig. 6-12. SEM image of REBO; as synthesized by glycothermal method at 315 °C
for 6 h: (a, e), Eu; (b, f), Ho; (¢, g), Yb; (d, h), Y.
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heterolytic cleavage of the C-O bond reacts with RE*" ion, and the RE-O-B bond is
formed. In the present reaction, RE-O-B was not formed for larger RE ions with lower
Coulomb force.

Mono-dispersed particles can be prepared if a burst of nucleation takes place at the
early stage of the reaction and if nucleation does not take place during the crystal
growth stage. In the present reaction, nucleation occurs at a high concentration levél of
reactants in solution, which is supersaturated with respect to REBO:s. Oﬁce nucleation
occurs, the concentration level decreases, which is determined by the balance between
the dissolution rate and the rate consumption of the reactants in the solution by the
crystal growth. When crystals grow rapidly, the concentration of the reactants becomes
low, and nucleation does not take place during the crystal growth stage. The reaction for
Y was completed within 2 h, while for Eu or Ho the reaction was not completed in 2 h
resulting in formation of amorphous products. This result suggests that the crystal
growth in the reaction of Eu or Ho. is slower than that in the reaction of Y. The
nucleation takes place during the crystal growth stage of EuBO3; or HoBOs. Therefore,
the particle size of the Eu and Ho products were distributed widely. On the other hand,
rapid crystal growth of YBO; decreases the concentration of the reactant in the solution,

thus facilitating the formation of mono-dispersed particles.

6.4 Conclusions

The glycothermal reaction of the RE acetates with trimethoxyborane (RE/B = 1) at
315 °C for 2 h yielded phase-pure REBO;3 for Tm, Yb and Y. For Gd-Er, REBO; was
contaminated with amorphous product. Mixtures of RE(OAc)O, REBO; and amorphous
products were obtained for Sm and Eu, while only RE(OA;:)Z(OH) was obtained for La.
The space group of the REBOj3 crystal obtained from Sm-Er and Y was P63/m, and

mixture of REBO; crystals with P6s/m and R3¢ were obtained for Tm and Yb.
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Prolonged reaction time (6 h) yielded REBO; without contamination of the amorphous
product or RE(OAc)O for Eu-Yb, Y. For the reaction of yttrium acetate and
trimethoxyborane with Y/B ratio of 1/3-3/1 for 2 h, YBO3 was only the binary oxide
detected. The YBO3 particleé were spheroidal with a diameter of 1 pm. The selected
area electron diffraction of a whole particle indicated that the each particle is a “single

crystal” of YBOs3; grown from one nucleus.
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Chapter 7
Defect structure and morphology of rare earth aluminium garnet

obtained by glycothermal reaction

7.1 Introduction

The unit cell of rare earth aluminium garnet (REAG, RE3Al505) consists of Al atoms
in 16a and 24d sites, RE atoms in 24c sites, and O-atoms in 96h sites. The stability of
the garnet phase depends on the ionic size of the RE element, and garnets were reported
to be thermodynamically stable for the RE elements from Tb to Lu and Y. Among
REAGsS, yttrium aluminium garnet (YAG) has been extensively studied because it is
now widely used in lasers or phosphors [1,2].

Hydrothermal synthesis of YAG powder usually requires severe conditions (350-600
°C and 30-100 MPa) [3,4]. Inoue et al. have found that the glycothermal reaction in
1,4-butanediol directly yielded nanocrystalline REAG (RE = Gd-Lu, Y) at moderate
reaction conditions (300 °C and 5 MPa) [5]. Recently, optical-telecommunication-band
fluorescence properties of YAG:Er* [6] and photoluminescence properties of
YAG:Ce** [7,8] nanocrystals prepared by the glycothermal method have been reported.

In this chapter, the author deals with the defect structure and the morphology of

REAG synthesized by the glycothermal reaction.

7.2 Experimental

Aluminium isopropoxide (AIP, 4.27 g, 20.8 mmol) and yttrium acetate tetrahydrate
(YAc, 4.24 g, 12.5 mmol) were suspended in 90 ml of 1,4-butanediol (1,4-BG) in a test
tube, serving as autoclave liner, and the mixture was placed in a 200-ml autoclave. An
additional 25 ml of 1,4-BG was placed in the gaf) between the autoclave wall and the

test tube. The autoclave was purged with nitrogen, heated to 300 °C at a rate of 2.3
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°C/min, and kept at that temperature for 2 h. After the assembly was cooled to room
temperature, the resulting products were centrifuged. The sedimented part of the
product was washed repeatedly with methanol by vigorous mixing and centrifuging, and
then dried in air. This product was designated as P(Y-a). The supernatant (milky white
suspension) and all the washings were gathered together, and a concentrated ammonium
hydroxide solution was added to sediment the particles. This product was repeatedly
washed with methanol and dried in air (designated as P(Y-b)). For calcination, the
products were heated at a rate of 5 °C/min and held at 1000 °C for 30 min in a box
~ furnace. The calcined product was designated as P(RE-a-cal). In the reaction of
gadolinium acetate and AIP, 10 ml of the supernatant (YAG; about 0.1 g) obtained by
the glycothermal reaction of yttrium acetate and AIP was added to test tube as seed
crystals.

X-ray powder diffraction (XRD: Shimadzu XD-D1) was recorded using CuKo
radiation. The crystallite sizes of REAG were calculated from the half-height width of
the 211 diffraction peak at 18° by Scherrer equation. For Rietveld analysis, the XRD
pattern was measured on another diffractometer (Rigaku Rint 2500) and analyzed by
‘RIETAN-2000 program [9]. The morphology of the products was observed with a

transmission electron microscope (TEM), Hitachi H-800, operated at 200 kV.

7.3 Results and discussion

The XRD patterns of the as-synthesized products in the sedimented and supernatant
parts are shown in Figs. 7-1a and 1b, respectively. Phase-pure REAGs were detected for
P(Y-b) and P(Yb-b), but P(Y-a) and P(Yb-a) were contaminated with the glycol
derivative of boehmite (AIO(OH)x(O(CH2)sOH)1.x) and RE(OAc)O [10,11]. An
amorphous product was obtained for Gd, when the reaction was carried out without the

seed crystals. This result can be attributed to the fact that GAAG does not appear in the
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Fig. 7-1. XRD patterns of the as-synthesized products: a, sedimentgd part of the

product; b, product in the suparnant.

@ The product was synthesized in the presence of seed crytals of YAG.
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Gd,05-Al,05 phase diagrams [13]. However, GdAAG was crystallized together with
Gd(OAc)O when the reaction was carried out in the presence of the seed crystals of
YAG. This result indicates that the nucleation step is difficult process while crystal -
growth takes place much easily under the glycothermal conditions.

Table 7-1 summarized the phases detected by XRD analysis of the as-synthesized and
calcined products. The amorphous phase and Gd(OAc)O in P(Gd-a) transformed into
Gd4AlL,O9 and GdAIOs by calcination. P(Gd-b-cal) was composed of GdAG and small
amounts of YAG (seed crystals) and GdsAl,O9. The glycol derivative of boehmite and
Yb(OAc)O were decomposed into y-Al,O3 and Yb,Os, respectively, by calcination.
P(Y-b-cal) and P(Yb-b-cal) were phase pure garnets and no other phases were detected.

Since P(RE-a) and P(RE-a-cal) were contaminated with the phases other than garnet,
TEM observation and Rietveld analysis were carried out for P(RE-b) and P(RE-b-cal).
The TEM images of these products are shown in Fig. 7-2. The observed‘ particle sizes
(P(Gd-b), 50-100 nm; P(Y-b), 20-50 nm; P(Yb-b), 20-50 nm) were slightly larger than
the crystallite sizes (43, 28, and 30 nm, respectively). The higher magnification images
of the REAG particles indicated that many voids were presented in the particle. For
crystal growth in the glycothermal reaction in 1,4-BG, the following scheme was
proposed [12]: crystal growth takes place by stepwise decomposition of surface
o-hydroxybutyl groups into pfotonated tetrahydrofuran remaining O-anion on' the
growing surface. Coulomb interaction between O-anion and RE’" ion in the glycol
solution creates a new RE-O-Al bond and the crystal grows. Because the decomposition
of the ®-hydroxybutyl group occurs statistically irrespective of the location of the group,
some glycol moieties remain and form defects. Once such defects form, they are apt to
form voids and crevices. Thérefore, BET surface area (80 mz/g) of P(Y-b) was much
larger than the value (47 m?/g) calculated assuming that each YAG particle is spherical

with a diameter of 28 nm (crystallite size).
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Fig. 7-2. TEM images of the products: a, P(Gd-b) synthesized in the presence of
seed crystals of YAG; b, P(Y-b); ¢, P(Yb-b); d, P(Gd-b-cal); e, P(Y-b-cal); and f,
P(Yb-b-cal).
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P(Gd-b-cal), P(Y-b-cal) and P(Yb-b-cal) were composed of spherical particles of
REAGs with the diameters of 45-100, 30-50 and 30-50 nm, respectively. The
crystallite sizes of REAGs (GdAG; 46 nm, YAG; 31 nm, YbAG; 36 nm) were not
apparently changed by calcination. The BET surface area (35 m?/g) of P(Y-b-cal) was in
good agreement with the surface area (43 m2/g) calculated assuming that each YAG
- particle is spherical with a diameter of 31 nm (crystallite size). The spherical particles of
all the products had closed voids originating from the voids and crevices in the products.
The closed voids were enlarged by calcination.

Figure 7-3 and Table 7-2 show the results for Rietveld analysis of as-synthesized
P(Yb-b). The refinement led to residual values of Rwy = 4.71 %, R, = 3.71 %, R. =
2.68 % and S = 1.76. Table 7-3 shows the refined results for P(RE-b) and P(RE-b-cal).
These results were refined below Ry, = 6.5 %. Since P(Gd-b) was synthesized in the
presence of seed érystals of YAG, the XRD pattern of P(Gd-b) was refined by two
phases of GAAG and YAG. TheA calculated mass fractions of GAAG and YAG were 69
and 31 %, respectively. Rietveld analysis indicated the presence of Al vacancies in 24d
sites and oxygen vacancies in 96h sites, and partial substitution of Al ions in 16a sites
with RE ions was also suggested. The occupancy of RE ions in 16a sites increased with
the decrease in ionic size of the RE element. Rapid crystal growth in the glycothermal
reaction and the absence of mechanisms for elimination of defects, such as the
dissolution-crystallization mechanism operating in hydrothermal reactions, are the
reasons for a number of defects in REAG crystals synthesized in 1,4-BG (P(RE-b)).

The unit cell parameters of as-synthesized REAGs were much larger than the values
(GAAG, 12.11 A; YAG, 12.01 A; YDAG, 11.93 A) reported in the JCPDS cards. The
enlargement of the unit cell parameter can be attributed to the substitution of Al ions in
16a sites with RE ions. Another factor is presumably the presence of many vc;ids in

REAGs. Lattice expansion has been reported for various nonmetallic fine particle
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Table 7-2 Crystallographic data of P(Yb-b)

a)

b)

Element Site g X y Z B
O 96h 0.942 0.0322 0.0528 0.6499 0.9
Al 162 0.819 0 0 0 0.8
Yb 0.181 0 0 0 0.4
Al 24d 0.846 1/4 3/8 0 0.9
Yb 0 1/4 3/8 0 0.8
Yb 1 1/4 1/8 0 0.4

24c
Al 0 1/4 1/8 0 0.8

Space group Ia3d (No. 230)

a) Site occupacy

b) Isotropic displacement parameter
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Fig. 7-3. Observed, calculated, and difference patterns obtained by Rietveld
analysis of P(Yb-b).
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systems, and is explained by surfaée hydroxyl groups [18]. In the present case, many
voids with the surface alkoxyl groups in the as-synthesized P(RE-b) may also contribute
to the large unit cell parameter.

P(Gd-b-cal) was refined by three phases of GdAG, Gd4A,O9 and YAG. The mass -
fractions of GdAG, YAG and GdsAl,O¢ were 75, 14, and 11 %, respectively. In
P(RE-b-cal), Al vacancies in 24d sites and oxygen vacancies disappeared, while the
ratio of substitution of Al ions in 16a sites with RE ions became higher than that in
as-synthesized P(RE-b). The population of RE ions in 16a sites increased with the
decrease of RE ionic size. The unit cell parameters of P(RE-b-cal) were much larger
than the value (12.01 A) reported in the JCPDS cards.

Effects of charged RE/Al ratios on the RE population in 16a sites were investigated
by Rietveld analysis of the calcined samples (Fig. 7-4). Although some products were
contaminated with small amounts of the monoclinic and oxide phases and YAG used as
the seed crystals, the multi phase analysis was carried out for these samples. The RE
population in 16a sites increased with the increase in the RE/Al ratio charged for the
glycothermal reaction and with the decrease in ionic size of RE element, and the highest
population, 47 %, was observed for P(Yb/Al = 45/55-b-cal). Although the population
decreased with the decrease in the charged RE/Al ratio, the substitution of Al ions with
" RE ions was also observed for the products with Al rich composition, P(RE/Al =
30/70-b-cal). The unit cell parameter increased with the increase in the RE population in
16a sites. However, the substitutions of Al ions in 24d sites with RE ions and RE ions in
24¢ sites with Al ions and oxygen vacancies were not detected for these calcined

samples.
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synthesized with various charged RE/Al ratios and calcined at 1000 °C. Unit cell
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synthesized in the presence of seed crystals of YAG.
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7.4 Conclusions

Gd3Als09, Y3Al5012 and YbsAlsOq,, having the particle size of 50-120, 30-50 and
30-50 nm, respectively, were prepared by glycothermal reaction. Rietveld analysis
indicated the presence of Al vacancies in 24d sites and oxygen vacancies in 96h sites,
and partial substitution of Al ions in 16a sites with RE ions was also suggested. The
occupancy of RE ions in 16a sites increased with the decrease in ionic size of the RE
element. The unit cell parameters of REAGs were larger than the values reported in
- JCPDS cards. REAG with small RE ionic size obtained by glycothermal reaction and
subsequent calcination had a large population of RE ions in 16a sites, which caused an

enlargement of the unit cell parameter.
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General Conclusion

The author investigated and discussed the syntheses and physical properties of rare
earth (RE) oxides and mixed oxides obtained by solvothermal reactions in organic
media (e.g., 2-methoxyethanol, 2-aminoehanol, or various glycols).

Chapter 1 deals with the reactions of RE metals in 2-methoxyethanol and
2-aminoethanol. The reactions of Ce, Sm, and Yb metals in 2-methoxyethanol and
2-aminoethanol yield colloidal solutions of CeQ,, Sm30s;, and YbyOs particles.
Transparent colloidal solutions of Y, Eu, Gd, and Tb are obtained by the reaction in
2-methoxyethanol containing a small amount of acetic acid. The reaction mechanism is
as follows. The RE metals are highly active, and they are flammable when fresh
surfaces are exposed to moist air. In the present experiments, metal chips with oxide
layers were used.AThe superficial layers must be removed before the reaction occurs.
The addition of acetic acid or 2-aminoethanol whose polarity is higher than that of
2-methoxyethanol facilitates the dissolution of the superficial layers. The removal of

wthese layers at high temperatures causes a very rapid reaction of the RE metal with the
solvent alcohol.
2RE + 6ROH — 2RE(OR); + 3H,.
The thermal decomposition of RE alkoxide yields RE oxide according to the following
reaction:
2RE(OR); — RE;03 + 3ROR

The resulting high concentration of the alkoxide causes the bust nucleation of RE oxides,
thereby leading to the formation of colloidal particles.

Chapter 2 deals with the reactions of RE acetate hydrates in vic-glycols. The thermal
decomposition behaviors of the resulting products were investigated. The reactions of

yttrium acetate hydrate in ethylene glycol, 1,2-propanediol, and 1,2-butanediol at 300
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°C yields products containing the acetate group and glycol moieties, while the reaction
in 1,3-propanediol and 1,4-butanediol yields yttrium acetate oxide [Y(OAc)O]. The
former products are directly decomposed into. Y,Osbelow 400 °C, while the latter form
Y,0;3 via yttrium carbonate oxide after calcination at 600700 °C. The reaction of other
RE acetates in 1,2-propanediol yields products with two different cryétal. structures
depending on the ionic size of the RE elements: one structure originates from La-Nd
(group A) and the other originates from Sm-Yb and Y (group B). RE;O3 obtained from
the group A products excluding Ce is produced by the formation of RE carbonate oxide,
while that (;btained from the group B products excluding Sm and Eu is directly
crystallized at 400 °C without the formation of RE carbonate oxide . In this regard, the
RE,;03; (RE = Gd-Yb, Y) samples have considerably large surface areas; they have a
larger surface area and smaller crystallite size than those of any other comparable
- compounds reported thus far.

Chapter 3 discusses the morphologies of RE,O3 obtained by the calcination of certain
products at 400 °C; these products were synthesized by the reaction of RE acetates in
1,2-propanediol. Y203 was composed of nano-hollow spheres with outer diameters of
7-18 nm and inner diameters of 2-8 nm. Each nano-hollow sphere contained many
pores between Y,0; crystallites. The Y,03 sample maintained its nano-hollow shape
even after calcination at 500 °C; however many of its pores disappeared. Gd>0O3; was
composed of porous solids with a plate-shaped outline, and Dy>0; contained porous
plate-shaped particles and nano hollow spheres. ErO; and YbyO; exhibited
nano-hollow sphere morphologies with outer diameters of approximately 9 and 8 nm
and inner diameters of approximately 4 and 3 nm, respectively..

Chapter 4 describes the reactions of RE chloride hydrates in 1,4—butanedi01_ at 300 °C
for 2 h in the presence of small amounts of n-hexylamine and 1,6-hexanediami‘ne.

Phase-pure RE(OH)>Cl was obtained for La-Dy, while RE(OH),Cl obtained for Ho-Yb
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and Y was contaminated with RE;O3+xH,0. The space group of RE(OH),Cl formed in
this reaction was P2;/m [space group No. 11]. Thermal analysis of the products in an air
flow indicated that the RE(OH),Cl phases for all RE elements excluding Ce were

-dehydrated into REOCI, while Ce(OH),Cl was. decomposed at 350 °C to yield CeO,
without the formation of CeOCl. In the case of RE elements with small ionic sizes
(Dy-Yb, Y), REOCI was further decomposed into RE;O3; by heating up to 1000 °C,
while REOCI in RE elements with large ionic sizes (La-Gd) did not decompose even
after calcination at 1000 °C.

The morphologies of RE(OH),Cl and RE;03+xH;0 synthesized by the reaction of RE.
chloride hydrates in 1,4-butanediol at 300 °C in the presence of small amounts of
amines are discussed in chapter 5. The reaction of RE chloride hydrates (Y, Er, and Yb)
in 1,4-butanediol at 300 °C for 2 h produced a mixture of RE(OH),Cl and RE;O3°xH0,
and they were composed of irregularly shaped particles. Even the prolonged reaction
(10 h) yielded a mixture of RE(OH);Cl and RE;Os*xH;O for Er or Y; however,
phase-pure RE;O3*xH,0O was obtained for Yb. The latter comprised needle-shaped
single crystals of Yb,O3°xH,O with a width of 0.2-0.6 pm and length of 5-15 pm. The
Yb,03exH,O phase decomposed into Yby,O3 at 350-500 °C while preserving the
needle-shaped morphology, which was maintained even after calcination at 1100 °C.
Single crystals of Yb,Os; obtained by the calcination of YbyO3xH,O at 500 °C
contained very small voids that were enlarged to a diameter of 35 A by calcination at
800 °C.

In Chapter 6, the author discusses the glycothermal reactions of the RE acetate
hydrates with trimethoxyborane (RE/B = 1) in 1,4-butanediol at 315 °C for 2 h.
Phase-pure REBO; was obtained for Tm, Yb, and Y, while REBOj3 obtained for Gd-Er
was contaminated with an amorphous product. A mixture of RE(OAc)O, REBO3, and

the amorphous product was obtained for Sm and Eu, while only RE(OAc),(OH) was
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obtained for La. The space group of the REBOs crystals obtained for Sm-Er and Y was
- P63/m, and a mixture of REBOj3 crystals with P63;/m and R3¢ was obtained for Tm and
Yb. For Eu-Yb and Y, a prolonged reaction time (6 h) yielded REBO; without
contamination with amorphous products or RE(OAc)O. In the reaction of yttrium
acetate hydrate and trimethoxyborane with Y/B ratios of 1/3-3/1 for 2 h, YBO; was the
only binary oxide. The YBO; particles were spheroidal with a mean diameter of 1 um.
The selected area electron diffraction analysis of a whole particle indicated that each
particle is a “single crystal” of YBOs; developed from a single nucleus.

The detai‘led crystal structure of RE3AlsO12 synthesized by a glycothermal reaction is
discussed in Chapter 7. The reaction of a stoichiometric mixture of aluminum
isopropoxide and RE acetate hydrate in 1,4-butanediol at 300 °C directly yielded
crystalline RE3Al501;. The particle sizes of Gd3Als0y2, Y3Als012 and YbzAlsOy, were
50-120 nm, 30-50 nm and 30-50 nm, respectively. The unit cell parameters of these
RE;3Al504, were larger than the values reportéd in the JCPDS cards. Rietveld analysés
of RE3Al501; indicated the presence of Al vacancies in 24d sites and oxygen vacancies
in 96h sites, and a partial substitution of Al ions in 16a sites with RE ions was suggested.
The occupancy of RE ions in 16a sites increased with a decrease in the ionic size of the
RE elements. Rapid crystal growth in the glycothermal reaction and the absence of
mechanisms- for elimination of defects, such as the dissolution-crystallization
mechanism operating in hydrothermal reactions, are the reasons for a number of defects
in RE3Als01; crystals synthesized in 1,4-butanediol.

In summary, the solvotherm;al reaction synthesizes RE oxides and mixed oxides with
small particle sizes, high surface areas, unique morphologies, and peculiar crystal
structures. The author believes that the RE oxides and mixed oxides obtained by the
solvothermal reaction will be applied in various fields as high-performance inorganic

materials.
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