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Chapter 1

Introduction

1-1  Spinel compounds

Spinel compounds are one of representative and useful materials in ceramics and minerals.
Spinel is also a constituent that is located in the transition zone below the upper layer of the
earth's mantle. Various spinel compounds that have a variety of characteristics are known. In
the ideal structure of spinel oxide, oxygen atoms have a face centered cubic (fcc) and cubic
closest packed arrangements in which cations occupy one-eighth of the tetragonal and one-half
of the octahedral interstices. In the arrangement of atoms, perpendicular to each three-fold axis,
layers are occupied only by cations in octahedral coordination alternate with others. In that
structure, the tetrahedral and octahedral sites are included in the ratio two to one [1, 2] The unit
cell of spinel oxide includes 32 oxygen anions, 16 octahedral cations, and 8§ tetragonal cations
for example. The formula of a binary spinel can be represented as AB2X4, in which X is an
anion and A and B represent cations. Possible two types of extreme distribution of the cations
among the available sites exist in the spinel structures. One is “normal” distribution A[B]2Xa4,
and the other is “inverse” distribution B[AB]X4, where the cations in octahedral coordination
are indicated in a brackets “[ ]”. In the case that the cation distribution becomes random over
each type of site, eight formula units exist in the unit cell and its symmetry can be lowered by
means of Jahn-Teller and other effects [3-5]. When the cations are distributed intermediately, it
may be indicated as AixBx[AxB2x]X4, where x is what is called degree of inversion. The x
which is equal to zero and unity corresponds to the normal and inverse arrangements,
respectively [6]. On the other hand, many spinel compounds with cation vacancies are also
known. y-type Fe>Oz (maghemite), which is a representative example that contains high
concentration of cation vacancies, is what is called a defective spinel. All the iron cations in y-
Fe>Os are in trivalent state, and the charge neutrality of the cell is compensated by the presence
of cation vacancies. These vacancies are known to be situated in the octahedral sites. This type
of spinel is usually metastable and transforms into stable phase via high temperature heating.

Spinel compounds show interesting, unique, and a variety of properties which can be applied
in a wide variety of industrial fields. Magnesium aluminate MgA1>O4, among all the spinels, is
the most representative one and is an excellent refractory oxide as a structural ceramics because
of high melting temperature (2135°C) and high resistance to attack by most of the acids and
alkalis [7]. Other compounds, e.g., ZnAl>O4 (gahnite), FeAl,Os (hercynite), and MnAl,O4
(galaxite) are known as aluminate spinel. Magnetite (Fe3O4) is also a famous mineral as a

common magnetic iron oxide that crystallizes in the cubic inverse spinel structure having
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ferrous and ferric ions on the octahedral sites of the spinel lattice [8-11]. Ferrimagnetic
substances referred to as ferrites XFe2O4 (X signifies a divalent metal as Mg, Mn, Ni, Cu, Zn,
etc.) that have extensive use as magnetic materials in electronic technology are also important
members of spinel compounds. Manganese-zinc and nickel-zinc ferrites are most widely used
as magnetically-soft ferrites. Among magnetically-hard ferrites the most widespread ones are
barium and strontium ferrites. On the other hand, there are other complex oxides with spinel
structure based on chromium oxide such as chromite (FeCr.0O4), magnesiochromite (MgCr204),
etc. Chromium spinel oxides AB>Os (A=Hg, Cd, Mg, and Zn), in which magnetic chromium
ions occupy the B site, forming a pylochlore lattice, show interesting magnetic properties of
geometrical frustration in high magnetic fields due to that strong geometrical frustration and
significant spin-lattice coupling inherent in the chromium spinel oxides result in unconventional
magnetic phase transitions [12].

Spinel compounds with negative temperature coefficient (NTC) resistance, i.e., NTC
thermistors that belong to semi-conducting ceramics are widely used in the areas on modern
microelectronics, especially in temperature and heating sensors, integrated temperature-
humidity sensors, fire detectors, power-sensing terminations, temperature-compensating
attenuators, etc. [13-17]. Spinel compounds based on nickel manganite or mixed spinel-type
manganites in the system NiMn2O4-CuMn204-MnCo204 show many essential advantages as a
material for NTC thermistor [18,19]. Actually, nanostructured ceramics consisting of
magnesium aluminate spinel and mixed transition metal manganite spinel are widely used for
temperature and humidity measurement [13, 20, 21]. Spinel-type LiMnQOy is one of candidate
cathode materials for lithium ion rechargeable batteries which play an important part in an
energy source with high energy and power density for small portable electronic devices such as
cell phones, lab-top computers, portable power tools, and vehicle electrification [22-25].
Among many cathode materials, the most promising candidate for a large scale lithium ion
batteries of electric vehicles has been considered to be the LiMnOg4 spinel because of its
advantages of low cost, environmental friendliness, high abundance, and low safety hazard [26-
28].

1-2 Materials based on gallium oxide and spinel-type gallate compounds

Gallium oxide (gallia, Ga>O3), which belongs to transparent wide-band gap oxide
semiconductor, is one of important functional materials because it becomes a semiconductor
above 800 °C though an insulator having a forbidden energy gap of 4.9 eV at room temperature
[29,30]. Ga203 has been known to have five different polymorphs: o, B, v, 8, and € [31] similar
to those of aluminum oxide (alumina, Al,O3). The y-type Ga>Os is metastable phase and has
defective spinel structure. The monoclinic 3-Ga,Os is the most stable crystalline modification

and its melting temperature is 1740 °C. The transformation of y-Ga,Os3 into stable B-Ga,0Os
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occurs above 873 K [32]. The materials based on Ga>Os3 find application in catalysis [33-35],
phosphors [33,36], gas sensors [37], and transparent conducting oxide [38]. Aluminum oxide
(alumina, Al,0O3) and gallium oxide (gallia, Ga;03) have several similarities in structural and
optical properties though alumina is a typical insulator. The structure of the y-type Al2Os is also
defective-spinel-type. In the Al,03-GaxOs system, the possibility that they can form defective-
spinel-type (Al,Ga)203 solid solution is suggested.

On the other hand, zinc aluminate (ZnAl2O4) and zinc gallate (ZnGayO4), both of which
belong to transparent and wide-band-gap semiconductor materials, e.g. ZnO, In,03, and SnO»
[39], are known to have the same normal spinel structure with all the Zn?* ions in tetrahedral
sites and Ga>" or AI** ions in octahedral sites [40]. Zinc gallate shows a blue emission without
any dopant via a self-activation center of Ga-O groups under excitation by both UV light and
low-voltage electrons [41,42]. This emission can be tunable from blue to green or up to red
when it is activated with Mn?*, Cr**, Eu®", and Tb>" [43-45]. As excellent phosphor host
materials, the zinc gallate has been applied to thin film electroluminescent devices (TFED),
vacuum fluorescent displays (VFD), and field emission displays (FED) [41,46-49]. The zinc
aluminate also possesses a wide range of applications as phosphor materials [50-52], reflective
optical coatings [53], UV-transport electro conductive oxide [54], photocatalyst for the
degradation of toluene [55], and catalysts for dehydration, hydrogenation, dehydrogenation,
and synthesis of fine chemicals [56-59]. It is expected that the properties of ZnGa>O4 can be
tuned by the formation of solid solutions, e.g., through the substitutional incorporation of
aluminum ion into the spinel lattice in the ZnAlbO4-ZnGa0O4 system. A large number of
methods for the preparation of those spinel materials mentioned above are known in literature,
but there are few reports on the low-temperature (< 250°C) and direct formation of those
nanocrystals with high crystallinity.

1-3 Purpose of the present study

In the preparation of crystalline inorganic (ceramic) materials, their synthesis routes and
processing have great effects on their phases, microstructures, characteristics and performances.
The aqueous solution routes for the preparation of refractory crystalline materials based on the
reaction in the presence of liquid phase such as hydrothermal synthesis method, which fall into
a category “building up process”, can attain the formation of more homogeneous
nanocrystalline materials at lower temperatures than the cases of the solid-state reactions and
break down processes. From a view point of green processing, the aqueous solution routes have
advantages. The direct formation of nanocrystalline inorganic materials at low temperatures has
been one of technological and scientific interests. Although the spinel materials based on
gallium oxide have attractive properties described above, the studies and reports on the
hydrothermal synthesis of nanoparticles such as y-Ga,0s3, y-(Al,Ga),03, and Zn(Al,Ga)>04 with
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a single phase of spinel-type structure from aqueous precursor solutions using the starting
materials of simple inorganic salts are few. In the spinel-structured y-Ga>O; and ZnGa;O4
nanocrystals, the details of the effect of the substitutional incorporation of aluminum into the
spinel lattice on their hydrothermal formation, structures, and optical properties, e.g., optical
band gap and luminescence have not been clarified.

The purposes of this study are to synthesis spinel-structured y-Ga,0s, y-(Al,Ga)0s3, and
Zn(Al,Ga)>0O4 nanoparticles from the aqueous precursor solutions under mild hydrothermal
conditions and to investigate the effects of the composition, hydrothermal treatment condition,
and heat treatment in air on their crystalline phases, structures, phase transformations, and

luminescence properties.

1-4 Construction of the present study

The present thesis consists of 7 chapters.

Chapter 1 presents the background and fundamentals on spinel compounds and materials
discussed in this study. The purpose and outline of the present study are also added.

Chapter 2 describes the results on the preparation of luminescent y-Ga,Os3 nanocrystals from
the aqueous precursor solutions of inorganic gallium salts via hydrothermal route using citric
acid. It also contains the results of an investigation on the effects of hydrothermal treatment
temperature and post-heat treatment in air on the crystallinity, phase stability, and
photoluminescence properties of spinel-type y-Ga>O3z nanocrystals.

Chapter 3 deals with the spinel-type y-Ga,Os-based nanoparticles doped with Al,Os3 in the
Al203-Gax03 system that were hydrothermally formed under weakly basic conditions in the
presence of citric acid. This chapter also presents the results of an investigation on the effects
of the composition, hydrothermal treatment condition, and heat treatment in air on their
crystalline phases, structures, phase transformations, and luminescence properties.

Chapter 4 presents the results of the hydrothermal synthesis of nanometer-sized ZnAlGaO4
spinel and its structure and properties, e.g., the cell size, optical band gap, and
photoluminescence. A discussion on the structural change in the course of hydrothermal
treatment and post-heating is also contained.

Chapter 5 describes the results of hydrothermal treatment at low temperature (180°C) in a
short time that was carried out to form nanoparticles in the ZnAl2O4-ZnGa,0O4 system. It also
presents the results of an investigation on the change in structure and optical and luminescence
properties of as-prepared nanoparticles by means of comparing those of heat-treated samples.

Chapter 6 presents the results of an investigation on the formation of nano-sized and spinel-
structured complete solid solutions in the ZnAl>Os-ZnGa2O4 system from the aqueous precursor
solutions of inorganic salts under mild hydrothermal conditions in the presence of

tetramethylammonium hydroxide for a short period of time.
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Chapter 7 summarizes the results obtained in the present study.
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Chapter 2
Hydrothermal synthesis of y-Ga,Os

nanocrystals

2-1 Introduction

Over the past decade, synthesis of nanocrystalline inorganic materials has been of great
interest and many new nanostructured materials have been developed [1-4]. In general, their
synthesis techniques and procedures have many effects on their microstructure and
performances. Recently, aqueous solution routes as one of building up processes of inorganic
materials have received intensive attention from the environmental viewpoint [5-7]. Among
them, the interest in hydrothermal synthesis techniques has increased in view of their advantage
in direct formation of nanocrystalline inorganic materials because their crystal structure, phase
homogeneity, composition, particle size, morphology, etc. can be well controlled and designed,
and various kinds of nanocrystals have been hydrothermally synthesized [8].

Gallium oxide (gallia, Ga2O3) is well known as an important functional material such as
wide-band gap oxide semiconductor. Normally, it is a semiconductor above 800 °C though an
insulator at room temperature with a forbidden energy gap of 4.9 eV [9,10]. Similar to
aluminum oxide (alumina, Al,03), Ga,0O3 shows five different polymorphs: a, B3, y, 8, and ¢
[11]. It has been investigated for use in catalysis [12-14], phosphors [12, 15], gas sensors [16],
and transparent conducting oxide [17]. The most stable crystalline modification of gallia is
monoclinic B-Ga;03 having a melting point of 1740 °C, which exhibits blue luminescence [18]
and has potential applications in optoelectronic devices and stable gas sensors [19,20]. The
metastable y-Ga>Os3 has defective-spinel-type structure. The y-Ga,Os and/or its mixed oxide
powders have been synthesized via pulsed-laser deposition technique [21], calcination of gels
[22], solvolysis of GaCls in N, N-dimethylformamide [23], solvothermal technique [24],
hydrothermal method [25], and coprecipitation technique [26]. Recently, some studies have
been reported on the formation of y-Ga>Os via epitaxial stabilization [27] and combustion
synthesis using urea as fuel [28]. Colloidal y-Ga,Os3 particles were also formed through
synthesis route from gallium acetylacetonate using oleylamine at 200-310 °C [29,30]. A few
studies have been reported on the metastable y-phase because of the difficulty in synthesis of
single crystalline phase in stark contrast to the -Ga;Os. However, the studies and reports on
the hydrothermal synthesis of y-Ga>O3 nanoparticles with a single phase of spinel-type structure
from aqueous precursor solutions using the starting materials of simple inorganic gallium salts

are especially very few. We have performed the investigations on the formation of nanocrystals
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of a single phase of zinc gallate and its solid solutions [31,32] having spinel-type structure
similar to y-Ga,03 via simple aqueous solution route at low temperatures below 90 °C [33,34]
or hydrothermal routes [35,36].

The aim of this study is to prepare luminescent y-Ga>Os nanocrystals from the aqueous
precursor solutions of inorganic gallium salts via hydrothermal route using citric acid. The
effects of hydrothermal treatment temperature and post-heat treatment in air on the crystallinity,
phase stability, and photoluminescence properties of spinel-type y-Ga,Os; nanocrystals were
investigated.

2-2 Experimental
2-2-1 Sample preparation

In a Teflon container, reagent-grade Ga(NOs3);3 or Gax(SOs);3 and citric acid
C3H4(OH)(COOH)3-H>0 as starting materials were dissolved in distilled water. The pH of the
solution was controlled by the addition of aqueous ammonia to have a weakly basic condition
in the end stage of hydrothermal treatment. This precursor solution mixture with 0.40 mol/dm?
Ga** concentration in the Teflon container was then placed in a stainless-steel vessel. The vessel
was tightly sealed, and it was heated at 180-240 °C for 5 h under rotation at 1.5 rpm. After
hydrothermal treatment, the precipitates were washed with distilled water until the pH value of
the rinsed water became 7.0, separated from the solution by centrifugation, and dried in an oven
at 60 °C. The prepared powders were heated in an alumina crucible at a heating rate 200 °C/h,

held at 600-1000 °C for 1 h in air, and then cooled to room temperature in a furnace.
2-2-2 Characterization

X-ray diffraction (XRD) patterns of the as-prepared and heat-treated powders were recorded
on a diffractometer (XRD; model RINT-2000, Rigaku, Tokyo, Japan) using CuKa radiation.
The microstructure and morphology of the as-prepared samples were observed using
transmission electron microscopy (TEM) and selected area electron diffraction (SAED) (TEM;
model JEM-2010, JEOL, Tokyo, Japan). The crystallite size of cubic phase was evaluated from
the line broadening of 311 diffraction peak, according to the Scherrer equation, Dxrp = KA/
cosé, where O1is the Bragg angle of diffraction lines, K is a shape factor (K = 0.9 in this work),
A is the wavelength of incident X-rays, and £ is the corrected half-width given by £ = Bn?* -
2, where S is the measured half-width and S is the half-width of a standard sample.

The measurements of UV-Vis absorption spectra for these prepared powders were taken
using an ultraviolet-visible spectrophotometer with an integrating sphere attachment (V-560,

Nihon Bunko, Tokyo, Japan). The photoluminescence (PL) emission spectra of samples were
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measured using a spectrofluorometer (F-2700, Hitachi High-Tech, Tokyo, Japan) with Xe lamp.
Powder samples were excited with a 325 nm radiation from a 150-W xenon lamp. The emission

wavelength was scanned from 350 to 750 nm at a scanning rate of 60 nm/min.
2-3 Results and discussion
2-3-1 Synthesis of y-gallium oxide nanocrystals

Hydrothermal treatment was carried out at 180 °C for 5h for the precursor solution mixtures
of citric acid and Ga(NOs3)3 or Gax(SO4)3 under weakly basic conditions in the presence of
aqueous ammonia. The XRD patterns of precipitates hydrothermally treated at 180 °C and dried
at 60 °C are shown in Fig. 1. Each of the precipitates was detected as a single phase of spinel-
type y-Ga203. The crystallinity of the spinel-type y-Ga>O3 formed from the precursor solution
of Gax(S04)3 was slightly high because the XRD lines corresponding to the y-Ga>O3 obtained
from Gax(SO4)3 was sharper than those from Ga(NOs3);. It was found that the starting inorganic
salt of gallium, i.e., anions of gallium salt had effect on the crystallinity of the spinel-type y-
Gax0s.

V Y '(;a203

<3

Gay(S0y),

»a(NO,),

Intensity / a.u.

10 20 30 40 50 60
20 /° CuKa

Fig.1 X-ray diffraction patterns of precipitates obtained from aqueous

precursor solution of Ga(SO4)3 or Ga(NOs3); using citric acid and aqueous

ammonia under hydrothermal conditions at 180 °C for 5 h.
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The effect of hydrothermal treatment temperature on the crystalline phase and crystallinity
of solid products was investigated. The XRD patterns of precipitates that were obtained under
weakly basic hydrothermal conditions at various temperatures and dried at 60 °C are shown in
Fig. 2. All precipitates formed under these conditions were detected as a single-phase
corresponding to spinel-type y-Ga,0s. The XRD lines of the y-Ga>O3 gradually became sharper
as the hydrothermal treatment temperature rose. The crystallite size of the spinel-type y-Ga>O3
is plotted against the hydrothermal treatment temperature in Fig. 3. The crystallite size of the y-
Gay0s spinel gradually grew from 5 to 9 nm when the hydrothermal treatment temperature rose
from 180 to 240 °C. The crystallite size of the spinel in this study was in the dimension range
as semiconductor quantum dots. Under these hydrothermal conditions, it was confirmed that a

single-phase of spinel-type y-Ga>,O3 was formed as nanosized crystals.

< 31

Vv Y ‘G3203

Intensity / a.u.

10 20 30 40 50 60
20 /° CuKa

Fig.2 X-ray diffraction patterns of precipitates obtained from aqueous
precursor solutions of Ga(NOs)3 using citric acid and aqueous ammonia

under hydrothermal conditions at various temperatures for 5 h.
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Fig.3 Crystallite size of as-prepared spinel-type y-Ga>Os precipitates

against the hydrothermal treatment temperature.

When citric acid was not present in these weakly basic precursor solutions, a single phase of
GaO(OH) was only formed after hydrothermal treatment. These results obtained in this study
suggest that the presence of citric acid has a very important effect on the direct formation of a
single phase of spinel-type y-Ga,0O3 nanocrystals as follows. In the weakly basic precursor
solution in the presence of aqueous ammonia without citric acid, GaO(OH) phase with good
crystallinity is apt to easily form at low temperatures such as room temperature. Once GaO(OH)
crystals are formed in the precursor solution, the formation of the nuclei of spinel-type y-Ga>O3
phase and their growth are considered not to be easy even though the solution is treated under
hydrothermal conditions at elevated temperatures. From this reason, to inhibit the formation of
GaO(OH) phase at low temperatures, citric acid was used and useful as chelating ligand. On
the other hand, no precipitate was formed in the precursor solution containing citric acid as
ligand after hydrothermal treatment at temperatures <120 °C. This fact shows that the gallium
complex compound that is formed in the precursor solution using citric acid as chelating ligand
is stably present under hydrothermal conditions <120 °C. It is supposed that the gallium
complex compound will collapse under hydrothermal conditions at elevated temperatures
higher than 120 °C. The formation of the nuclei of spinel-type y-Ga,Os and their growth are
considered to be achieved via the collapse of the gallium complex compound at higher
temperatures than 120 °C under weakly basic hydrothermal conditions.
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The TEM image of dispersed y-Ga>O; precipitates and the TEM image with SAED pattern
of aggregated y-Ga,Os precipitates, both of which were formed from the precursor solution of
Ga(NO3)3 at 180 °C for 5 h, are shown in Fig. 4a, b, respectively. Both of the dispersed y-Ga,0O3
precipitates and aggregated y-Ga,Os precipitates were observed in the TEM images in the
present study. In the TEM image of Fig. 4a, isolated nanosized particles in the range of 3~5 nm
with roundish morphology exist. On the other hand, the aggregated precipitates consist of
nanosized fine particles around 4~5 nm as shown in the TEM image in Fig. 4b. The SAED
analysis suggests that the y-Ga>O3 nanoparticles possess relatively good crystallinity and that
the precipitates formed at 180 °C also contain amorphous-like phase with low crystallinity to a
small degree. In the TEM image (b), fine particles seem to be piled up and gathered, but this
aggregation may be considered to occur through the process of the preparation of the TEM
sample due to the very fine size of particles and the presence of the amorphous-like phase with
low crystallinity. As the particle size observed in the TEM images relatively well corresponded
to the crystallite size evaluated from XRD line broadening, the observed y-Ga,0Os fine particles

are considered to be single crystals.

_13_



Fig.4 TEM image of (a) dispersed y-Ga,0Os precipitates and (b) TEM image with SAED
pattern of aggregated y-Ga,Os precipitates, both of which were obtained from aqueous

precursor solutions of Ga(NO3)3 using citric acid under hydrothermal conditions at 180 °C
for5h

2-3-2  Photoluminescence and phase transformation of y-gallium oxide

The UV-Vis absorption spectra of the as-prepared y-Ga;Os spinel nanocrystals were
measured. The plots of transformed Kubelka—Munk function versus the energy of light
absorbed of the samples are shown in Fig. 5. The optical band gaps exhibited the tendency of
dependence on the nanocrystal size, because the absorption edge in the spectra tended to slightly
shift into shorter wavelengths as the hydrothermal treatment temperature fell, accordingly, the

optical band gap of as-prepared y-Ga,O3 spinel nanocrystals with smaller crystallite tended to
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become slightly wider. The optical band gap value evaluated from the spectra measured for the
1-Ga»03 spinel nanocrystals formed at 180 °C was 4.88 eV. But large absorptions in the visible
region are observed in the as-prepared y-Ga,0Os spinel nanocrystals formed at 210 and 240 °C,
which is considered to be due to the residual impurities originating from the hydrothermal

decomposition of citric acid in the starting materials.

— 180 °C .
.......... 210 °C /\-\,/
- = 240°C / 3-""
—- 800 °C

K-M function / a.u.

2 3 4
Energy / eV

hn

Fig.5 Plots of transformed Kubelka—Munk function versus the
energy of light absorbed of y-Ga>,O3 formed at 180, 210, and
240 °C for 5 h and B-Ga;03 formed after heating at 800 °C.

The photoluminescence spectra of the as-prepared y-Ga>Os spinel formed at various
hydrothermal treatment temperatures that were measured under excitation at 325 nm at room
temperature, are shown in Fig. 6. The y-Ga>Os3 spinel nanocrystals show a violet-blue, broad-
band emission with a peak wavelength at 410 nm, centered at around 425 nm under excitation
at 325 nm. The y-Ga»Os spinel nanocrystals formed at 180 °C presented the highest intensity of
emission. The emission intensity decreased as hydrothermal treatment temperature rose, which
is supposed to be due to the residual impurities that may act as luminescent quenchers included
in the samples formed at 210 and 240 °C as observed in Fig. 5. It has been reported that the
UV-blue emission of spinel oxide phosphors such as ZnGa,04 and ZnAl>O4 similar to y-Ga>O3
spinel originates from charge transfer between Ga®" or AI’* at octahedral sites and its

_15_



surrounding O® and it is due to inter-band gap defects, such as oxygen vacancies [37-39]. In
general, the blue band emission around 430 nm from the self-activation center of Ga-O groups
is observed in bulk ZnGa,04 phosphors [39]. The observed luminescence spectrum centered at
around 425 nm in these y-Ga>O3 spinel nanocrystals is considered to be the characteristic

vaiolet-blue band emission from the self-activation center of Ga-O groups.
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Fig.6 Emission spectra of y-Ga,Os precipitates obtained from aqueous precursor
solutions of Ga(NOs)3 using citric acid under hydrothermal conditions at various

temperatures for 5 h that were measured under excitation at 325 nm.

The effect of heat treatment temperature in air on the crystalline phase of y-Ga>O3 spinel was
investigated. Figure 7 shows XRD patterns before and after heating at 600, 800, and 1000 °C
in air for the y-Ga,0Os3 spinel sample formed under hydrothermal condition at 180 °C for 5 h.
The crystalline phase detected in the as-prepared and heat treated samples at 600 °C was a
single phase of y-GaOs spinel structure. The fact that the remarkable change in the crystallinity
and the crystallite size of the spinel was not observed in the samples after heat treatment at
temperatures lower than 600 °C 1 h shows that the formed y-Ga»Os spinel under hydrothermal
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condition has relatively high thermal stability. However, the symptom of the appearance of -
GaxOs3 phase in the y-Ga,03 nanocrystals is slightly observed at the area of 26=30-40 ° marked
with arrow in the XRD pattern of the sample heat-treated at 600 °C in Fig. 7. Since the XRD
pattern of GaOs after heat-treated at 800 °C shows a single phase of B-type structure, it is
obvious that the y-p phase transformation proceeded at the temperatures above 600 °C and
concluded below 800 °C. The crystallite growth of B-Ga>O3 phase is observed in the sample
heat-treated at 1000 °C.
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Fig.7 X-ray diffraction patterns of samples obtained from aqueous precursor
solutions of Ga(NOs)3 using citric acid under hydrothermal conditions at
180 °C for 5 h before and after heating at 600~1000 °C for 1 h in air.
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The plot of transformed Kubelka—Munk function versus the energy of light absorbed of (-
GaxO3 formed after heating at 800 °C is also shown in Fig. 5. The optical band gap value
evaluated from the diffuse reflectance spectrum measured for the f-Ga,O3; was 4.51 eV. The
change in the emission spectra of Ga;O3 is shown in Fig. 8. The luminescence intensity and the
center wavelength of the emission are plotted against heat treatment temperature in Fig. 9a, b,
respectively. The intensity of the emission decreases as the heat treatment temperature rises.
The peak wavelength of the emission also shifts into lower wavelengths with an increase in
heating temperature. In the present study, the as-prepared y-Ga>O3 nanocrystals formed at 180
°C exhibited the emission with the highest intensity.

1 Ex.325nm
1200 —180°C
=== 600°C
1000 |\ 0 e 800°C
. —- 1000C
-
S 800
Z 600
2
= 400

200

400 450 500 550 600 650
Wavelength / nm

Fig.8 Emission spectra of Ga;O3 samples before and after heating at 600-

1000 °C for 1 h in air that were measured under excitation at 325 nm.
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2-4 Summary

A single-phase of spinel-type y-Ga>O; nanocrystals was directly synthesized from the
aqueous precursor solution of Ga(NOs3)s or Gax(SO4); under weakly basic hydrothermal
conditions at 180-240 °C in the presence of aqueous ammonia by inhibiting the formation of
GaO(OH) phase using citric acid. The crystallite size of y-Ga>O3 spinel was 5-9 nm. The y-
GaxOs3 spinel nanocrystals formed at 180 °C had the optical band gap of 4.88 eV and showed
the highest intensity of broad-band visible violet-blue light emission centered at 425 nm under
excitation at 325 nm. The phase transformation from y-Ga,O3 to B-GaO3 was suggested to
occur at elevated temperatures higher than 600 °C because the spinel phase was maintained
after heating at 600 °C for 1 h. By the heat treatment in air, the emission intensity of Ga,0O3

decreased and the center wavelength of the broad-band emission shifted into lower wavelengths.
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Chapter 3
Direct formation of spinel-type

v-Ga03-Al,03; nanoparticles

3-1 Introduction

Aluminum oxide (alumina, Al,O3) and gallium oxide (gallia, Ga2Os3) have several similarities
in structural and optical properties though alumina is a typical insulator. Similar to alumina,
five distinctive polymorphs: a, 3, v, 8, and € [1] exist in gallium oxide which is one of attractive
transparent and wide band-gap semiconductor materials [2]. Above all, the B-type Ga,O3 which
has monoclinic structure is most stable crystalline modification and has high melting
temperature of 1740 °C. On the other hand, y-type Ga>Os with defective-spinel-type structure
is one of metastable phases. In general, 3-Ga,Os is commonly formed and observed after firing
at elevated temperatures. The a-Ga>O3 has corundum type similar to the representative crystal
structure of alumina. Gallium oxide-based materials have attracted considerable attentions, and
they have been applied for catalysts [3-6], gas sensors [7,8], phosphors [9], spintronics devices
[10], and transparent electronic devices [11]. The studies on the formation and properties of
gallium oxide-based materials have been conducted using various synthesis methods e.g.,
coprecipitation [12], solvolysis of GaClz in N, N-dimethylformamide [13], pulsed-laser
deposition technique [14], calcination of gels [15], hydrothermal method [16], solvothermal or
glycothermal technique [17,18], and colloidal synthesis route [19,20]. The catalytic properties
of copper-doped gallium oxide with spinel-type structure formed through microwave
hydrothermal method have been reported, but its crystallinity was very low [21].

The hydrothermal synthesis, which falls into one of aqueous solution routes, is well known
to be useful as low-temperature synthesis techniques of nanocrystalline inorganic materials,
especially metal oxide-based materials since their crystalline phases, compositions, particle
sizes, and morphologies can be well designed and controlled. The investigations on the
formation and characteristics of nanocrystalline phases and solid solutions focused on the
spinel-structured complex oxide similar to y-Ga>O3 have been performed [22-25]. As one of
oxide systems related to the spinel-type oxide solid solutions in the y-Al,O3-y-Ga>O3 system,
similar spinel-structured solid solutions in the ZnAl.O4+~ZnGa;O4 system have also been
directly formed as nanocrystals via the mild hydrothermal method using tetramethylammonium
hydroxide, and the compositional dependence of their structure and optical and luminescence
properties has been investigated [26,27]

Compared with many literatures on the B-type Ga,Os, there are not so many reports relating
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to the y-type Ga,0Os due to the difficulty in synthesis of metastable y-type crystalline phase at
low temperatures. In addition, hydrothermal techniques have hardly been applied to the
synthesis of y-type spinel-structured nanocrystals in the Al203-Ga2O3 system. This study is
probably the first approach to the direct formation of spinel-type y-Ga.O3-based nanoparticles
doped with AlLO3, (AlxGar1.00-x)203 under mild hydrothermal conditions at around 180 °C in a
short period of time. The purpose of the present study is to investigate and clarify the effect of
the composition, hydrothermal treatment condition, and heat treatment in air on the crystalline
phase, structure, phase transformation, and luminescence properties of the spinel-structured y-
Gay03-based nanoparticles doped with Al,O3 in the Al,03-Ga,03 system, which were directly
formed from the aqueous precursor solutions of Ga(NO3)3 and Al2(SO4); under weakly basic

hydrothermal conditions using aqueous ammonia in the presence of citric acid.
3-2 Experimental
3-2-1 Preparation of samples

For the preparation of nanoparticles in the Al,03-Ga,03 system, reagent-grade Ga(NO3)s,
Alx(SOs4)3, and citric acid: C3H4(OH)(COOH)3-H,O were used as starting materials and
dissolved into distilled water in a Teflon container. The composition of the precursor solutions
was controlled to be (AlxGai.00x)203, x=0-1.00. The pH of the solution was controlled by the
addition of aqueous ammonia to have a weakly basic condition in the end stage of hydrothermal
treatment. This precursor solution mixture with Ga>*+AI** concentration of 0.40 mol/dm? in the
Teflon container was then placed in a stainless-steel vessel. The vessel was tightly sealed and it
was heated at 170-240 °C for 5 h under rotation at 1.5 rpm. After hydrothermal treatment, the
precipitates were washed with distilled water until the pH value of the rinsed water became 7.0,
separated from the solution by centrifugation, and dried in an oven at 60 °C. The prepared
powders were heated in an alumina crucible at heating rate 200 °C/h, held at 600-1000 °C for

1 h in air, and then cooled to room temperature in a furnace.
3-2-2 Characterization of samples

The powder X-ray diffraction (XRD) measurements were performed at room temperature for
the as-prepared and heat-treated powders using CuKa radiation (XRD; model RINT-2000,
Rigaku, Tokyo, Japan). The morphology of the as-prepared samples was observed using
transmission electron microscopy (TEM; model JEM-2010, JEOL, Tokyo, Japan). The
crystallite size of the spinel phase was calculated from the line broadening of 311 diffraction
peak, according to the Scherrer equation, Dxrp = KA/ [c0S6, where @ is the Bragg angle of
diffraction lines; K is a shape factor (K = 0.9 in this work); A is the wavelength of incident X-
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rays, and £ is the corrected half-width given by f* = Bn* - B>, where fBn is the measured half-
width and fis the half-width of a standard sample. The lattice parameter was measured using
silicon as the internal standard. The specific surface area of the prepared samples was calculated
from the adsorption isotherm of nitrogen at 77 K based on the Brunauer—Emmett—Teller method
(BET, model; NOVA 1200, Yuasa Ionics, Osaka, Japan). The diffuse reflectance spectra
measurements for powder samples have been made. The optical absorption of these prepared
powders was measured using an ultraviolet-visible spectrophotometer (V-560, Nihon Bunko,
Tokyo, Japan).

All luminescence measurements were performed at room temperature using a
spectrofluorometer (F-2700, Hitachi High-Tech, Japan) with Xe lamp. Powder samples were
excited with 325 nm radiation from a 150 W xenon lamp. The emission wavelength was scanned

from 350 nm to 750 nm at a scanning rate of 60 nm/min.
3-3 Result and discussion
3-3-1 Synthesis of spinel type y-Ga203-Al203 nanoparticles

To investigate the effect of the composition in the Al203-Ga,03 system on the crystalline
phase of precipitates, hydrothermal treatment at 180 °C for 5 h was conducted for the precursor
solutions of Ga(NO3)3 and Al2(SO4); with various compositions ((AlxGai.00-x)203, x=0-1.00)
under weakly basic conditions using citric acid and aqueous ammonia. The XRD patterns of
precipitates with various compositions after dried, which were obtained under hydrothermal
conditions at 180 °C, are shown in Fig. 1. Asingle phase of boechmite, AIO(OH) was formed at
the composition of pure Al>O;. Only a single phase corresponding to spinel-type cubic structure
was detected in the precipitates with compositions except for x=Al=1.00, and no diffraction
peaks due to another crystalline phase were detected. It is noted that a single phase of cubic
spinel was appeared in the wide composition range ((AlxGai.00-x)203, x=0-0.85). In Fig.1, slight
and gradual shifts of the XRD lines, e.g., shifts of the 440 diffraction line of the spinel phase

are clearly observed with the change in the composition in the Al203-Ga>O;3 system.
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Fig.1 XRD patterns of precipitates obtained from aqueous precursor
solutions with compositions of (AlxGai.00x)203, x=0, 0.15, 0.25, 0.50,
0.75, and 1.00 under hydrothermal conditions at 180 °C for 5 h.

In Fig. 2, the change in the crystallite size of spinel phase, which is evaluated from the XRD
line broadening, and the specific surface areas of as-prepared spinel-type precipitates in the
Al203-GaxO3 system are represented against the composition (Al/(Al+Ga) atomic ratio) of the
samples. The crystallite size of the spinel phase of as-prepared samples was in the range of 4-5
nm, and it very slightly and gradually decreased with increased Al/(Al+Ga) atomic ratio. In
contrast to the slight change in the crystallite size, the specific surface area of samples quite
increased with increased Al/(Al+Ga) atomic ratio. This result implies that there is a possibility
of the presence of substances with low crystallinity in the samples having the composition of
high Al/(Al+Ga) atomic ratio.
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Fig.2 The crystallite size and BET specific surface area of precipitates obtained from
aqueous precursor solutions with compositions of (AlxGai.00-x)203 under hydrothermal

conditions at 180 °C for 5 h plotted against composition, Al atomic ratio.

The TEM images of precipitates formed from the solutions with compositions, x=Al=1.00,
0.75, and 0.50 at 180 °C are shown in Fig. 3. Although in the samples with compositions
(Alo.75Gao25)203 and (Alo.s0Gao.50)203, the precipitates having cubic spinel phase are consisting
of nano-sized very fine particles, the AIO(OH) precipitate formed from the precursor solution
with a composition of pure AlO3; has completely different morphology which is assembled

nano-sized fibrous structure or sheet-like structure.
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Fig.3 TEM images of precipitates obtained at various
compositions of (AlxGai.00x)203, x= (a) 0.50, (b) 0.75, and (c)
1.00 under hydrothermal conditions at 180 °C for 5 h
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Fig. 4 shows the detail of region from 28 to 40 ° 26, i.e., shifts of the cubic 220 and 311 lines
in the XRD patterns of the spinel-type nanoparticles that were directly formed from aqueous
precursor solutions with various compositions via hydrothermal treatment at 180 °C, together
with the XRD lines of the internal standard Si. It is observed that the cubic 220 and 311 lines
slightly and gradually shift into higher angle as the value x: Al/(Al+Ga) atomic ratio increases.
The lattice parameter of the as-prepared samples having cubic spinel structure is plotted against
the value x, Al/(Al+Ga) atomic ratio in Fig. 5. The lattice parameter linearly decreased with
increased aluminum concentration as suggested from the shift observed in the XRD lines (Figs.
1 and 4). But, as the concentration of aluminum increases, the lattice parameter values of as-
prepared spinel nanoparticles exist considerably apart from the ideal linear relation, i.e., the line
connecting with the lattice parameter of y-Ga>Os spinel and that of y-Al,O3 spinel. This result
implies that there is a possibility of the presence of substances with low crystallinity in the
samples with compositions of high concentration of aluminum. But it is important to note that
spinel-structured y-Ga>Os-based nanoparticles doped with Al,O3, (AlxGai.00x)203, x=0-0.85)
were directly synthesized from the aqueous precursor solutions of Ga(NO3); and Alx(SO4)3
under weakly basic conditions using aqueous ammonia in the presence of citric acid by the mild
hydrothermal method at 180 °C for 5 h.

7-Ga,0;
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Fig.4 The close-up of the region around 36 ° 26 of the X-ray diffraction
patterns of precipitates obtained from aqueous precursor solutions with

various compositions under hydrothermal conditions at 180 °C for 5 h.
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Fig.5 Lattice parameter of the cubic phase of as-prepared samples obtained from
aqueous precursor solutions with compositions of (AlxGai.00x)203 under hydrothermal

conditions at 180 °C for 5 h plotted against composition, Al atomic ratio.

To examine the effect of the hydrothermal treatment temperature on the crystalline phase of
precipitates in the Al2O3-Ga;0s3 system, the hydrothermal treatment was carried out for the
sample with a composition, (Alo.25Gao.75)203) at 170-240 °C for 5 h. The XRD patterns of the
precipitates, (Alo.2sGao.75)203 that were hydrothermally formed at various temperatures are
shown in Fig. 6. A single phase of spinel-type cubic structure was detected in all of the
precipitates formed at all temperature ranges. The crystallite size of the spinel-type
nanoparticles formed at 240 °C was rather smaller than that formed at 170 °C, and the crystallite
size slightly and linearly decreased from 8 to 5 nm with increased heat treatment temperature.
This strange and negative behavior implies that the spinel phase formed at lower temperature
may have higher concentration of gallium than that formed at higher temperature, which is
considered to be due to the insufficient crystallization of alumina component at low temperature
under hydrothermal condition, because the treatment at higher temperature is necessary for the

crystallization of aluminum oxide having higher refractoriness than the case of gallium oxide.
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Fig.6 XRD patterns of precipitates obtained from aqueous precursor
solutions with a composition of (Alo25Gag75)203 under
hydrothermal conditions at 170-240 °C for 5 h.

The lattice parameter of the as-prepared spinel phase with a composition of (Alo.25Gao.75)203
evaluated as a cubic structure is represented against hydrothermal treatment temperature in Fig.
7. The lattice parameter of the cubic spinel phase of nanoparticles gradually and almost linearly
decreased and approached the ideal lattice constant value corresponding to the (Alo.25Gao.75)203
composition as the hydrothermal treatment temperature rose. This result also implies that the
precipitates formed at low temperatures may consist of the gallium-rich crystalline spinel phase
and insufficient crystallization phase with low crystallinity, i.e., amorphous-like phase with
high aluminum concentration. These results described above indicate that the present
hydrothermal condition is insufficient for the crystallization of spinel phase with perfect
crystallinity in the high alumina composition, that is, the hydrothermal treatment at elevated
temperatures higher than 240 °C is necessary to obtain ideal solid solutions without containing
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insufficiently crystallized alumina component in this system. However, the most important part
of these results is that a single phase of cubic spinel was formed, the change in its lattice
parameter was observed in the wide composition range ((AlxGai.00-x)203, x=0-0.85), and it was
possible to prevent the AIO(OH) phase from crystallizing in the system by the presence of more
than 15 mol% gallium component. Under the present hydrothermal conditions in the absence
of citric acid, crystalline GaO(OH) and AIO(OH) phases were formed from the weakly basic
precursor solutions in the system. It is considered that the direct formation of y-Ga,Os-based
spinel nanoparticles doped with alumina component was achieved because of the presence of
citric acid as chelating ligand by prohibiting the aluminum and gallium hydroxide phases from
crystallizing in the precursor solutions in the early stage of hydrothermal treatment at low

temperature.
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Fig.7 Lattice parameter of the cubic phase of as-prepared samples
obtained from aqueous precursor solutions with a composition of
(Alo.25Gao.75)203 under hydrothermal conditions at 170-240 °C for 5 h.
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3-3-2 Effect of heat treatment on structure of y-Ga203-Al203 nanoparticles

The effect of heat treatment on the crystalline phase, structure, crystallite growth, and phase
transformation of y-Ga>03-Al>O3 nanoparticles was investigated. The XRD patterns of samples
with various compositions in the Al203-Ga>O3 system before and after heating at 600, 800, and
1000 °C in air for 1 h are indicated in Fig. 8 (a)-(c), respectively. In the samples with
composition range x=Al=0-0.75 after heating at 600 °C, although a slight increase in the
crystallinity of their spinel phases is detected, the change in crystalline phase of the samples is
hardly observed, and a single phase of spinel-type cubic phase was maintained. On the other
hand, the AIO(OH) boehmite phase with a composition of AI=1.00 changed into a single phase
of y-Al,03 via phase transition during heating at 600 °C. The spinel-type y-Ga,O3 with pure
Ga>0O3 composition phase transformed into a single phase of 3-Ga,Os through heating at 800
°C. The crystalline phase of the samples with the compositions of x=Al=0.25 and 0.50 is
composed of y-Ga,0;3 and -Ga,0s after heating at 800 °C. The sample with the composition
of (Alo.75Gao.25)203 maintained a single phase of spinel structure corresponding to y-Al>O3 (or
1-Ga,03) even after heating at 800 °C. The sample Al=1.00 that was heat-treated at 800 °C also
kept the spinel-type y-Al>O; phase formed via phase transition. Although almost a single phase
of B-Ga,0s structure was detected in the samples containing aluminum less than 50 mol%,
((AlxGa1.00-x)203, x=0~0.50), after heating at 1000 °C, the crystallinity of B-Ga,Os; phase was
enhanced as the concentration of gallium in the sample increased. After the phase
transformation from y to B, B-Ga>03-Al>0; solid solutions having the structure similar to -
Ga;03 were formed in the composition range, gallium=50-100 mol%, ((AlxGai.00x)203, x=0-
0.50) since the shift of the XRD lines of 3-Ga>Os phase was clearly observed in the XRD
patterns, e.g., 403 lines around 20=65 °. The phase transformation from y-Ga>O; phase to -
GaxOs structure doped with AlOs3 proceeded at lower temperature as the gallium concentration
increased in the y-Ga>,03-Al>03 nanoparticles. Note that the spinel-type y-Al,O3 (or y-Gax03)
phase was maintained in the samples containing 25 mol% gallium, (Alo.75Gao.25)203 even after
heating at 1000 °C, though in the pure alumina composition, a single phase of 6-Al,O3 appeared
via heating at 1000 °C. In this way, various changes in the crystalline phase of the A1,03-Ga>O3
nanoparticles that were hydrothermally formed in the presence of citric acid and aqueous

ammonia were observed depending on their composition and heat treatment condition.
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Fig.8 XRD patterns of samples after heating at (a) 600 °C for 1 h.
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Fig.8 XRD patterns of samples after heating at (b) 800 °C for 1 h.
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Fig.8 XRD patterns of samples after heating at (c) 1000 °C for 1 h.
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3-3-3 Photoluminescence of y-Ga203-Al203 nanoparticles

The effect of the composition and heat treatment on the photoluminescence properties of y-
Gay03-Al,03 nanoparticles was investigated. The room temperature photoluminescence spectra
of the samples with compositions (AlxGai.00-x)203, x=0.25, 0.50, and 0.75 measured under
excitation at 325 nm are shown in Fig. 9(a)-(c), respectively. A violet-blue and broad band
emission with a peak wavelength of 410-415 nm centered at around 440-450 nm under
excitation at 325 nm was observed for each of the spinel-type nanoparticles with compositions
0f25-75 mol% aluminum, ((AlxGa1.00-x)203, x=0.25-0.75) formed at 180 °C. The three emission
spectra of the nanoparticles with different compositions showed a great similarity. But the
spinel-type nanoparticles with a composition of AlGaOs, i.e., containing 50 mol% aluminum
showed the highest luminescence intensity as shown in Fig. 9 (b). The luminescence intensities
of the nanoparticles after heating at 600 °C became rather lower than those of the as-prepared
samples, which corresponded to 1/2-1/6 of the emission intensities of as-prepared samples
before heating. With increased heating temperature, the luminescence intensities of samples
decreased, and the peak wavelength and the center wavelength of the broad band emission

shifted into lower wavelength.
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Fig.9 Emission spectra excited at 270 nm for the samples with
composition of (AlxGai.00x)203, x= (a) 0.25 before and after heat

treatment in air.
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Fig.9 Emission spectra excited at 270 nm for the samples with
composition of (AlxGai.00x)203, (b) 0.50 before and after heat

treatment in air.
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Fig.9 Emission spectra excited at 270 nm for the samples with composition
of (AlxGai.00x)203, x= (c) 0.75 before and after heat treatment in air.
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3-4 Summary

The effect of the composition and heat treatment on the crystalline phase, structure, phase
transformation, and luminescence properties was investigated for the spinel-structured y-
Gay03-based nanoparticles doped with AlO3 component in the Al>O3-Ga,03 system, which
were hydrothermally formed from the aqueous precursor solutions of Ga(NO3)3 and Al2(SOs)3
under weakly basic conditions using aqueous ammonia in the presence of citric acid. Under
hydrothermal condition at 180 °C for 5 h, only a single phase corresponding to spinel-type cubic
structure was formed as nanoparticles of 4-5 nm in the composition range of 0-85 mol%
aluminum, ((AlxGai.00-x)203, x=0-0.85) except for the pure alumina composition, which was
due to the presence of citric acid as chelating ligand. After the phase transformation from 7y to
B, B-Gax03-Al>0s3 solid solutions having the structure similar to 3-Ga>Oz were formed in the
composition range of aluminum=0-50 mol%, ((AlxGai.00-x)203, x=0-0.50). As the gallium
concentration increased in the y-Ga>;03-Al>O3 nanoparticles, the phase transformation from y-
GaxOs3 phase to 3-Ga,0s structure proceeded at lower temperature The spinel-type y-Al.O3 (or
7-Ga,03) phase was maintained in the samples containing 75 mol% aluminum, (Alo.75Ga0.25)203,
even after heating at 1000 °C in contrast with a single phase of 6-Al>O; in the case of pure
alumina composition. A violet-blue and broad emission band with a peak wavelength of 410-
415 nm centered at 440-450 nm under excitation at 325 nm was observed for each of the spinel-
type y-GaxOs-based nanoparticles with compositions of (AlxGai.00-x)203, x=0.25, 0.50, and 0.75
formed at 180 °C.
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Chapter 4

Synthesis of ZnAlGaQ4 spinel
through hydrothermal route

4-1 Introduction

In recent years, much attention has been devoted to wet chemical routes to synthesize
nanometer-sized crystals of inorganic materials [1]. In order to improve the performance and
properties of inorganic materials, investigating their synthesis routes is one approach in addition
to designing the materials based on control of their microstructures and compositions. The mild
hydrothermal synthesis technique, which is one of the wet chemical routes in the category of
building-up processes, is well-known as being able to synthesize homogeneous nanocrystalline
inorganic materials from aqueous precursor solutions at relatively low temperatures [2-5].

Zinc aluminum oxide (zinc aluminate, ZnAl;O4) and zinc gallium oxide (zinc gallate
ZnGa04), which are representative materials of oxide spinel compounds, have attracted
enormous attention as wide-band-gap semiconductors thanks to their interesting and superior
properties [6]. The zinc gallate spinel possesses outstanding and excellent characteristics such
as being potentially transparent and conductive in the near-UV region [7]. It shows a blue
emission without any dopant via a self-activation center of Ga-O groups under excitation by
both UV light and low-voltage electrons [8] and shows emissions from green to red when it is
doped with Cr and Mn [9]. Zinc gallate has been applied in many uses, e.g., transparent
electrodes, phosphors in vacuum florescent displays [8, 10], field emission displays [11], thin
film electroluminescence displays [12], and photocatalysts for the decomposition of benzene
[13]. As in the case of zinc aluminate spinel, it also exhibits excellent properties such as thermo-
mechanical resistance, chemical stability, high thermal stability, and photoluminescence [14,
15]. Many applications of ZnAl,O4 as reflective optical coatings [16], UV-transport electro
conductive oxide [17], and photocatalysts for the degradation of toluene [ 18] have been reported.
The main applications of ZnAl,O4 are as catalysts for dehydration [19], hydrogenation [20],
dehydrogenation [21], and synthesis of fine chemicals [22]. Although many studies on ZnGaO4
and ZnAl>O4 spinel compounds have been reported, there are only few studies on ZnAlGaO4
spinel with an intermediate composition in the ZnGa2O4 - ZnAl,O4 system.

Various synthetic approaches, for example, the solid-state reaction as the most common route
[7, 11, 17], flux method using LisPO4 at high temperature [10, 23, 24], sol-gel method [25],
low-temperature direct synthesis [26, 27], co-precipitation [9, 28], homogeneous precipitation

[29], hydrothermal method [30, 31], and combustion synthesis [32] have been employed for the
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preparation of ZnGaxOs spinel. On the other hand, there are many methods for the preparation
of ZnAl,Os4 spinel, e.g., solid-state reaction [33], co-precipitation [34], sol-gel [35, 36], and,
template-assisted synthesis [37]. The glycothermal synthesis with post heating at 400°C and
catalytic properties of ZnAloO4 and ZnGaO4 spinels have also been reported [38]. Some spinel-
type ZnAlO4 particles have been synthesized based on the hydrothermal synthesis routes [14,
15, 18, 39, 40]. Most of those hydrothermal ZnAl,O4 spinel have been prepared via the
combination of post-heat treatment at 500-800 °C in air. There are few reports concerning the
synthesis via the hydrothermal route and the properties of spinel-type ZnAlGaO4 nanocrystals
at the intermediate composition between ZnGa;O4 and ZnAlOs. Moreover the details of the
effect of heating on the structure and properties of the as-prepared spinel nanocrystals have not
yet been determined sufficiently.

In the present study, nanometer-sized ZnAlGaO4 spinel solid solution particles have been
hydrothermally synthesized using tetramethylammonium hydroxide, and their structure and
properties, e.g., the cell size, optical band gap, and photoluminescence have been investigated.
In addition, a slight and gradual change in the cell size was observed in the as-prepared spinel
nanoparticles during heating in air, the structural change of the ZnAlGaOs spinel in the course

of hydrothermal treatment and post-heat treatment has been discussed.
4-2 Experimental
4-2-1 Sample preparation

The nanocrystalline ZnAlGaOys spinel particles were prepared with the hydrothermal method
at 150-240 °C for 5 h using tetramethylammonium hydroxide (N(CH3)sOH, TMAH). An
aqueous solution mixture of reagent-grade ZnSO4, AI(NO3); and Ga(NO3)3 in the ratios of
Zn:Al:Ga=1:1:1 was prepared in a Teflon container. Before hydrothermal treatment,
N(CH3)40H solution was added into the solution mixture until the pH of the solution that was
hydrothermally treated became weakly basic. This solution mixture with total cation
concentrations (Zn + Al + Ga) of 0.20 mol/dm® in the Teflon container was then placed in a
stainless steel vessel. The vessel was tightly sealed and it was heated at 150-240 °C for 5 h
under rotation at 1.5 rpm. After hydrothermal treatment, the precipitates were washed with
distilled water until the pH value of the rinsed water became 7.0, separated from the solution
by means of centrifugation, and dried in an oven at 60 °C. The powders thus prepared under
hydrothermal condition at 180 °C were heat treated in an alumina crucible at a heating rate of
200 °C/h, held at 400-1000 °C for 1 h in air, and then cooled to room temperature in a furnace.
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4-2-2 Characterization

Phase identification of the as-prepared and heat-treated samples was conducted with an X-
ray diffractometer (XRD, model: RINT-2000, Rigaku, Tokyo, Japan) using CuKa radiation.
The morphology of the samples was observed using transmission electron microscopy (TEM,
model: JEM-2010, JEOL, Tokyo, Japan). The crystallite size of the cubic spinel phase was
evaluated from the line broadening of 311 diffraction peak, according to the Scherrer equation,
Dxrp = KAl fcos6, where @1is the Bragg angle of diffraction lines; K is a shape factor (K = 0.9
in this work); A is the wavelength of incident X-rays, and g is the corrected half-width given by
[P = fn? - B>, where fBn is the measured half-width and fis the half-width of a standard sample.
The peak-top positions of XRD patterns were measured using silicon as the internal standard.
The specific surface area of the prepared samples was calculated from the adsorption isotherm
of nitrogen at 77 K based on the Brunauer-Emmett-Teller method (BET, model: NOVA 1200,
Yuasa lonics, Osaka, Japan).

The UV-vis absorption (diffuse reflectance) spectra of the prepared powders were measured
using an ultraviolet-visible spectrophotometer with an integrating sphere attachment (model:
V-560, Nihon Bunko, Tokyo, Japan). The spectra were derived from the measured ones using
the Kubelka-Munk equation [41]. The photoluminescence (PL) emission was measured using
a fluorescence spectrophotometer (model: F-2700, Hitachi High-Tech, Japan) with a Xe lamp.
Powder samples were excited with 270 nm radiation from a 150 W xenon lamp. The emission

wavelength was scanned from 280 to 800 nm at a scanning rate of 60 nm/min.
4-3 Results and discussion
4-3-1 Synthesis of ZnAlGaOs spinel nanoparticles

The aqueous precursor solution (with composition: ZnAlGaOs) was hydrothermally treated
under weakly basic condition using TMAH. There was no presence of unreacted metal cations
in the ultrafiltrated solution after hydrothermal treatment under weakly basic condition in all
samples. The XRD patterns of as-prepared samples that were formed at 150~240 °C for 5 h are
shown in Fig. 1. The precipitates formed at 150~240 °C were detected as a single phase
corresponding to a spinel-type cubic structure, and no diffraction peaks due to another
crystalline phase was detected. It was found that the crystalline products composed of a single
phase of spinel-type cubic structure were obtained under hydrothermal conditions higher than
150 °C in the presence of TMAH.
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Fig.1 X-ray diffraction patterns of precipitates obtained
under hydrothermal conditions at 150~240 °C for 5 h.

The crystallite sizes of spinel-type cubic phase obtained after hydrothermal treatment at 150,
180, 210, and 240 °C, which were estimated from the line broadening of the 311 diffraction
peak according to the Scherrer equation, were around 6, 8, 9, and 9 nm, respectively. The TEM
images of precipitates formed at 150 and 210 °C are shown in Figs. 2(a) and (b), respectively.
An increase in the particle size and crystallinity of spinel particles was seen as the treatment
temperature rose. The particle sizes around 5-13 nm are observed for the precipitates obtained
at 210 °C. As the crystallite size estimated from XRD line broadening corresponded relatively
well to the particle size observed in TEM images, these particles are considered to be single

crystals of spinel.
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Fig.2 Transmission electron microscopy images of precipitates obtained
under hydrothermal conditions at (a) 150 and (b) 210 °C for 5 h.

Fig. 3 shows the detail of region around 58 and 65° 26, i.e., a shift of the cubic 511 and 440
lines in the XRD patterns of the precipitates formed at 150-240 °C, together with the XRD lines
of the internal standard Si. It is found that the XRD lines of the cubic 511 and 440 of the spinel
phase shift very slightly to a higher degree of 20, as the hydrothermal treatment temperature
rises from 150 to 240 °C. Fig. 4 presents the change in the peak-top position (ds40) of cubic
spinel phase prepared at 150-240 °C for 5 h. The interplanar spacing, d44o evaluated from the
peak-top position of samples decreased very slightly and gradually with increased hydrothermal
treatment temperature. Since the interplanar spacing of ZnGa;O4 and ZnAlyOy4 iS d440=0.1473
(JCPDS No. 38-1240) and d40=0.1429 nm (JCPDS No. 05-0669), respectively, the peak-top
position (dss0) of samples approached the intermediate value of ZnGa,O4 and ZnAl>Os4, i.e., the
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ideal value, little by little, as the hydrothermal treatment temperature rose from 150 to 240 °C.
But the obtained values are larger than the ideal value. A gap exists between the peak-top
position (da40) of the as-prepared samples and ideal one. Then the as-prepared precipitates were
heat treated in air and are discussed in the next section.
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Fig.3 Close-up of the region around 58-64 ° 26 of the X-ray
diffraction patterns of samples obtained under hydrothermal
conditions at 150-240 °C for 5 h.
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Fig.4 Peak-top position (d440) of cubic spinel phase of samples
obtained under hydrothermal conditions at 150-240 °C for 5 h.
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4-3-2 Structural change through heat treatment

The effect of heat treatment in air on the crystallinity and structure of the as-prepared spinel
nanoparticles was investigated. The precipitates with cubic spinel phase formed from the
precursor solution with composition ZnAlGaO4 under hydrothermal condition at 180 °C were
heat-treated at 400°C-1000°C for 1 h in air. The XRD patterns of samples after heating in air at
400°C-1000°C are shown in Fig. 5. The crystalline phase of the samples after heating in air at
temperatures of 400-1000 °C was a single phase of cubic spinel structure. The change in the
sharpness of the XRD patterns is hardly observed between the as-prepared sample and samples
heat treated at 400-600°C. The XRD lines corresponding to spinel phase gradually become
sharp as the heating temperature rises from 700 to 1000 °C. This result suggests that the
improvement in the crystallinity of the spinel phase occurs during heating at temperature higher
than 700 °C.
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Fig.5 X-ray diffraction patterns of sample hydrothermally formed
at 180 °C before and after heating at 400-1000 °C for 1 h.
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The TEM images of the samples after heating at 600~1000 °C are shown in Figs. 6 (a)~(c),
respectively. The as-prepared nanocrystals with cubic spinel phase gradually grew to become
large crystals as the heating temperature rose from 600 to 800 °C. The spinel crystals around
20-70 nm with cubic morphology are observed in the sample after heating at 1000 °C. The
crystallite growth of spinel in the samples as a function of heating temperature is presented in
Fig. 7. The crystallite size of the spinel hardly changed in the samples before and after heat
treatment up to 600°C for 1 h. The crystallite growth was accelerated by heating at temperatures
higher than 800 °C. The resultant crystallite size of the spinel after heating at 1000 °C is around
45 nm, which corresponds relatively well to the average particle size estimated from the TEM
observation in Fig. 6 (c). The BET surface areas of the spinel samples are plotted against the
heating temperature in Fig. 8. The surface areas decreased almost linearly as the heating

temperature rose.
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Fig.6 Transmission electron microscopy images of samples
heated at (a) 600, (b) 800, and (c) 1000 °C for 1 h.
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Fig.7 Crystallite size of samples with cubic phase hydrothermally
formed at 180 °C before and after heating at 400-1000 °C for 1 h.
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Fig. 9 shows the detail of region around 58 and 65° 26, i.e., a shift of the cubic 511 and 440
lines in the XRD patterns of the samples as-prepared at 180 °C and heat treated at 400-1000°C,
together with the XRD lines of the internal standard Si. It is observed that the XRD lines of the
cubic 511 and 440 in the as-prepared spinel nanocrystals very slightly and gradually shift to
higher degree of 26 in accordance with heating at 400-800 °C. This phenomenon indicates that
the as-prepared spinel nanocrystals undergo structural change as a result of the heat treatment.
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Fig.9 Close-up of the region around 58-64 ° 26 of the X-ray diffraction
patterns of samples hydrothermally formed at 180 °C before and after
heating at 400-1000 °C for 1 h.

The peak-top position (da40) Of the as-prepared spinel phase formed under hydrothermal
condition at 180 °C and that after heat-treatment at 400-1000 °C are shown as a function of
heating temperature in Fig. 10. The interplanar spacing, d4so evaluated from the peak-top
position of the as-prepared cubic spinel phase slightly and linearly decreased as the heating
temperature rose from 400 to 800 °C. After heating at temperatures higher than 800 °C, the
interplanar spacing, d4so reached almost the constant value: 0.1451 nm. The cause of this
phenomenon is considered to be as follows. The ideal value of ds4o for ZnAlGaOj4 spinel solid
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solution estimated from the JCPDS data is around 0.1451 nm, which is an intermediate value
between the daso of ZnAlxO4 spinel: 0.1429 nm (JCPDS No. 05-669) and that of ZnGaxO4
spinel: 0.1473 nm (JCPDS No. 38-1240). Although it is not so easy to evaluate and discuss the
cell size of the as-prepared spinel because the peaks are so broad, we have done this. The
calculated value (da40) for the as-prepared spinel formed under hydrothermal conditions at
180 °C from the precursor solution with composition ZnAlGaO4 using XRD data is 0.1465 nm,
which is slightly larger than that of the ideal value: 0.1451 nm. The peak-top position (das0) Of
the as-prepared spinel which was located near that of ZnGa,O4 spinel: 0.1473 nm approached
the intermediate ideal value of ZnAlGaOj spinel: 0.1451 nm with increased heating temperature.
This result suggests that the possibility of the presences of spinel phase with low crystallinity
or amorphous-like phase having a composition rich in Al in the as-prepared spinel nanocrystals
in addition to the possibility of the presence of a small amount of OH~ species. The as-prepared
state might be composed of Ga-rich ZnAlxGai1-xO4 spinel phase and a small amount of Al-rich
phase with low crystallinity or amorphous-like phase. As shown in Fig. 4, the cell size of the
spinel phase gradually approached the ideal one of ZnAlGaOs as the hydrothermal treatment
temperature rose.
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Fig.10 Peak-top position (das0) of cubic spinel phase of samples
hydrothermallty formed at 180 °C before and after heating at
400-1000 °C for 1 h.
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In the course of heating up to 600 °C in air, a small amount of Al-rich phase with low
crystallinity that is present in the as-prepared sample is considered to decrease as a result of the
enhancement in crystallinity of spinel phase, which is the main reason why the surface area
became smaller monotonically with the temperature (Fig. 8) although the crystallite sizes were
almost constant up to 600 °C (Fig. 7). A substantial change in the cell size of the spinel phase
after heating at temperatures higher than 800 °C could not be observed.

4-3-3 Optical and luminescence properties

In the present study, the diffuse reflectance spectra of powder samples were measured using
an ultraviolet-visible spectrophotometer with an integrating sphere attachment. The diffuse
reflectance spectra and plots of transformed Kubelka—Munk function vs. the energy of light
absorbed of the as-prepared ZnAlGaO4 spinel and the spinel after heating at 800 and 1000 °C
are shown in Fig. 11(a) and (b), respectively. The absorption edge of the samples changed
slightly depending on the heat treatment. The optical band gap data obtained for the ZnAlGaO4
spinel as-prepared and after heating at 800 and 1000 °C, which were evaluated based on the
plots of transformed Kubelka—Munk function vs. the energy of light absorbed of samples (Fig.
11 (b)), are listed in Table 1.

Table 1: Optical band gap of ZnAlGaOs spinel

Sample Optical band gap (eV)
As-prepared 4.58
After heating at 800 °C 4.35
After heating at 1000 °C 4.53

There has been many investigations on the band gap of ZnAl,O4 and ZnGa>O4 spinel [42].
According to the results from the estimation on the band gap and structure, the ZnAl>O4 spinel
possesses a larger band gap than ZnGa;O4 spinel. The band gap values of ZnAl,O4 spinel
calculated using density functional theory (DFT) [43], the tight-binding muffin-tin orbital
method (TB-LMTO) [44], GW approximation [43], and the modified Becke-Johnson potential
(MBJ) [43] are 4.25, 4.11, 6.55, and 6.18 eV, respectively. On the other hand, the band gap
values of ZnGa,0Os spinel estimated by means DFT, TB-LMTO, GW, and MBI are 2.82 [43],
2.79 [44], 4.57 [43], and 4.71 eV [43], respectively. The obtained band gap values for
ZnAlGaOsg spinel in this study are around 4.5 eV, which may be fairly reasonable. This result is
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supported by the report [45], in which the incorporation of aluminum ion into the ZnGa>O4
lattice results in the blue shifts of the absorption band of ZnGa>Os, bringing about the wider
band gap. However, the band gap value of ZnAlGaOs4 spinel derived in this study are a little bit
wider than those reported values based on the DFT and TB-LMTO method, on the one hand,
and a little bit narrower than those based on the GW and MBJ method, on the other, according

to the estimation as intermediate values between ZnAl,O4 and ZnGaOs spinel.
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Fig.11(a) Diffuse reflectance spectra of samples hydrothermally
formed at 180 °C before and after heating at 1000 °C for 1 h.
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Fig.11(b) Plots of transformed Kubelka-Munk function vs.
the energy of light absorbed of samples.

The room temperature photoluminescence spectra under excitation at 270nm for the
ZnAlGaOys spinel as-prepared and after heating at 800 and 1000 °C are shown in Fig. 12. The
spectrum of the as-prepared spinel contains a wide band emission in the UV-blue region. The
photoluminescence spectrum of the as-prepared spinel changed depending on the heat treatment.
The center wavelength of the broadband UV-blue emission for the as-prepared sample was
around 360 nm. On the other hand, the center wavelength of the broad band emission for the
sample after heating at 800 °C was around 430 nm in the range of UV-blue-green. The spectrum
of the spinel heated at 1000 °C seems to consist of more than two main broad band emissions
with center wavelength around 360 and 430 nm, and the emission intensity became low.
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Fig.12 Emission spectra of samples as-prepared at 180 °C and after
heating at 800 and 1000 °C for 1 h. (Aex =270 nm)

Concerning two main broad bands, a model in which the origin of 360 nm emission is the
Ga-O transition at octahedral sites distorted owing to single oxygen vacancies (V*o) generation
in ZnGay0s, whereas 430 nm emission originates from the Ga-O transition of regular octahedral
sites without V*o in ZnGa»O4 has been proposed [46]. The observed broad bands are assigned
to the charge transfer between Ga®" or AI’" ions at octahedral sites and its surrounding O* ions
[45]. These transitions may originate from the inter-band-gap defects, such as oxygen vacancies.
These defects provide donor levels near the conduction band edge of the oxide according to the
literature [8, 10, 47, 48 ] although the origins of the emissions of nano-sized oxides, e.g. spinel-

type y-Gax03 [49] and y-Al,O3 [50] are still a matter of discussion.
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4-4 Summary

ZnAlGaOy spinel nanocrystals were formed via the hydrothermal route at 150-240 °C for 5
h in the presence of tetramethylammonium hydroxide. The structure, cell size, crystallite size,
optical band gap, and luminescence of ZnAlGaO4 spinel were investigated and discussed using
as-prepared and post-heated samples. The cell size of as-prepared spinel phase changed slightly
as the hydrothermal treatment temperature rose from 150 to 240 °C. The crystallite size of spinel
obtained after hydrothermal treatment at 180 °C was around 8 nm. The crystallite growth was
accelerated by heating at temperatures higher than 800 °C. The resultant crystallite size of the
spinel after heating at 1000 °C was around 44 nm. The cell size of the as-prepared spinel
decreased slightly and linearly as the heating temperature rose from 400 to 800 °C. After heating
at temperature higher than 800 °C, the cell size reached almost the constant of ideal value,
which is intermediate value between the JCPDS data of ZnAl>O4 spinel and that of ZnGa;O4
spinel. The optical band gap of the ZnAlGaOs4 spinel was around 4.5 eV. The relatively high
intensity of UV-visible blue light emissions centered at around 360 and 450 nm were obtained
under excitation at 270 nm for ZnAlGaOg spinel as-prepared and that heat-treated at 800 °C,
respectively.
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Chapter 5
Low-temperature synthesis of Zn(Al,Ga),04
nanoparticles and thermal change in their

structures

5-1 Introduction

Recently, wide-band-gap semiconductor materials such as ZnO, In2O3, Ga,O3, SnO», and
TiO> have attracted much interest due to superior optical, electric, chemical, photocatalytic, and
structural properties [1]. Among oxide spinel compounds, zinc aluminum oxide (zinc aluminate,
ZnAl>O4) and zinc gallium oxide (zinc gallate ZnGa>O4), both of which exist as an intermediate
compound in the ZnO and Al>O3 system and in the ZnO and Ga>Os3 system, respectively, are
members of the wide-band-gap semiconductors [2, 3]. The zinc gallate is an ultraviolet-
transport electro conductive oxide [2-4] and is proposed as one of low-voltage phosphor
materials [5] because of its applications in different areas, e.g. vacuum florescent display [6],
field emission display [7], and thin film electroluminescence display [8]. The zinc aluminate is
mainly applied for reflective optical coatings [9], UV-transport electro conductive oxide [2],
phosphor materials [10], catalysts [11-14] and photocatalyst for the degradation of toluene [15]
due to its good properties, e.g. thermomechanical resistance, chemical stability, high thermal
stability, and photoluminescence property [16, 17].

A great deal of research effort has been devoted to wet chemical synthesis technique to
produce nanometer-sized crystals of inorganic materials [18] because the investigation on their
formation techniques as well as controlling their compositions and microstructures can lead to
improve their performance. The direct formation of nanocrystalline metal oxides, solid
solutions, and complex oxides at low temperatures is also technologically interesting [19].
Although a variety of wet chemical synthesis techniques have been developed to prepare
inorganic materials, it is well-known that homogeneous nanocrystalline inorganic materials, e.g.
new compounds [20], complex oxides [21], metastable phases [22], and solid solutions [23] can
be directly synthesized from aqueous precursor solutions by the mild hydrothermal synthesis
method at relatively low temperatures less than 250 °C.

Many studies on the preparation of ZnGa,O4 spinel, e.g. the solid-state reaction [2, 3, 6], flux
method using Li3PO4 at high temperature [4, 24, 25], sol-gel method [26], low-temperature
direct synthesis [27, 28], co-precipitation [29, 30], homogeneous precipitation [31],
hydrothermal method [32, 33], and combustion synthesis [34] have been reported. Various
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methods, e.g. solid-state reaction [35], co-precipitation [36], sol-gel [37, 38], template-assisted
synthesis [39], hydrothermal synthesis[15-17, 40, 41], and glycothermal synthesis [42] have
also been employed to prepare ZnAl,Os spinel particles.

In most reports on the hydrothermal preparation of ZnAl>Os spinel, the post-heat treatment
of samples have been carried out at temperature around 500-800 °C. Although ZnAl,O4
nanocrystals have been synthesized through hydrothermal method using urea at 180-220 °C for
24-96 h [43], the details on the structures such as lattice parameter and optical band gap of as-
prepared ZnAl>O4 precipitates before post-heat treatment have not been apparent. Furthermore
only few studies have been reported concerning the direct formation of spinel-type solid
solution nanocrystals in the ZnAl,04-ZnGaO4 system through hydrothermal route. In addition,
there are few works on their hydrothermal synthesis in the presence of tetramethylammonium
hydroxide.

There are possibilities that the luminescence properties of ZnGaO4 can be controlled via the
formation of solid solutions through the substitutional incorporation of aluminum ion into the
spinel lattice in the ZnAl>O4-ZnGa,04 system, and what is more, to substitute aluminum for
gallium is useful and economical because aluminum is the second most abundant metallic
element in the Earth’s crust after silicon. The aim of this paper is to prepare luminescent spinel
solid solution nanocrystals in the ZnAlOs-ZnGa;O4 system from the aqueous precursor
solutions of inorganic metal salts using mild hydrothermal technique at low temperature of
180 °C in a short time. The compositional dependence of the structure and optical and
luminescence properties of as-prepared spinel solid solutions has been investigated through

comparing those of heat-treated samples.
5-2 Experimental
5-2-1 Sample preparation

The hydrothermal treatment of precursor solutions was carried out at 180 °C for 5 h in the
presence of tetramethylammonium hydroxide (N(CH3)4OH, TMAH). In a Teflon container, a
mixture of an aqueous solution of reagent-grade ZnSO4, AI(NO3); and Ga(NO3); in different
ratios of Zn/Al/Ga (that was controlled to be the composition: ZnAlxGa1.xO4, x=0-1.0) was
prepared. Before hydrothermal treatment, N(CH3)4OH solution was added into the solution
mixture until the pH of the solution which was hydrothermally treated became weakly basic.
The concentration of TMAH in the solution mixture of samples (x=0-1.0) was 1.33 mol/dm?.
This solution mixture with total cation concentrations (Zn + Al + Ga) of 0.20 mol/dm? in the
Teflon container was then placed in a stainless-steel vessel. The vessel was tightly sealed and it
was heated at 180 °C for 5 h under rotation at 1.5 rpm. After hydrothermal treatment, the
precipitates were washed with distilled water until the pH value of the rinsed water became 7.0,
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separated from the solution by centrifugation, and dried in an oven at 60 °C. The prepared
powders were heated in an alumina crucible at heating rate 200 °C/h, held at 1000 °C for 1 h in

air, and then cooled to room temperature in a furnace.
5-2-2 Characterization

The powder X-ray diffraction (XRD) measurement was done at room temperature for the as-
prepared and heat-treated powders using CuKa radiation (XRD; RINT-2000, Rigaku, Tokyo,
Japan). The morphology of the samples was characterized with transmission electron
microscopy (TEM; JEM-2010, JEOL, Tokyo, Japan). The crystallite size of cubic spinel phase
was calculated from the line broadening of 311 diffraction peak, according to the Scherrer
equation, Dxrp = KA/ fcosé, where @is the Bragg angle of diffraction lines; K is a shape factor
(K= 0.9 in this work); A is the wavelength of incident X-rays, and £ is the corrected half-width
given by 2 = Bu’ - f* , where fn is the measured half-width and f is the half-width of a
standard sample. The lattice parameter of spinel phase was measured using silicon as the
internal standard. The specific surface area of the prepared samples was calculated from the
adsorption isotherm of nitrogen at 77 K based on the Brunauer-Emmett-Teller method (BET,
model; NOVA 1200, Yuasa Ionics, Osaka, Japan).

UV-vis absorption spectroscopy (diffuse reflectance) of the prepared powders was performed
at room temperature and in air by means of ultraviolet-visible spectrophotometer with an
integrating sphere attachment (V-560, Nihon Bunko, Tokyo, Japan). The spectra were derived
from the measured ones using the Kubelka-Munk equation [44]. The measurement of the
photoluminescence (PL) emission spectra of samples was carried out at room temperature using
a fluorescence spectrophotometer (F-2700, Hitachi High-Tech, Japan) with Xe lamp. Sample
powders were excited with 270 nm radiation from a 150 W xenon lamp. The emission

wavelength was scanned from 280 nm to 800 nm at a scanning rate of 60 nm/min.
5-3 Results and discussion
5-3-1 Low-temperature formation and heat treatment of Zn(Al,Ga)204 nanoparticles

The hydrothermal treatment of the precursor solution mixtures with compositions:
Zn(AlxGai—x)204, x=0-1.0 was carried out under weakly basic conditions at 180 °C for 5 h in
the presence of TMAH. We consider that there is hardly any presence of unreacted metal cations
left in the ultrafiltrated solution since there was no presence of the formation of precipitation in
the ultrafiltrated solution after hydrothermal treatment by controlling the pH to be 8-9. The
XRD patterns of precipitates formed under hydrothermal conditions at 180 °C are shown in Fig.

1(a). Only a single phase corresponding to spinel-type cubic structure was detected in the
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precipitates with compositions ranging from ZnAl,O4 to ZnGa>O4 and no diffraction peaks due
to another crystalline phase was detected. The sharpness in XRD lines corresponding to the
crystallinity of products changed depending on the composition between ZnAl>O4 and ZnGazOs.
In the composition ZnGa>0s, a spinel-type product with good crystallinity was prepared. On
the other hand, a spinel-type product with very fine crystallite was formed in the composition
ZnAl>O4. Thus, the crystallinity of the as-prepared spinel particles decreased with increased
ZnAl>O4 concentration though spinel-type products were formed in the whole composition

range.
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Fig.1 X-ray diffraction patterns of (a) as-prepared samples (Zn(AlxGai-
x)204: x=0~1.0) obtained under hydrothermal conditions at 180 °C for 5 h.
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The XRD patterns of the samples with compositions: Zn(Al«Gai-x)204 after heating at
1000 °C for 1 h in air are presented in Fig. 1(b). The diffraction peaks observed in all the
recorded XRD patterns corresponded to those of spinel-type cubic structure. No other
crystalline phases were detected in the samples. It is found that the XRD lines became fairly
sharp and the diffraction peak widths decreased after heat treatment of the as-prepared spinel
products. This means that the crystallinity of the spinel phase of the samples was fairly
improved via heat treatment. In Figs. 1 (a) and (b), slight and gradual shifts of the XRD lines,
e.g. 440 diffraction line of the spinel phase are clearly observed with the change in the

composition between ZnAl,O4 and ZnGa,Os.

(8]
(b) 1000 C OZnALO,
B 7nGa,0,
X=1.0 O | Ro SO o_? O
X=0.8 Co L
. X=0.6 , h ﬁ .
= | X=05 r f\
=
~ | x=04 JL
z o
Z | x-03 e
=F]
- X=0.2 fl
= [ Ak
= E - - =
X=0 = . L’:‘ E: gun
[ ﬁl IJl | A .I JI L
10 20 30 40 50 60
20/ °CuKa

Fig.1 X-ray diffraction patterns of (b) heat-treated samples obtained
via heating the as-prepared samples at 1000 °C for 1 h in air.
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The TEM images of the as-prepared spinels with compositions x =0, 0.50, and 1.0 formed
under hydrothermal conditions at 180°C for 5 h and the spinel with composition x =0.50 after
heating at 1000 °C for 1 h are shown in Figures 2(a)~(d), respectively. The particle size of the
as-prepared ZnGa>O4 spinel (x=0, Fig. 2 (a)) is around 10 nm and the lattice fringes of the
ZnGay04 spinel are clearly observed since the particles have relatively good crystallinity. On
the other hand, the lattice fringes of the as-prepared ZnAl>Os spinel (x=1.0, Fig. 2 (c)) are barely
observed due to their low crystallinity. The micrographs reveal that the particle size and the
crystallinity of the as-prepared spinel precipitates gradually increases when the ratio
ZnGay04/(ZnGax04+ZnAl>04) increases. The agglomerated particles that were grown up to be
30-50 nm are observed in the ZnAlGaO4 (x=0.50, Fig. 2 (d)) spinel after heating at 1000 °C.
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Fig.2 Transmission electron microscopy images of as-prepared Zn(AlxGai«)>04 samples:
(a) x=0, (b) x=0.50, and (c¢) x=1.0 obtained under hydrothermal conditions at 180 °C for 5
h and heat-treated sample: (d) x=0.50 obtained via heating at 1000 °C for 1 h in air.
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The change in the crystallite size of the as-prepared spinel-type precipitates in the ZnAlbOs—
ZnGay04 system, which is estimated from the XRD line broadening, is shown against the
composition (Al atomic ratio) of the samples in Fig. 3 (a). This figure indicates that the
crystallite size of the as-prepared spinel almost linearly decreases from about 9 to 3 nm as the

Al atomic ratio increases from x=0 to 1.0.

11 : ] 1 ,
0l (a) As-prepared |

.

h SN 3 e O

Crystallite size / nm

.cba-h

Fig.3 Crystallite size of Zn(AlxGai-x)204 spinel: (a) as-prepared
under hydrothermal conditions at 180 °C for 5 h.

The crystallite sizes of the Zn(AlxGai—x)20s spinel after heating at 1000 °C for 1 h in air are
also indicated in Figure 3(b). The similar relationship between crystallite size and the
concentration, Al atomic ratio is observed. The crystallite size of the heat-treated spinel
decreased from 52 to 32 nm with increased Al atomic ratio. The growth behavior of crystallite
of the as-prepared spinel nanocrystals is observed by comparing the crystallite size of the spinel
before and after heating at 1000 °C. The particle sizes of the spinel observed in the TEM
micrographs correspond relatively well to the crystallite sizes of spinel phases estimated from
the XRD line broadening.
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Fig.3 Crystallite size of Zn(AlxGai«)204 spinel: (b) heat
treated at 1000 °C for 1 h in air.

The specific surface areas of the spinel samples as-prepared and heat treated at 1000 °C are
shown as a function of Al atomic ratio in Figures 4(a) and (b), respectively. In both samples,
the specific surface areas increased linearly as Al atomic ratio increased corresponding to the
behavior of change in the crystallite size of spinel phase, i.e. the compositional dependence of
crystallite size. The specific surface areas of the as-prepared spinel precipitates are in the range
of 100-235 m?/g depending on the composition. The incorporation of aluminum component
into the lattice, Zn(AlxGai—x)204 resulted in lower crystallinity of the spinel, which is considered
to be due to lower mass transfer of Al component. This is explained by the fact that the
component of Al20s3 in ZnAlxOg4 has higher refractoriness and higher melting temperature than
those of Ga>2O3 component in ZnGaxOs. The specific surface area of the samples after the heat
treatment at 1000 °C showed relatively small value, which is considered to be due to the
formation of agglomerate particles containing closed pores by coagulation and sintering.

_68-



240 , ' ‘ |
220 | As-prepared

BET specific surface area / (mZ/g)

8o 02 03 06 08 Lo
X

Fig.4 BET specific surface area of Zn(AlxGaix)204 spinel: (a) as-
prepared under hydrothermal conditions at 180 °C for 5 h.
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Fig.4 BET specific surface area of Zn(AlxGaix)204 spinel:
(b) heat treated at 1000 °C for 1 h in air.
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5-3-2 Structural of Zn(Al,Ga),04

Figure 5(a) shows the details of region around 56-70 © 20, i.e., the compositional dependence
and shifting of the 511 and 440 lines in the XRD patterns of the spinel-type Zn(AlxGai—x)>04
precipitates, together with the XRD lines of the internal standard Si around 56 ° and 69 ° 26. It
is observed that the XRD lines of the ZnGa,O4 spinel phase gradually shift into ZnAl>O4 spinel
phase as Al atomic ratio increases in the Zn(AlxGai—x)204 precipitates.

(a) As-prepared VSi
OZnAlLO,
v BM7ZnGa,0, V

440

Os11

"LX=1'D

X=0.8
‘ .

| X=0.6

"
‘LXZ']'S

X=0.4

Intensity / a.u.

T T | | | T T |
56 58 60 62 64 66 68 70

20/ ° CuKa

Fig.5 Close-up of the region around 58-64° 20 of the X-ray diffraction

patterns of Zn(AlxGaix)204 spinel: (a) as-prepared under hydrothermal
conditions at 180 °C for 5 h.

The similar shifting of the 511 and 440 lines in the XRD patterns of the Zn(AlxGai-x)204
spinel heat treated at 1000 °C is also shown in Fig. 5(b). A clearer gradual shift in the XRD
lines of the spinel phases corresponding to the compositional change is observed in the heat-
treated samples. These continuous shifting in XRD lines of the spinel phases corresponding to
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the change in composition between ZnAl,O4 and ZnG>04 suggest the formation of spinel-type
solid solutions.

(b) 1000 °C VSi
OZnAlL O,

B 7ZnGa,0,
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56 58 60 62 64 66 68 70
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Fig.5 Close-up of the region around 58-64° 20 of the X-ray diffraction
patterns of Zn(AlxGai«)204 spinel: (b) heat treated at 1000 °C for 1 h in air.

In Fig. 6, the values of the lattice parameter ao of both the as-prepared and heat-treated cubic
spinel-type Zn(AlxGai—x)204 that were determined by XRD using silicon as the internal standard
are plotted as a function of Al atomic ratio. The lattice parameter of as-prepared spinel gradually
decreased with increased Al atomic ratio. As Al atomic ratio increased in the Zn(AlxGai—x)204
precipitates, the relationship between the lattice parameter of as-prepared samples and the Al
atomic ratio, which is rounded slope line, exists slightly and gradually apart from the ideal
linear relationship, i.e., a straight line drown via connecting with the lattice parameter of
ZnGa04 spinel and that of ZnAl>O4 spinel that were heat treated at 1000 °C. This is suggested

to be due to the presence of the component with low crystallinity in the range of composition
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rich in Al atomic ratio as shown in the TEM image (Fig. 2 (c)). In the heat-treated
Zn(AlxGai—x)204 spinel samples, it was proved that the lattice parameter linearly decreased with
increased Al atomic ratio according to the Vegard’s Law. The measured lattice parameters for
the end members ZnAl>O4 spinel and ZnGa>Os spinel showed perfect coincidence with the
published JCPDS data [45, 46] in this case. These results prove that the spinel-type solid
solutions between ZnAl,O4 and ZnGa>O4 were formed in the present study.

0.840 : : I :
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—@—as-prepared .

Lattice parameter a, / nm

0.810 | ~#-1000°C
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Fig.6 Lattice parameter of Zn(AlxGaix)204 spinel: as-prepared
under hydrothermal conditions at 180 °C for 5 h and after heating
at 1000 °C for 1 h in air.
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5-3-3 Optical properties of Zn(Al,Ga)204

The absorbance spectra of the Zn(AlxGai—x)204 spinels as-prepared and after heat treated
were evaluated, respectively. In these spectra, onset of absorption slightly and gradually shifted
to shorter wavelengths as the value x (i.e. Al atomic ratio) increases. The plots of transformed
Kubelka—Munk function versus the energy of light absorbed of as-prepared Zn(AlxGai—x)204
spinel samples and heat-treated Zn(AlxGai—x)>04 spinel samples are shown in Figs. 7 (a) and
(b), respectively. A clear and gradual shift in the transformed Kubelka—Munk function curve
corresponding to the change in Al atomic ratio is observed in both the as-prepared and heat-

treated spinel solid solution samples.

(a) As-prepared

K-M function / a.u.

3.0 3.5 4.0 4.5 50 5.5
Energy / eV

Fig.7 Plots of transformed Kubelka—Munk function vs. the energy of light
absorbed of Zn(AlxGaix)204 spinel: (a) as-prepared under hydrothermal
conditions at 180 °C for 5 h.
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(b) 1000 °C

K-M function / a.u.
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Energy / eV

Fig.7 Plots of transformed Kubelka—Munk function vs. the energy of light
absorbed of Zn(AlxGai«)204 spinel: (b) heat treated at 1000 °C for 1 h in air.

In Figs. 8(a) and (b), the optical band gap values of Zn(AlxGai-x)204 spinel samples as-
prepared and after heat treated at 1000 °C are both plotted as a function of the value x in
Zn(AlxGai—x)204, respectively. Note that the optical band gap almost linearly increases as the
value X, Al atomic ratio increases in both the as-prepared and heat-treated spinel samples.
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Fig.8 Optical band gap of Zn(AlxGai.x)204 spinel: (a) as-prepared
under hydrothermal conditions at 180 °C for 5 h.
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Fig.8 Optical band gap of Zn(AlxGai.x)204 spinel: (b) heat
treated at 1000 °C for 1 h in air.
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Both ZnAl,O4 spinel and ZnGayO4 spinel are wide-band-gap semiconductors and there are
reports on the calculation or estimation of their band gaps from their electronic and band
structures using the tight-binding muffin-tin orbital method (TB-LMTO) [47], density
functional theory (DFT) [48], the GW approximation [49], and the modified Becke-Johnson
potential (MBJ) [50, 51]. The band gap values of ZnAl>O4 spinel and ZnGa,O4 spinel calculated
using DFT are 4.25 and 2.82 eV, respectively [48]. The study using TB-LMTO shows that
ZnAl,O4 and ZnGayO4 are direct-band-gap materials with band gap of 4.11 and 2.79 eV,
respectively [47]. The band gap values of ZnAl,O4 and ZnGa>Os calculated using GW
approximation are 6.55 and 4.57 eV, respectively [49]. The band gap values of ZnAl,O4 and
ZnGa04 estimated using MBJ have been reported to be 6.18 and 4.71 eV, respectively [50, 51].
These above theoretical estimations show that the ZnAl,O4 spinel has a larger band gap value
than ZnGaOs spinel. However, the experimental values of the band gap of spinel-type ZnAl>O4
and ZnGa;0O4 have been reported to be 3.8-3.9 and 4.4-5.0 eV, respectively [3]. Since there are
differences between these calculated values and experimental values, many investigations and
discussions have been done [52].

In the present study, the results showed that the optical band gap of Zn(AlxGai-x)204 spinel
solid solutions linearly increased from 4.1~4.2 eV for ZnGaxO4 spinel to 5.25 eV for ZnAl,O4
spinel with increased Al atomic ratio. Thus, it is obvious that the ZnAl,O4 spinel possesses a
larger band gap value than ZnGa;O4 spinel. This experimental result corresponded well with
the estimation derived from those theories above mentioned. The similar phenomenon, i.e., the
increase in the band gap of spinel by the incorporation of aluminum ion into the lattice has been
reported in the literature on the Zn(AlxGai—x)204 spinel synthesized based on the solid-state
reaction [53].

The photoluminescence characteristics of the Zn(AlxGai-x)204 spinel solid solutions were
investigated. The room temperature emission spectra of as-prepared Zn(AlxGai—x)204 spinels
and those after heated at 1000 °C under excitation at 270nm are presented in Figs. 9(a) and (b),
respectively. The emission spectra of those samples show broad-band emission in the range of
UV-blue-green. The photoluminescence band of ZnGa>Os spinel tended to show blue shifts by
the incorporation of aluminum ion into the spinel lattice. The similar phenomenon has been
reported in the Zn(AlxGai-x)204 spinels fabricated via solid-state reaction [53]. These shifts of
photoluminescence band of ZnGaxOs spinel via substitutional incorporation of Al into the
ZnGa0q4 spinel, e.g., the shift from 360 to around 320 nm which are clearly observed in the
heat treated samples at 1000 °C (in Fig. 9(b)), are considered to be the blue shifts due to wider
band gap of Al-substituted Zn(Al,Ga),04 spinel (as shown in Fig. 8).
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Fig.9 Emission spectra of Zn(AlxGaix)204 spinel: (a) as-prepared
under hydrothermal conditions at 180 °C for 5 h. (Aex =270 nm)
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(b) 1000 °C
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Fig.9 Emission spectra of Zn(AlxGai-x)204 spinel: (b) heat
treated at 1000 °C for 1 h in air. (Aex =270 nm)

It has been demonstrated that the blue emission of spinel oxide phosphors such as ZnGa>O4
and ZnAl,O4 originates from charge transfer between Al** or Ga** at octahedral sites and its
surrounding O* and it is due to inter-band-gap defects, such as oxygen vacancies [53-55]. In
general, the characteristic blue band emission around 430 nm from the self-activation center of
Ga-O groups is observed in bulk ZnGa;O4 phosphors [53]. The broad-band emission spectra
and their peak wavelengths subtly changed depending on the composition and heat treatment,
and two main broad-band emission spectra centered at about 360 and 430 nm were observed in
the present study. Some samples, e.g., especially the sample x=0.20 after heating at 1000 °C,
show emission bands containing additional sharp peaks observed at around 480~580 nm, which
is supposedly due to a certain discrete energy level. These additional sharp peaks in the solid
solution samples with composition x =0.20 and 0.30 after heating at 1000 °C in air suggest that
the existence of inter-band-gap defects corresponding to around 2.5 eV (490 nm) and 2.3 eV
(540 nm) which provide donor level near the conduction band edge of the spinel oxide. In this
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system, it is proper to think that the change in the bang gap relates to the structural condition of
the octahedral (Ga,Al)O¢ group and the defects such as oxygen vacancies in Zn(Al,Ga)>04
effect the emission band in the range of 300 and 600 nm.

It has been proposed that the origin of 360 nm emission is the Ga-O transition at distorted
octahedral sites with single oxygen vacancies (V*o) in ZnGaxOs, whereas 430 nm emission
originates from the Ga-O transition of regular octahedral sites without V*o in ZnGayO4 [56].
We consider that the shift of the broad-band emission maximum into 360 nm observed in the
pure ZnGaxO4 samples (x = 0) after heat treatment at 1000 °C (in Fig. 9(b)) is due to the increase
in the Ga-O transition at distorted octahedral sites with single oxygen vacancies (V*o) in
ZnGaz0s4.

Although to find out the origins of the emissions is out of this study, the following recent
discussions and suggestions on the origins of the emissions from spinel-type y-Ga,O3 [57] and
v-Al,O3 [58] has been reported in addition to the above literatures since the origins of the
emissions of nano-sized oxides are still a matter of discussion. A blue photoluminescence of
spinel-type y-Ga,03 nanocrystals has been explained that it is associated with the presence of
the vacancy-defect sites, and assigned to the donor (an oxygen vacancy)-acceptor (a gallium-
oxygen vacancy pair) pair recombination. The defect sites on nanocrystals surfaces (OH™ or O%)
also influence the donor-acceptor pair recombination by trapping photogenerated valence bond
holes [57]. It has been demonstrated that the blue photoluminescence emission characterized
by fast decay constants of spinel-type y-Al>O3; nanocrystals results from the photoinduced
excited state of O, and the slow photoluminescence emission observed at low temperature ~200
K results in a defect pair formed through the dehydration reaction of the residual OH™ groups at
the surface of oxide nanoparticles such as y-Al,O3 [58].

Each emission band of Zn(AlxGai—x)>0O4 spines tended to shift to lower energies via heating
at high temperature of 1000 °C in this study, which is considered to be due to the decrease in
the quantum confinement effect in accordance with the increase in the particle size. A similar
phenomenon has been reported in the UV and visible bands from ZnO nanocrystalline particles,
in which emission bands shifted to higher wavelengths as the ZnO particle size increased [59].

5-4 Summary

Spinel-type solid solutions in the ZnAl,04-ZnGa>O4 system were hydrothermally prepared
as nanocrystals from the aqueous precursor solutions of inorganic metal salts at 180 °C for 5 h
in the presence of tetramethylammonium hydroxide. The crystallite size of the as-prepared
Zn(Al,Ga)204 nanoparticles linearly decreased from 9 to 3 nm as Al atomic ratio in the
composition increased in the system. The lattice parameter of the as-prepared spinel-type
nanoparticles with compositions rich in Al existed a little bit apart from that estimated from the

Vegard’s law as the Al atomic ratio increased in the composition. Each lattice parameter of
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spinel solid solution in the whole range of composition perfectly accorded with the theoretical
value via heat treatment at 1000 °C. The optical band gap of the spinel solid solutions linearly
increased with increase in the aluminum ion incorporated into the lattice. The emission spectra
of the spinel solid solutions showed broad band composed of two main peaks in the range of
UV-blue-green (300~600 nm). The blue shifts of the photoluminescence band of ZnGa>O4
spinel were observed by the incorporation of the aluminum ion into the spinel lattice in

accordance with their resultant wider band gaps.
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Chapter 6
Hydrothermal formation of spinel-type
complete solid solution in the ZnAl,O4-ZnGa;0q

system

6-1 Introduction

Materials based on the spinel structure, AB>O4, which can be described by means of a cubic
close packed arrangement of anions with one-half of the octahedral holes and one-eighth of the
tetrahedral holes occupied by cations, possess high potentials and unique properties and have
played an important part in various uses, e.g. the optical [1], magnetic [2], biomagnetic [3],
electrochemical [4], electrocatalytic [5], and catalytic [6] fields of applications. Zinc aluminate
(ZnAl,04) and zinc gallate (ZnGaz04) have the same spinel structure of AB>O4 which belong
to the wide-band-gap semiconductor materials [7], e.g. ZnO, In;03, and SnO,. Both of ZnAl,O4
and ZnGa;O4 are known to have a normal spinel structure with all the Zn?* ions in tetrahedral
sites and Ga>" or AI** ions in octahedral sites [8].

In recent years, zinc gallate has attracted attention as one of excellent phosphor host materials
for applications in thin film electroluminescent devices (TFED), vacuum fluorescent displays
(VFD), and field emission displays (FED) [9-13]. A blue emission of ZnGa,O4 without any
dopant via a self-activation center of Ga-O groups under excitation by both UV light and low-
voltage electrons [10, 14] changes to green or up to red when it is activated with Mn?*, Cr’**,
Eu", and Tb** [15-17]. The zinc aluminate also possesses unique properties and has been used
as phosphor materials [18-20], reflective optical coatings [21], UV-transport electro conductive
oxide [22], photocatalyst for the degradation of toluene [23], and catalysts for dehydration,
hydrogenation, dehydrogenation, and synthesis of fine chemicals [24-27].

These days, there is considerable interest in producing nanometer-sized crystals of inorganic
materials [28] via wet chemical synthesis route, since the properties and performance of
inorganic materials are closely linked to their synthesis routes in general. The direct formation
of nanocrystals of solid solutions and complex oxides [29, 30] with a controlled size and various
morphologies at low temperatures has been of technological and scientific interest. The
hydrothermal method, which is one of representative wet chemical synthesis techniques, is
known to be useful for the synthesis of fine inorganic materials, especially those based on oxide
nanocrystals [31-33].

In the literature on the preparation of spinel-type ZnGa,Os, various synthetic methods such
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as the flux method [11, 34, 35], solid-state reaction [12, 17], co-precipitation [11, 36],
homogeneous precipitation [37], the sol-gel method [38], low-temperature and direct
crystallization at 25-90 °C [39, 40], hydrothermal synthesis [41, 42], and combustion synthesis
[43] have been reported. Many synthetic techniques, for instance, solid-state reaction [44], co-
precipitation [45], sol-gel [46, 47], spray pyrolysis [20], hydrothermal synthesis [48-51],
template-assisted synthesis [52], and glycothermal synthesis [53] have also been employed for
the preparation of ZnAl>O4 spinel. However, in the most literature, the detail of the structure
such as lattice parameter of as-prepared ZnAl>Os spinel that was synthesized via hydrothermal
route without post-heat treatment in air has not been shown. Moreover, the influence of the
composition of Zn(AlxGaix)204 on the structure and properties of the spinel nanocrystals
formed through hydrothermal route has hardly been investigated. It has been reported that
ZnGa04 has the optical band gap of approximately 4.4 eV [54, 55]. This value relatively agrees
with theoretically calculated band gap values [56]. On the other hand, the optical band gap of
ZnAlOq4 in the polycrystalline form has been reported to be 3.8-3.9 eV [22], which seems to be
lower than the theoretical band gap values and does not so coincide with most band gap values
derived from various kinds of theories [56-59].

Here, we present spinel-structured complete solid solutions: Zn(AlxGaix)204, x=0-1.0 in the
ZnAl,04-ZnGaxO4 system directly formed as nanocrystals from the aqueous precursor solutions
of inorganic metal salts under mild hydrothermal conditions in the presence of
tetramethylammonium hydroxide for a short period of time. We report the effect of the
substitutional incorporation of aluminum into the spinel lattice on the formation, microstructure,
lattice parameter, optical band gap, and luminescence property of the hydrothermally prepared

spinel-structured solid solutions.
6-2 Experimental
6-2-1 Synthesis

The spinel-type Zn(AlxGai-x)204 solid solutions were synthesized by a hydrothermal method
using tetramethylammonium hydroxide (N(CH3)4OH, TMAH). In a typical synthesis, a mixture
of an aqueous solution of reagent-grade ZnSO4, AI(NO3); and Ga(NOs); in different ratios of
Zn/Al/Ga (that was controlled to be the composition: Zn(AlxGai.x)204, x=0-1.0) was prepared
in a Teflon container. Before hydrothermal treatment, N(CH3)4OH solution was added into the
solution mixture until the pH of the solution which was hydrothermally treated became weakly
basic. This solution mixture with total cation concentrations (Zn + Al + Ga) of 0.20 mol/dm? in
the Teflon container was then placed in a stainless-steel vessel. The vessel was tightly sealed
and it was heated at 120-240 °C for 5 h under rotation at 1.5 rpm. After hydrothermal treatment,
the precipitates were washed with distilled water until the pH value of the rinsed water became
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7.0, separated from the solution by centrifugation, and dried in an oven at 60 °C.
6-2-2 Characterization

The powder X-ray diffraction (XRD) patterns were collected with a powder diffractometer
using CuKa radiation (RINT-2000, Rigaku, Tokyo, Japan). The transmission electron
microscopy (TEM) imaging of the as-prepared samples was performed with a microscope
(JEM-2010, JEOL, Tokyo, Japan). The crystallite size of cubic phase was calculated from the
line broadening of 311 diffraction peak, according to the Scherrer equation, Dxrp = KA/ C0S6,
where @ is the Bragg angle of diffraction lines; K is a shape factor (K = 0.9 in this work); A is
the wavelength of incident X-rays, and £ is the corrected half-width given by /% = Bn® - 5,
where [ is the measured half-width and fsis the half-width of a standard sample. The lattice
parameter was measured using silicon as the internal standard. The thermogravimetric analysis
was carried out in the air with a heating rate of 5°C/min (Thermo plus TG8120, Rigaku, Tokyo,
Japan).

UV-vis absorption (diffuse reflectance) spectra of the prepared powders were recorded at
room temperature and in air by means of ultraviolet-visible spectrophotometer with an
integrating sphere attachment (V-560, Nihon Bunko, Tokyo, Japan). The spectra were derived
from the measured ones using the Kubelka-Munk equation [60]. Photoluminescence (PL)
spectra of the samples were recorded with a fluorescence spectrophotometer (F-2700, Hitachi
High-Tech, Japan) with Xe lamp. The sample powders were excited with 270 nm radiation from
a 150 W xenon lamp. The emission wavelength was scanned from 280 nm to 800 nm at a

scanning rate of 60 nm/min.
6-3 Results and discussion
6-3-1 Formation and structural characteristics of spinel solid solutions

The hydrothermal treatment of the precursor solution mixtures with compositions:
Zn(AlxGaix)204, x=0 and 1.0 was carried out under weakly basic and hydrothermal conditions
at 120°C-240°C using TMAH to get the information on the formation and crystallization of
ZnGa;04 and ZnAl>04 spinel phase, respectively. The XRD patterns of the precipitates formed
from the precursor solutions with compositions: x = 0 and 1.0 under hydrothermal conditions
at various temperatures are shown in Fig. 1(a) and (b), respectively. As the hydrothermal
treatment temperature rises, the XRD lines become sharper and the crystallinity of the
precipitates is improved. The precipitates formed at the temperature range of 120-240 °C (x =
0) and 180-240 °C (x = 1.0) were detected as almost a single phase of cubic spinel. The

crystallite growth behavior of the cubic spinel phase of the samples (x = 0 and 1.0) are shown
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in Fig. 2. It is evident that the crystallite growth of the spinel phase in the composition x = 0
(ZnGay0y4) is pretty accelerated at lower temperature than that of x = 1.0 (ZnAl>Os).
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Fig.1(a) X-ray diffraction patterns of precipitates obtained at compositions of

ZnGaz04, x=0 under hydrothermal conditions at various temperatures for 5 h.
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Fig.1(b) X-ray diffraction patterns of precipitates obtained at compositions of

ZnAl>04, x=1.0 under hydrothermal conditions at various temperatures for 5 h.
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Fig.2 Crystallite size of spinel phase in the precipitates obtained at
compositions of ZnGa;04, x=0 and ZnAl,04, x=1.0 under

hydrothermal conditions at various temperatures for 5 h.
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The effect of the substitutional incorporation of aluminum component into the lattice,
Zn(AlxGaix)20s on the formation and structure of spinel-type solid solutions has been
investigated. There was no presence of unreacted components of Zn, Al, and Ga in the
ultrafiltrated solution after hydrothermal treatment in all samples. Fig. 3 shows the XRD
patterns of the as-prepared samples with different Al atomic ratio x from x=0 to 1.0 that were
formed under hydrothermal condition at 240 °C for 5 h. As it can be seen, all the patterns are
identified as a single phase corresponding to spinel-type cubic structure, and no trace of extra
peaks has been detected. Via hydrothermal treatment at 240 °C for 5 h, spinel-type precipitates
are formed in the whole composition range from the precursor solutions of inorganic metal salts
under weakly basic condition in the presence of TMAH. The XRD data shows a significant
decrease in crystallinity of the spinel-type precipitates corresponding to the increase in Al
atomic ratio (i.e. the decrease in Ga atomic ratio) in the composition. It is obviously found that
the XRD lines, e.g. the 440 diffraction line of the spinel phase slightly and gradually shift to
higher degree of 260 as the Al atomic ratio increases from x=0 to 1.0.
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Fig.3 X-ray diffraction patterns of precipitates obtained at various compositions
of x=0-1.0 in Zn(AlxGaix)>04 under hydrothermal conditions at 240 °C for 5 h.
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The crystallite size of the spinel phase as-prepared at 240 °C for 5 h is plotted in Fig. 4 as a
function of Al atomic ratio x. The products formed in the whole composition range in this study
were spinel crystals in the range of nanosize. It is evident that the crystallite size of the spinel
almost linearly decreases from 14.5 to 5 nm with the increase in Al atomic ratio. This
phenomenon is considered to be due to the fast mass transfer of Ga component, which is
suggested by the fact that metallic Ga has a very low melting temperature (29.8 °C) in
comparison with Al (660 °C)
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Fig.4 Crystallite size of Zn(AlxGaix)204 spinel samples obtained
under hydrothermal conditions at 240 °C for 5 h.

Figures 5(a), (b), and (c) present the TEM images of the as-prepared spinel nanocrystals
formed under hydrothermal condition at 240°C for 5 h from the precursor solutions with the
composition of Al atomic ratio x=0, 0.5, and 1.0, respectively. In Fig. 5(a), the ZnGa,O4 spinel
shows clear lattice fringes due to relatively high crystallinity. Its particle size is approximately
12-15 nm, which agrees with the crystallite size data calculated from the XRD line broadening.
This fact implies that these spinel particles are single crystals of spinel. The observed spinel
particle size decreases from around 8 to 5 nm when the Al atomic ratio, x increases from x=0.5
to 1.0 as shown in Figs. 5(b) and (c). The phenomenon that the crystallinity of the spinel
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particles is decreased by the incorporation of aluminum component into the lattice, Zn(AlxGai-
x)204 is also definitely observed from these TEM images. These spinel particles are relatively
homogeneous in size and show narrow particle-size distributions. The crystallite growth rate of
the spinel seems to be slow down by the incorporation of aluminum component into the lattice,
Zn(AlxGai)204, which is considered to be due to lower mass transfer of Al component under

hydrothermal conditions.
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Fig.5 Transmission electron microscopy images of Zn(AlxGai.
x)204 samples: (a) x=0, (b) x=0.5, and (c¢) x=1.0 obtained under
hydrothermal conditions at 240 °C for 5 h.
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The details of region around 56-70 ° 26, i.e. shifting of the 511 and 440 lines in the XRD
patterns of the as-prepared spinel-type Zn(AlxGaix)2Os precipitates, together with the XRD
lines of the internal standard Si around 56 © and 69 ° 20 are presented in Fig. 6. It is clearly seen
that the 511 and 440 lines shift little by little as the Al atomic ratio increases. This fact is positive
evidence that the spinel-type solid solutions were directly formed under mild hydrothermal
conditions.
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Fig.6 Close-up of the region around 57-65 ° 20 of the X-ray
diffraction patterns of Zn(AlxGaix)204 samples prepared under
hydrothermal conditions at 240 °C for 5 h.

The change in the lattice parameter ao of the cubic phase of the as-prepared nanocrystals with
spinel-type structure in the ZnAl>04-ZnGaz04 system is shown in Fig. 7. Nearly linear decrease
in the lattice parameter is observed as the Al atomic ratio increases. The change in the lattice
parameter of the spinel solid solutions nearly followed the Vegard’s Law. But the line drawn on

the figure, which exists slightly apart from the straight line drawn connecting between the lattice
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parameter of ZnGaxOs4 spinel (JCPDS No. 38-1240) and that of ZnAl,O4 spinel (JCPDS No.
05-0669), shows slight and positive departure from the Vegard’s Law. Thus, the spinel-type
solid solutions in the whole composition range were directly formed under mild hydrothermal
conditions.
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Fig.7 Lattice parameter of Zn(AlxGaix)204 samples prepared
under hydrothermal conditions at 240 °C for 5 h.

Since the difference between the experimental values and the JCPDS data on the lattice
parameter of ZnGa,O4 and ZnAlO4 suggests that the spinel solid solutions formed under
hydrothermal conditions may hold small amounts of OH" species in their structures, TG analysis
with heating rate of 5°C/min was carried out for the as-prepared spinel samples. The results are
shown in Fig. 8. The TG curves observed on the present samples show weight loss in two steps.
It has been reported that the surface of ferrite grains synthesized under hydrothermal conditions
was covered with a thin film of water that was chemically bound to the ferrite surface and it
was released in the temperature range up to 500°C [61]. Taking this literature into consideration,
the TG analysis suggests that the as-prepared samples include small amounts of water, though
the total weight loss which depended on their composition was only a little more than 0.2-1.4

mass%. It is evident that the total weight loss of the sample gradually increases as the Al atomic
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ratio increases. The ZnAl>O4 nanocrystals showed the largest amount of weight loss, which may
be a reason why the lattice parameter of ZnAl>O4 was mostly apart from the JCPDS data. The
first weight loss (0.1-0.8 mass%) occurs from room temperature to a little above 100 °C, which
is due to the release of adsorbed water on the surface. The weight loss at this step is considered
to be different from sample to sample. The weight loss at the second step occurs between 200
and 550 °C and is about 0.1-0.55 mass%. The total weight loss of the sample concluded at
500°-600 °C.
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Fig.8 TG curves of Zn(AlxGai-x)204 samples prepared under hydrothermal
conditions at 240 °C for 5 h.
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6-3-2 Optical characteristics of spinel solid solutions

The optical properties of the as-prepared spinel solid solutions were evaluated from the
measurements of UV-vis absorption spectra and emission spectra. The UV-vis absorption
spectra of the as-prepared Zn(AlxGai-«)204 spinel samples are presented in Fig. 9. It is evidently
observed that the absorption edge in the spectra slightly and gradually shifts into shorter
wavelengths as the Al atomic ratio in Zn(AlxGai«)204 spinel increases. This phenomenon
suggests that the increase in the optical band gap of the spinel solid solutions by the
substitutional incorporation of Al into the lattice, Zn(AlxGai«)2Os4, that is to say, ZnAl>O4 has

a larger band gap than ZnGa,Os.

Abs. / a.u.

Fig.9 Diffuse reflectance spectra of Zn(AlxGaix)20s samples
prepared under hydrothermal conditions at 240 °C for 5 h.

The optical band gap was estimated from the plots of transformed Kubelka-Munk function
vs. the energy of light absorbed of samples. In Fig. 10, the optical band gap of the as-prepared

Zn(AlxGaix)204 spinel is plotted against the value x (i.e. Al atomic ratio). It is obviously
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observed that the optical band gap almost linearly increases as the Al atomic ratio in Zn(AlxGa;-
x)204 spinel increases. The substitutional incorporation of Al into ZnGa,0O4 widens its band gap,

leading to a blue shift in the band gap absorption.
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Fig.10 Optical band gap of Zn(AlxGaix)204 samples prepared
under hydrothermal conditions at 240 °C for 5 h.

Regarding the band gap of spinel-type ZnAl,O4 and ZnGa;0s, different estimations of their
theoretical band gaps have been done from their electronic and band structures using the tight-
binding muffin-tin orbital method (TB-LMTO) [62], the density functional theory (DFT) [56],
the GW approximation [57], and the modified Becke-Johnson potential (MBJ) [58, 59]. All
these theoretical estimations have shown that ZnAl>O4 has a larger band gap than ZnGaxOs,
though the experimental values of the band gap of spinel-type ZnAl>O4 and ZnGa>O4 have been
reported to be 3.8-3.9 and 4.1-4.3, respectively in the literature [22]. However, in this literature
it has been stated that “Given the same crystal structures, the compounds that contain the
heavier atoms—i.e., the gallates—must have the smaller energy band gaps” [22]. It is evident
from the present study that the ZnAl>O4 spinel has a wider band gap than ZnGa>O4 spinel in
accordance with the suggestions from those theoretical calculations, even if taking the quantum

size effect into consideration. It has been clearly shown in this study that the optical band gap
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of Zn(AlxGaix)204 spinel solid solutions increases as the substitutional incorporation amount
of Al into the lattice, Zn(AlxGaix)20O4 increases.

The effect of the composition on the photoluminescence property of the Zn(AlxGaix)204
spinel solid solutions formed at 240 °C was investigated. Fig. 11 shows the room temperature
emission spectra of the Zn(AlxGai«x)204 spinel solid solutions under excitation at 270nm Xe
lamp. The ZnGay04 spine showed a broad-band UV-visible blue light emission centered at
around 480 nm. The blue emission of ZnGa,O4 spinel has been explained that it originates from
the self-activation center of the octahedral GaOs group in the spinel lattices and the Ga*" ions
combine with UV-generated free electrons produced in oxygen vacancies [11, 36, 54]. The
shifts of the emission band were observed corresponding to the compositional change of the
spinel. The substitutional incorporation of Al into ZnGaO4 results in the blue shifts of the
absorption and photoluminescence bands of ZnGa>Os4, which is explained by the wider band

gap of solid solutions formed by the incorporation of Al.
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Fig.11 Emission spectra of Zn(AlxGaix)204 samples prepared under
hydrothermal conditions at 240 °C for 5 h. (Aex =270 nm)
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6-4 Conclusion

Nanocrystalline spinel-structured Zn(AlxGaix)204 solid solutions were hydrothermally
formed from the aqueous precursor solutions of ZnSOa4, AI(NO3)3 and Ga(NO3)3 at 240 °C for
5 h in the presence of tetramethylammonium hydroxide. The crystallite growth of the spinel
under hydrothermal condition was lowered by the substitutional incorporation of Al into
ZnGay0s. As the Al atomic ratio, X in the system increased from x=0 to 1.0, the lattice parameter
of the spinel gradually decreased, and the change in the lattice parameter of the spinel nearly
followed the Vegard’s law. The optical band gap of the Zn(AlxGaix)2O4 spinel solid solutions
increased as the incorporation amount of Al into the spinel lattice increased. The substitutional
incorporation of Al into ZnGa;Os4 resulted in the blue shifts of the absorption and
photoluminescence bands of ZnGa>O4, which was due to the wider band gap of the solid

solutions formed by the incorporation of Al.
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Chapter 7

Conclusions

Spinel compounds have been used in a wide variety of application areas as a main member
of ceramic materials due to their various attractive properties. The electric, electronic, magnetic,
semi-conductive, electrochemical, catalytic, and optical properties of some of the representative
spinel members and their usages are described in addition to their structures in chapter 1. In
general, particles in the range from 1 to 100 nanometers are referred to as nanoparticles. In
recent years, the research on nanoparticles and nanocrystals is an area of intense scientific
interest due to a variety of potential applications in optical, electronic, magnetic, and biomedical
fields. The direct formation of spinel nanoparticles in the Al,03-Ga>O3 and ZnAl,04-ZnGaxO4
systems from aqueous precursor solutions of inorganic salts by means of a simple and mild

hydrothermal method was conducted and the results obtained on this study are summarized.

7-1 Gallium oxide spinel nanoparticles

Hydrothermal treatment of the aqueous precursor solution of Ga(NO3); or Gax(SOs4)3 was
carried out under weakly basic conditions at 180~240 °C for 5 h in the presence of citric acid.
When citric acid was not present in these weakly basic precursor solutions, a single phase of
GaO(OH) was only formed after hydrothermal treatment. To inhibit the formation of GaO(OH)
phase at low temperatures, citric acid effectively acted as chelating ligand. Gallium oxide (y-
Gay03) nanoparticles with a single-phase of spinel-type structure were directly formed in the
precursor solution by inhibiting the formation of GaO(OH) phase using citric acid. The
crystallite size of y-Ga;Os spinel that was hydrothermally formed was in the range from 5 to 9
nm. The optical band gap value of the as-prepared y-Ga,O3; was 4.88 eV. The y-Ga;03
nanocrystals synthesized at 180 °C emitted a broad-band visible violet-blue light spectrum with
a peak wavelength at 410 nm, centered at around 425 nm under excitation at 325 nm. The
emission intensity of y-Ga>O; depended on hydrothermal treatment temperature. The y-Ga,03
maintained spinel structure after heating up to 600 °C for 1 h, and it fully transformed into 3-
Ga,03 phase during heating at 800 °C. The luminescence intensity of gallium oxide decreased
and the peak wavelength of emission spectrum shifted to lower wavelengths after heating at
600 and 800 °C for 1 h in air.

7-2  Gallium and aluminum oxide spinel nanoparticles
Spinel-type y-Ga>03-Al,O3; nanoparticles, i.e., (AlxGai.00-x)203, x=0~0.85 with crystallite

size of spinel phase in the range of 4~5 nm were hydrothermally formed from the aqueous

-102 -



precursor solutions of Ga(NO3); and Alx(SO4)3 under weakly basic conditions using aqueous
ammonia in the presence of citric acid at 180 °C for 5 h. Under the present hydrothermal
conditions in the absence of citric acid, crystalline GaO(OH) and AIO(OH) phases were formed
from the weakly basic precursor solutions. The direct formation of y-Ga>Os-based spinel
nanoparticles doped with alumina component was considered to be achieved when the presence
of citric acid as chelating ligand prohibited the aluminum and gallium hydroxide phases from
crystallizing in the precursor solutions in the early stage of hydrothermal treatment at low
temperature. As-prepared (AlxGai.00-x)203 samples presented a broad-band visible violet-blue
light emission with a peak wavelength at 410~415 nm under excitation at 325 nm. The most
intense emission was obtained in the as-prepared nanoparticles with a composition
(Alo.50Gao50)203. The spinel phase of nanoparticles in all compositions except x=1.00 was
maintained after heating at 600 °C for 1 h. After heating at 1000°C, there appeared the
structure similar to the B-Ga>Os3 phase that was transformed from the spinel phase in the
nanoparticles with compositions from Ga;03 to (Alo.s0Gao.s0)203. The spinel-phase was still
preserved in the (Alo.75Gao.25)203 nanoparticles after heating at 1000 °C for 1 h, though a single

phase of 0-Al>0s in the case of pure Al,O3 composition was observed.

7-3 Zinc gallate and aluminate spinel nanoparticles

The mild hydrothermal treatment of the aqueous precursor solutions of ZnSO4, AI(NO3); and
Ga(NOs3); was conducted using tetramethylammonium hydroxide at an intermediate
composition, ZnAlGaOs in the ZnAl,04-ZnGaxO4 system to form spinel-type nanoparticles. A
slight decrease in the cell size of as-prepared spinel phase was observed with increased
hydrothermal treatment temperature. The cell size of the as-prepared spinel nanoparticles that
were formed at low hydrothermal treatment temperature slightly and gradually changed by
heating up to 800 °C for 1 h in air, and it almost accorded with the ideal value reported in the
reference after heating higher than 800 °C.

The low-temperature synthesis of spinel-type nanoparticles, in the ZnAl,04-ZnGa>O4 system
was done under hydrothermal condition at 180 °C for 5 h. Nanoparticles with spinel phase in
the whole composition range were formed under wakly basic conditions in the presence of
tetramethylammonium hydroxide. The relationship between the lattice parameter of as-
prepared samples and the Al atomic ratio in the spinel composition was slightly apart from the
ideal linear relationship that was obtained in the samples after heating at 1000 °C in air. The
optical band gap value of both as-prepared nanoparticles and those after heating gradually
changed from 4.1~4.2 to 5.25 eV by doping aluminum ion into the lattice, Zn(AlxGaix)204.
Two main broad-band emission spectra centered at around 360 and 430 nm were observed in
the nanoparticles under excitation at 270 nm, but their broad-band emission spectra and their

peak wavelengths subtly changed depending on the composition and heating in air.
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Spinel-type nanoparticles: Zn(AlxGaix)20s, x=0~1.0 were directly formed as a complete
solid solution from the aqueous precursor solutions of inorganic salts under hydrothermal
condition at 240 °C for 5 h in the presence of tetramethylammonium hydroxide. The crystallite
size of the spinel phase decreased from 14.5 to 5 nm with increased Al atomic ratio, x in the
composition from x=0 to 1.0. The change in the lattice parameter of the spinel phase by the
substitutional incorporation of Al into the lattice nearly followed the Vegard’s Law though a
slight positive departure from the Law was observed. The blue shift of absorption spectra was
observed by the incorporation of Al into the lattice, Zn(AlxGaix)204, which resulted in wider
optical band gap. The broad-band UV-visible blue light emission of the ZnGa>Os spinel that
was observed under excitation at 270 nm shifted to lower wavelength by the incorporation of
Al into the lattice, Zn(AlxGaix)204.
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