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ABSTRACT

In this study, single crystals of double-perovskite-type oxide Li.La(i-v3TaO3 (LLTaO)
were successfully grown using the traveling solvent floating zone (TSFZ) method. The
Ta-rich phase, which was precipitated in the crystals, was grown via the conventional
floating zone (FZ) growth process, indicating that LLTaO behaved as an incongruent melt.
For the TSFZ growth for solvents with a LiTazOs composition of 8%, which is less than
the LLTaO (x = 0.18) stoichiometric composition, the black grown crystals were
homogeneous and crack-free, with a typical size of approximately 20 mm in length and 5
mm in diameter. The grown crystals turned colorless and transparent after being left
overnight in the air at room temperature (about 25 °C). The Li concentration in the grown
crystals was determined to be x = 0.086(1). This value is lower than the nominal
composition (x = 0.18) of the feed owing to Li evaporation during the crystal growth. The
ionic conductivities of the grown crystals along [110] and [001] were 2.8x10” and
1.8x107° S-cm’!, respectively. The anisotropic parameter was determined to be 1.56
indicating that the ionic conductivity along the ab-plane is higher than that along the c-
axis. Furthermore, the calculated activation energies along [110] and [001] were 0.29 and
0.34 eV, respectively.

Large diameter single crystals of LixLa(1.x/3NbO3 with a Li concentration of x = 0.10 were
grown by using the traveling solvent floating zone (TSFZ) method. A tilting-mirror FZ
furnace with @ = 10° mirror tilt angle was the best choice to grow high-quality single
crystal of Li,La(-y/3NbOs. The required lamp power and convexity were lower for the

tilting-mirror FZ furnace than for the conventional FZ furnace. The convexity of the



crystal-liquid interface was low in the case of a = 10° mirror tilt angle. Due to the low
lamp power required, little Li evaporated in the tilting-mirror FZ furnace with 6 = 10°,

which was observed in the quartz tube and EPMA analysis.
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Chapter 1

General introduction

1.1. Lithium-ion battery and solid-state lithium-ion battery

Undesirable climate change and environmental destruction is one of the greatest
challenges to humankind. The increasing global consumption of fossil fuels leading to
increase the levels of CO2 which plays a big role to the climate change in our atmosphere
[1-4]. Therefore, it is crucial to develop renewable energy storage and conversion to meet
these challenges [5-8]. Among the available energy conversion and storage technologies,
lithium-ion batteries (LIBs) play an important role due to their advantages such as high
specific energy, high energy density, long cycle life, low self-discharge rate, and light
weight. LIBs have revolutionized our daily lives since their commercialization in 1991
[9]. In addition, the scientists, John B. Goodenough (The University of Texas at Austin,
USA), M. Stanley Whittingham (Binghamton University, State University of New York,
USA) and Akira Yoshino (Asahi Kasei Corporation, Tokyo, Japan, & Meijo University,
Nagoya, Japan) won the Noble prize in chemistry in 2019 for their contributions to the
development of the LIBs [10]. The production of LIBs has been continually increasing
day by day for various application sectors including portable electronic devices,
electric/hybrid electric vehicles, marine vehicles, autonomous aircraft, smart grids, solar
power storage systems, robots etc. [11-19]. The applications of LIBs in various sectors
are shown in Fig 1.1 [20]. For example, the expected demand of LIBs for global market
is undergoing an enormous growth from 259 to 2500 GWh within the years of 2020 to
2030 (increasing by an average of 25.4% year) [21-22] whereas from 10 GWh in 2015 to

almost 1300 GWh in 2030 for only electric mobility applications [23].
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Fig. 1.1. Applications of Li-ion batteries [20].

However, there is some drawback of traditionally used LIBs. In traditionally used LIBs,
organic liquids are used as electrolyte. But high voltages do not allow to use aqueous
solutions as the electrolyte because the cell voltage exceeds the decomposition voltage of
water. Therefore, flammable organic liquid electrolytes cause safety concerns in LIBs. In
addition, recent environmental concerns have increased the demand of large-sized
batteries for power vehicles [24]. Hence, the increasing battery size increases the amount
of combustible electrolyte which may causes to easily heat up toward thermal runaway.
For these, the increasing battery size also makes the safety issues more serious [25]. For

example, in 2013 a Japan airline 787 Dreamliner’s cargo and in 2016 Samsung’s Galaxy



note 7 catching on fire [26-28]. This firing problems might be occurred due to the leakage
of the organic liquid electrolyte which caused short circuit in LIBs. Hence, development
of LIBs is a very crucial task for next generation energy storage devices. To prevent the
dendrite formation, replacement of solid electrolyte instead of flammable liquid
electrolyte may play an important role for the next generation [29-31]. Hence, Solid-state
LIBs become a good alternative to LIBs. In all solid-state LIBs, there is no liquid
electrolytes which also reduces the size of the batteries. Fig. 1.2 shows the configuration

conventional LIBs and solid-state LIBs.
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Fig. 1.2. Configuration conventional LIBs and solid-state LIBs.

In 1980s, solid-state LIBs with solid electrolytes instead of liquid electrolytes and
separators in traditional LIBs were reported before the successfully commercialization of
LIBs [32]. Solid electrolytes, as opposed to flammable liquid electrolytes, can
significantly reduce the safety concern of rechargeable batteries. For instance, inorganic

solid electrolytes have a fire hazard onset temperature of several hundred degrees Celsius,



whereas liquid electrolytes are invariably already on fire at this temperature [33]. In
addition, solid-state LIBs show better chemical and electrochemical stabilities, higher
energy density than that of traditional LIBs [34-35]. Hence, Solid-state LIBs process

various advantages than that of traditional LIBs as shown in Fig. 1.3.

Fig. 1.3. Advantages of solid-state LIBs [35].

1.2. Solid electrolytes

Solid-state electrolytes or solid electrolytes are solid-state ionic conductors and electronic
insulating materials. At room temperature solid electrolytes are solid and the ionic
movement occurs at the solid-state. It is an important component for all solid-state Li-ion
batteries (LIBs). Now a days, research on solid electrolytes have attracted enormous
attention for developing all solid-state LIBs due to their various advantages including

absolute safety, no issues of leakages of toxic organic solvents, low flammability, non-


https://onlinelibrary.wiley.com/doi/10.1002/adfm.202008165#adfm202008165-bib-0004

volatility and higher cyclability [36]. However, some several basic requirements are
needed for solid electrolyte to use in solid-state LIBs [37-39]:

1. High ionic conductivity (more than 10* S cm™ at room temperature).

2. Low electric conductivity (less than 10'° S cm! to avoid short circuit inside the battery)
with high ionic transference number.

3. Low interface impedance with electrodes.

4. Good chemical and electrochemical stability windows.

5. Strong mechanical strength and good compatibility with electrode materials.

6. Easy processing.

7. Low in cost.

All solid-state electrolytes are divided into three main categories including solid polymer
electrolyte, inorganic solid electrolyte and composite polymer electrolyte. Solid polymer
electrolytes have good chemical stability and mechanical flexibility. However, the solid
polymer electrolytes have a severe flammability limit and low ionic conductivity. Besides,
an inorganic solid electrolyte is a specific type of all-solid electrolyte that consists of an
inorganic material in a crystalline or glassy state and conducts ions by diffusion through
a lattice. Now a days, a large number of inorganic solid electrolytes have been extensively
studied because of their exceptional properties including innate incombustibility and non-
volatility, high ionic conductivity (>0.1 m S cm™ at room-temperature) close-to-unity,
high modulus (or example, >1 G Pa for oxides), excellent thermal stability (stable above
100°C), wide and high electrochemical-stability windows and high transfer ionic number
compared to others solid electrolytes [40-43]. Inorganic solid electrolytes including
sulfides, glasses or oxides may expected as electrolytes for the next generation LIBs.

Glasses and sulfides have high ionic conductivity but these are air exposure and produce



environmentally toxic hydrogen sulfide. In addition, solid sulfides may react with lithium
metal anode and cause short circuit problem in LIBs [44-49]. Several types of oxide solid
electrolytes are introduced such as NASICON-type (Nai+,Zr2Si,P3.x012) [50], Garnet-
type (LizLazZr012) [51], LISICON-type (Liz5Si05P0sO4) [52] and Perovskite-type
(LixLaq1-x3Ti03) [53] solid electrolyte. Compared to others solid electrolytes, Perovskite-
type oxide electrolytes are environmentally safe in use, have high ionic conductivity (for
example, LLTiO), high chemical and mechanical stability window. However, the double
perovskite tetragonal crystal structure (for examples, LicLai-x3MO3, M = Ti, Nb, Ta)
shows the anisotropic ionic conductivity [54]. However, Ti*' can be easily reduced by Li-
metal anode, producing Ti*" in higher-capacity LIBs applications [55-61]. In contrast,
Nb>* and Ta’" is resistant to reduction by Li-metal anode. Therefore, LiyLa(i.v)3TaOs
(LLTaO) and Li,La(1-x3NbO3; (LLNbO) with a double-perovskite structure is a desirable
solid electrolyte candidate for investigating high-capacity LIBs. However, grain
boundaries and random crystallographic orientation in polycrystalline decrease its ionic
conductivity. In addition, dendrite may be created from anode to cathode through
polycrystalline electrolytes. In contrast, single crystal of solid electrolyte possesses
unique properties due to their continuous, uniform and highly-ordered structure. However,
single crystals have no void or grain boundary. For these, there is also no chance of
dendrite formation from anode to cathode and thereby increase the lifetime and safety
issues of LIBs [62-64]. So, research on single crystal of double-perovskite oxide solid

electrolytes (LLTaO and LLNbO) is very important for developing the all solid-state LIBs.



1.3. Purpose of this research

For the development of all solid-state Li-ion batteries (LIBs), research on single crystal
of solid electrolyte is important in this present era. LIBs may cause firing or explosion
problem due to dendrite formation from anode to cathode by using liquid or polymer-
based electrolytes. However, polycrystalline solid electrolytes contain grain boundary
which reduces the ionic conductivity and also cases the dendrite formation from anode to
cathode. So, it is urgent needed to find out the suitable solid electrolyte for the practical
application of all solid-state LIBs. To the best of our knowledge, there is no report on
LiLa(-x3TaO3 (LLTaO) single crystals. Besides, there is some report on small diameter
LixLa(1-x3NbO3 (LLNDbO) single crystals. But large diameter LLNbO single crystals are
needed for practical applications of all solid-state LIBs. So, my research purpose is to
grow high quality, crack- and inclusion-free single crystals growth of solid electrolytes
LLTaO and large diameter LLNbO using TSFZ method for the first time and also their
characterization.

In this study, single crystals of LLTaO and LLNbO were grown using traveling solvent
floating zone (TSFZ) method. The TSFZ method, which uses solvents, is an extensive
crystal-growth technique for incongruent-melting compounds. In addition, as the growth
temperature can be lowered by the solvent, the TSFZ method is expected to reduce the
evaporation of the Li component from the melt. However, the grown crystals using TSFZ

method are large in size.
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Chapter 2

Overview of Experimental Procedure

2.1. Morphology of crystal growth processes

2.1.1. Floating Zone (FZ) and Travelling Solvent Floating Zone (TSFZ) Methods
The FZ method is a very popular method for the single crystal growth. Fig. 2.1 shows the
schematic view of this method. The molten zone is maintained between two vertical solid
rods; polycrystalline feed rod and seed crystal during FZ formation by its own surface
tension. The single crystal growth is performed by dipping a seed crystal into one end of
the zone and moving the molten zone in the direction of the feed stock. The upper end of
the feed rod is clamped vertically by a holder to the upper pulling shaft and the other end
is tapered and heated to melting its tip. Heating of the molten zone can be done by several
methods such as RF coil (inductor), optical, electron beam, laser and resistance heating.
The trip of the feed is properly melted and then formed a drop which contacted with the
oriented seed crystal to the lower pulling shaft. When solid/melt contact becomes stable,
the seed and the feed rods are concurrently moved downward to maintain stable molten
zone in correspondence with the fixed heater and to crystallize a single crystal. The seed
crystal and the feed rod are rotated to get cylindrical ingots. However, using different
speeds for feed rod and seed crystal, it can be obtained larger or smaller diameter crystal
than that of the starting feed rod by pressing or stretching the molten zone respectively
[1-6].

For congruently melting materials, the composition of feed rods, growing crystal, and the
melt is the same and the single crystals can be grown in FZ methods. But for

incongruently melting materials a solvent (flux) disk is used at the trip of the feed rod to

13



grow single crystals in TSFZ method.

Upper shaft ’7 A

Quartz tube

[ ] -
Feed rod ———— 4

Mirror

Halogen lamp

Lower shaft

Fig. 2.1. Sematic diagram of FZ apparatus [7].

The composition of the solvent is different from feed rod and can be selected using the
appropriate phase diagram. For example, solvent with a composition between C; and C>
can precipitate an incongruently melting compound, Co shown in Fig. 2.2. In this method,
molten solvent is supported against gravity mainly by the surface tension of the liquid
which plays an important role to stable the molten zone in this method. Therefore, during
the growth, a traveling solvent scheme must be maintained in which the feed is dissolved
in the solvent and the relative proportions of the crystal are precipitated from the solvent.

Fig. 2.3 Schematic illustration of the traveling solvent floating zone method.

14
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Fig. 2.2. Schematic diagram including an incongruently melting

compound [8].

Feed
Feed

Fig. 2.3. Schematic illustration of the traveling solvent floating zone
method.
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The main advantages of the TSFZ are: single crystals can be grown from congruently and
incongruently melting materials; crystals can be grown below their melting temperature.
High purity large diameter crystals can also be grown in this method. In addition, in this
method no container is used, hence there no interaction between the growing crystal and
the container which reduces the contamination or defects of the grown crystals. Therefore,
this method can be used for highly reactive materials, intermetallic compounds, oxides

and refractory materials [8-14].

2.1.2. Convectional FZ Furnace and Tilting-mirror FZ Furnace

The conventional FZ furnace as shown in Fig. 2.4 is widely used for the study of both
single crystal growth and phase diagram. This furnace needs no crucibles, hence, there is
no chance of chemical reaction between the melt and the crucible material. Also, this type
of furnace can be used in traveling solvent scheme for growing incongruently melting
materials and solid solution with uniform compositions. The rotation of feed rod and seed
crystal can be controlled properly. The crystal growth rate can be optimized by controlling
the upper and lower shaft movement. The gas (Ar or Oz or N; or Air) flows within the
growth chamber to create a suitable growth atmosphere. In this furnace, usually four
heating lamps are used with four ellipsoidal mirrors. The ellipsoidal mirrors are used to
focus the light on the feed rod to produce a molten zone. In conventional FZ furnace, the
layout of the mirror and heating lamps are fixed in the same horizontal plane. On the other
hand, the tilting-mirror-type FZ furnace, the mirror and heating lamps are tilted from 0°
to 20° by a motor drive control [ 15]. Hence crystals can be grown at different tilting angles
compared with conventional FZ furnace. Fig. 2.5 shows the tilting-mirror-type FZ

furnace with 0° and 10° mirror-tilting angles respectively.
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Fig. 2.4. Conventional FZ Furnace (Crystal Systems Inc.,
model: FZ-T-4000-H) at CCST, University of Yamanashi.
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Fig. 2.5. Tilting-mirror FZ Furnace (Crystal System Inc., model:
TLFZ-4000-H-VPO) with (a) 0° and (b) 10° mirror-tilting angles
at CCST, University of Yamanashi.
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2.2. Characterization techniques of grown crystals

2.2.1. X-ray Diffraction

X-ray diffraction analysis (XRD) is a technique used in materials science to determine
the nature of the crystalline material. Crystals contain atoms, while X-rays can be
considered as waves of electromagnetic radiation. The X-rays are directed towards the
sample. When the circumstances are in accordance with Bragg’s Law (nk = 2dsin®), the
interaction of the incident rays with the sample results in constructive interference (and a
diffracted ray). Then, these diffracted X-rays are identified, processed and counted. All
the possible diffraction directions of the lattice are attained by adjusting the geometry of
the incident rays, the orientation of the centered crystal and the detector. Conversion of
the diffraction peaks to d-spacings allows identification of the sample. This is often
accomplished by comparing the d-spacings with accepted reference patterns (such as

JCPDS and ICDD database).

Diffracted x-rays
X-ray beam
/

Crystaline -]
material

-

Collimator to
X-ray source  focus beam L
X-ray diffraction Imaging surface X-ray diffraction pattern

(a) (b)

Fig. 2.6. Schematic diagram of Laue XRD method [16].
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Fig. 2.7. (a) Two-dimensional and (b) Laue X-ray
diffractometers at CCST, University of Yamanashi.
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Also, the Laue method of XRD is mostly employed to identify the crystallographic
orientation of single crystalline materials. Monochromatic radiation is replaced by white
Bremsstrahlung in Laue diffraction. The images captured by this method appear as a
series of scattered spots called Laue pattern. This Laue pattern indicates the
crystallographic orientation of the sample by using the QLaue.exe software. Fig. 2.6
shows the schematic diagram of Laue XRD method. Fig. 2.7. shows the images of X-ray

diffractometers at our laboratory.

2.2.2. Atomic Absorption Spectrometer

Atomic absorption spectroscopy (AAS) is a spectroanalytical technique used to determine
the concentration of metal atoms/ions in a sample. AAS detects elements in either liquid
or solid samples. The atoms of the samples absorbed the light. After being subjected to
light, generally from a hollow-cathode lamp, the free atoms of the sample undergo
electronic transitions from the ground state to excited electronic states. The amount of
light absorbed by the atoms is directly proportional to the concentration of the element in
the sample. To lessen background interference, a monochromator is positioned in
between the sample and the detector. The detector measures the intensity of the

transmitted light and converts it to absorption data.

2.2.3. Scanning Electron Microscope

Scanning electron microscope (also known as SEM) is one of the most widely used
instrumental methods for imaging the microstructure and morphology of the materials.
Typically, a field emission gun or tungsten filament lamps is used as a source for the

electron production. The ultrahigh vacuum conditions (10210 to 10211 Torr) are needed
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for the field emission gun to keep the tip of the sample free from contaminants and oxide.
The electron beam is accelerated through the high voltage system and then becomes
narrowed after passing through electromagnetic lenses and apertures. The beam then uses
scan coils to scan the specimen’s surface. As the beam approaches and penetrates the
material, several interactions take place that cause photons and electrons to be emitted
from the sample surface. Images are generated after generating SEM type signals from
the beam and sample interaction area. Various modes of SEM exist for material
characterization including X-ray mapping, secondary electron imaging, backscattered
electron imaging, electron channeling, and Auger electron microscopy. To get better
surface topography analysis of a sample with the best spatial resolution, it needed to focus

the required area at higher magnification levels (>100 kx) [17-18].

HITACHI

2.8. Image of Scanning Electron Microscope at CCST,

University of Yamanashi.
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2.2.4. Energy dispersive X-ray spectroscopy

Energy-dispersive X-ray spectroscopy (also known as EDS, EDX or XEDS) is one of the
analytical techniques that enables chemical characterization and elemental analysis of a
desired sample. It is commonly used with SEM. It depends on the interaction of some
source of electromagnetic radiation (X-rays) excitation and the sample. The main working
theory behind EDS is that ‘core’ electrons from an atom can be ejected by high energy
X-rays. This theory, also referred to as Moseley’s Law, established a direct connection
between the atomic number of an object and the frequency of light it emits. A higher
energy electron can fill the hole left by the removal of these electrons, and when it relaxes,
it will release energy. By exposing a sample to X-rays, one may determine which
elements are present and in what proportion by measuring the energy released during this

relaxation process.

2.2.5. Electron Probe Micro Analyzer

The Electron Probe Microanalyzer (also known as EPMA) is an analytical instrument
used for non-destructive elemental analysis of micro-sized volumes on the surface of the
materials. The working principle of EMPA and SEM are equivalent. An electron beam is
generally generated and directed to the specimen. When an electron beam is irradiated on
a sample, inelastic collisions between the incident electron and electrons in the inner
shells of atoms result in the production of distinctive X-rays. An inner-shell electron is
ejected from its orbit and then a vacancy created. A higher-shell electron falls into this
vacancy and must give up some energy as an X-ray. These quantized X-rays are allocated
for compositional analysis of sample. Wavelength dispersive X-ray spectroscopy (WDS)

separate the characteristic X-ray according on its wavelength and
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JXA-iHP200F
Hyper Probe

2.9. Image of Scanning EPMA at University of Yamanashi.

accurately count the amount of X-ray at the specific range of the selected wavelength.
Based on the comparison of captured characteristic X-ray of the sample and the standards,
an algorithm has been developed to determine the chemical composition of the sample.
When compared to EDS, WDS offers significantly greater energy resolution and signal-

to-noise ratio.
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Fig. 2.10. Types of interactions of incident electron beam in
SEM or EPMA [19].

2.2.6. Ionic conductivity and Activation energy
Electrochemical impedance spectroscopy (EIS) is commonly used to determine the ionic
conductivity of solid electrolytes by analyzing the Nyquist plot. The equation for

calculation of ionic conductivity is as follows:

L
ZA
Where Z is the total impedance, / is the thickness and A is the area of the electrolyte
sample. Typically, the impedance is dependent on the sinusoidal voltage frequency. When
frequency is zero (i.e.; direct current (DC)), there is no difference between the impedance
and resistance. Besides, the impedance arises in the alternating current (AC) circuit.
Therefore, impedance is complex number and can be presented in Polar coordinates
system as:
7 =2Ze"

here Z is the magnitude of impedance, 6 is the phase difference (Fig. 2.11) and i is the
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imaginary unit. In Cartesian coordinates system the complex impedance can be written
as:

Z=R+iX
Here, R and X is the real imaginary component of the complex impedance.

The activation energy (E.) of conductivity can be calculated from the Arrhenius equation:

E
o(T) = Aexp(— k_;l"

where, E, is the activation energy, o is the ionic conductivity at temperature 7, k is the

Boltzmann constant and 4 is a pre-exponential factor [20-23].
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Fig. 2.11. Complex impedance graphed with respect to imaginary and

real components [23].
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2.2.7. Charging and discharging properties
A cell is generally composed of two active materials; negative electrode (also called
anode), positive electrode (also called cathode), an electrolyte and current collector. The

active materials may be metals, semiconductors, graphite or conductive polymers.
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Fig. 2.12. Charge discharge process in solid-state LIBs.

On the other hand, organic liquid or inorganic solid or polymer can be used as electrolyte.
When liquid electrolyte is used, a separator is needed to separate the electrodes for
prevention of short circuit. The commonly used current collectors for the negative
electrode (anode) and positive electrode (cathode) are copper and aluminum respectively.
The active materials participate in the oxidation and reduction reactions. The positive

electrode (cathode) is reduced and the negative electrode (anode) is oxidized during
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discharging process. In this process, Li-ions are intercalated into the positive electrode
(cathode) and de-intercalated from the negative electrode (anode). Besides, positive
electrode (cathode) is oxidized and the negative electrode (anode) is reduced during
charging process. In this process, Li-ions are de-intercalated into the positive electrode
(cathode) and intercalated from the negative electrode (anode). The Li-ions movement is
driven by the potential difference between the electrodes during charging discharging
process. Then electrons flow through an external circuit to generate the current. Fig. 2.12

shows the charging-discharging properties of solid-state Li-ion battery.
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Chapter 3

Traveling solvent floating zone growth and characterization of
LixLau-xnsTaOs single crystals

3.1. Introduction

Double-perovskite-type oxides, which have layered structures and high ionic conductivity,
are desirable solid electrolyte candidates for producing all-solid-state lithium-ion
batteries (LIBs). LizcLa»3..TiO3 (LLTiO) with double-perovskite structures, have high
ionic conductivities (10 S-cm™! at room temperature) [1-8]. However, Ti*" can be easily
reduced by Li-metal anodes, producing Ti*" in higher-capacity LIBs [9-15]. In contrast,
Ta>" is resistant to reduction by Li-metal anodes. Therefore, Li,La1-x3TaO3 (LLTaO) with
a double-perovskite structure is a desirable solid electrolyte candidate for investigating
high-capacity LIBs [12]. Mizumoto et al. [16-17] synthesized Li.La(-x;3TaO3 solid
solutions via a solid-state reaction and measured the ionic conductivities with different Li
compositions (x = 0-0.5). It was reported that the polycrystalline LLTaO exhibited a
maximum ionic conductivity of 7 x 107 S-ecm™ with x = 0.18 (Fig. 3.1)

Because LLTaO (x = 0.18) has a tetragonal double-perovskite-type structure with lattice
parameters (a = 3.94 A and ¢ = 7.96 A at room temperature) [18], the conductivity of
LLTaO is expected to be anisotropic. LLTaO single crystals are required for elucidating
the anisotropic ionic conductivity and bulk properties with no grain boundaries.

In this study, single crystals of LLTaO were grown using the floating zone (FZ) and
traveling solvent floating zone (TSFZ) methods. The TSFZ method, which uses solvents,
is an extensive crystal-growth technique for incongruent-melting compounds such as

LLTiO and LLNbO [19-20]. In addition, as the growth temperature can be lowered by the
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solvent, the TSFZ method is expected to reduce the evaporation of the Li component from
the melt. The growth conditions, such as the composition and the amount of solvent were
optimized for the TSFZ growth. The composition and anisotropic ionic conductivity of

LLTaO grown crystals were also investigated.
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Fig. 3.1. Lithium ion conductivity of Li,La(-x3TaO3 (x = 0.07-0.5) [16].

3.2. Experimental Procedure

Li,CO3, Lax03, and Ta20s (Rare Metallic Co., Ltd., 99.9% purity) were used as starting
materials, weighed at an LLTaO (x = 0.18) stoichiometric composition, and mixed with
ethanol. The mixed powder was dried and pre-calcined in the air at 800 °C for 2 h. The
resulting powder was grounded and calcined in air at 1500 °C for 24 h. The calcined
powder was grounded again and used for the feed rod preparation. Feed rods—

approximately 6 mm in diameter and 50 mm in length—were prepared using the rubber
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pressing method under a hydrostatic pressure of 300 MPa, and then sintered in the air at
1500 °C for 5 h. A solvent of 8% LiTazOs-poor composition from LLTaO (x = 0.18)
stoichiometric composition was used for the TSFZ growth. This solvent was prepared
using the same procedure as the feed rod preparation. Subsequently, ~0.5 g of this solvent
was added to the top of the feed rod. The crystal growth was performed in an optical FZ
machine (Crystal Systems Inc., model FZ-T-4000-H) with four 1 kW halogen lamps. The
growth rate was 5—-10 mm/h. The growth atmosphere was Ar or Oz (1 L/min). Feed and
seed rotation rates were 10/20 rpm in opposite directions.

The orientation of the seed and grown crystals was confirmed by back-reflection Laue
XRD (Rigaku Corp.) and two-dimensional XRD (Bruker Corp., model Discover D8 with
a 2D detector). The inclusions and composition of the grown crystals were identified
using scanning electron microscopy (SEM; Hitachi High-Tech, model TM-3030), energy-
dispersive X-ray spectroscopy (EDS; Bruker Corp., model Quantax70), and electron
probe microanalyzer (EPMA; JEOL Ltd., model JXA-iHP200F). The crystals were cut
and polished to a mirror surface, and subsequently coated with carbon for SEM and
EPMA analysis. The concentrations of Ta and La in the grown crystals were analyzed by
EPMA quantitative analysis using the single crystals of BaTa>Ogs and La,Ti207 as standard
samples respectively. The Li concentration x in the LLTaO crystals was determined from
the LixLa(1.x3TaO3 formula using the analytical values of Ta and La. In addition, the Li
concentration in the grown crystal was directly analyzed using an atomic absorption
spectrometer (AAS; Hitachi High-Tech Science, model Z-2300). The sample dissolution
method for AAS analysis is as follows; “Samples of grown crystals were ground to a fine
powder. The ground sample was hydrolyzed with nitric acid and hydrofluoric acid,

dissolved in dilute nitric acid, and filtered. Insoluble materials were decomposed by
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heating with sulfuric acid and nitric acid, and then dissolved with dilute nitric acid.” The
Li" ion conductivity of the grown crystals was measured using the AC complex-
impedance method. To clarify the anisotropy of the ionic conductivity, the crystal
orientation of the grown crystals was adjusted to be parallel and perpendicular to the c-
axis. The grown crystals were cut to a thickness of approximately 0.8 mm. The sliced
samples were polished and sputtered with Au-Pd on both sides to maintain the ohmic
contact of the electrode. The complex impedance of the samples was measured in the
frequency range of 1 kHz~10 MHz at a temperature range of 25-225 °C using an

inductance-capacitance-resistance meter (Iwatsu Electric Co., Ltd., model PSM 1735).

3.3. Results and Discussion

3.3.1. Crystal growth by the floating zone method

First, we attempted to grow single crystals of LLTaO with x = 0.18 using the conventional
FZ method. The as-grown crystal of LLTaO and the SEM image of the cross-section
parallel to the growth direction in the crystal are shown in Fig. 3.2. It was difficult to
maintain the molten zone owing to the contact problem between the feed rod and the
grown crystal during the crystal-growth process. Consequently, the Ta-rich phase was
deposited as inclusions in the grown crystal, as shown in the SEM and EPMA results.
This result not only indicates that LLTaO melts incongruently with the Ta-rich phase and
liquid but also suggests the LLTaO phase was deposited from a melt with a lower Ta
concentration than the LLTaO stoichiometric composition. Unfortunately, the
composition of the inclusions and the Ta-rich phases could not be determined by SEM or

EPMA due to the undetectable Li" ion. However, the La,03-Li>O-TaxOs system phase
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diagram suggests that the Ta-rich phase could be LiTa3Os, La;Ta12033, LaTazOo, or Ta2Os,

rather than LLTaO (x = 0.18).

Inclusion (Ta-rich phase)

Growth direction ‘

Fig. 3.2. (a) LLTaO crystal grown using the FZ method. (b) SEM image of
the cross-section parallel to the growth direction in the LLTaO crystal.

3.3.2. Crystal growth by the travelling solvent floating zone method

The Ta-rich phase was regarded as LiTa3Og, and LLTaO single crystals were grown via
the TSFZ growth process using a solvent with 8% LiTazOs-poor composition from the
LLTaO feed composition. The amount of solvent is very important for maintaining the
molten zone during the TSFZ growth process. In this work, approximately 0.5 g of the
solvent amount for a 6 mm feed diameter was optimum for supporting the TSFZ growth.
When more than 0.5 g of solvent was utilized, the molten zone was too long and became
unstable for a long time. As shown in Fig. 3.3, the crystals were grown in O and Ar
atmospheres to optimize the growth atmosphere. For crystal growth in O> atmosphere, a
high lamp power was required to melt the feed rod due to the reflection of white color

feed rod, and the enhanced evaporation of the lithium component from the molten zone
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made the quartz tube surrounding the growth area smoky. Because of the unstable molten

zone in the O2 atmosphere, many cracks were found in the grown crystals.

Seeding point Growth direction —

Seed crystals Grown crystals

Fig. 3.3. LLTaO crystals grown in (a) Oz and (b) Ar atmosphere using the
TSFZ method.

In addition, some cleavages parallel to the (001) plane were observed in the grown
crystals. However, in the Ar atmosphere, the crystals were grown at a lower lamp power
than that in the O, atmosphere. This is because the feed rods were colored by the reduction
of the Ta ions from pentavalent to tetravalent in the LLTaO feed at a high temperature. As
a result, comparatively low lithium evaporation occurred, and the molten zone was stable
for a long time during the TSFZ growth process. The optimum growth rate was
determined to be 5 mm/h to maintain a stable molten zone for a long time, whereas contact
between the crystal and feed occurred at a growth rate higher than 5 mm/h. When LLTaO

crystals were grown at a rate of 5 mm/h in the Ar atmosphere (1 L/min), the as-grown
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crystals were crack-free and exhibited black color owing to an oxygen-deficient
environment. The grown crystals turned colorless and transparent when left overnight in

the air at room temperature.
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Fig. 3.4. Powder XRD-pattern of LLTaO.
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3.3.3. Characterization of grown crystals

To clarify the crystallinity of single crystal and polycrystal we have added the powder
XRD-pattern of LLTaO. The X-ray diffraction peaks of LLTaO single crystal and its
polycrystal are shown Fig. 3.4. LLTaO shows the double perovskite tetragonal crystal
structure. The sharp and high intensity X-ray diffraction peaks show the high crystallinity
of single crystal than that of polycrystal. Hence, polycrystal shows higher crystal defects

than that of single crystal.

Fig. 3.5. Back-reflection Laue XRD image of (001) perpendicular
to the growth direction of the LLTaO grown crystal.

The grown crystals were confirmed to be single crystals by back-reflection Laue XRD
perpendicular to the growth direction (Fig. 3.5). The growth direction was determined to

be [110] by back-reflection Laue XRD and two-dimensional XRD. The composition and
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homogeneity of the grown LLTaO crystals were quantitatively analyzed using EPMA (Fig.
3.6). The distribution of the La/Ta atomic ratio in the LLTaO phase is almost
homogeneous along the growth direction. The La/Ta atomic ratio in the LLTaO phase was
determined to be 0.306 + 0.008, and the Li concentration x was 0.08 £ 0.01, which was

determined by the La/Ta atomic ratio and the LicLa(1-x3TaO3 composition formula.
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Fig. 3.6. La/Ta atomic ratio and distribution of Li concentration along the
growth direction in the LLTaO grown crystal. The dotted lines show the

average values respectively.

The Li concentration x, which was analyzed using AAS, was consistent with the
measurement error, showing the value of x = 0.086 = 0.001. The Li concentration in the
grown crystals was remarkably lower than that of the nominal composition, in which x

was 0.18 owing to the lower Li concentration in the solvent and Li evaporation during the
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crystal-growth process. The Li and Ta concentrations in the solvent may be optimized to

control the Li concentration in the LLTaO single crystals.
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Fig. 3.7. Nyquist plots of LLTaO at room temperature.

The ionic conductivities along the [110] and [001] directions in the grown crystals of
LLTaO were measured to clarify the anisotropy of the ionic conductivity. Nyquist plots
of LLTaO at room temperature are shown in Fig. 3.7. The calculated ionic conductivities
of LLTaO are listed in Table 3.1. The ionic conductivity along the [110] growth direction,
opiio] = 2.8 X107 S-cm’!, was higher than that along [001], o017 = 1.8 x10° S-cm’!, and
the anisotropic parameter was 1.56. The ionic conductivities of double perovskite
tetragonal single crystals of LLTiO [19]; o110y = 1.6 X107 S-cm™ and o70017 = 5.26 x 10*

S-cm! along [110] and [001] and for LLNbO [20]; o100 = 1.2 x 10 S:cm™ and o017 =
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7.4 x 10 S-cm™ along [100] and [001] respectively at room temperature. Hence, Li
mobility perpendicular to the c-axis is higher than that parallel to the c-axis owing to the
crystal structure of LLTiO, LLNbO and LLTaO. Although the Li concentration of 0.086
in the grown crystals is very low, the ionic conductivity of the single crystals is three
times higher than that of polycrystalline LLTaO with x = 0.18 in Table 3.1, which is the

maximum ionic conductivity (¢ =7 x 10" S-cm) in the reported data of LLTaO [18].
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Fig. 3.8. Temperature dependence on ionic conductivity in LLTaO.

The temperature dependence of the ionic conductivity of the grown crystals in the range
of room temperature to 498 K is shown in Fig. 3.8. The plots exhibit a nearly linear
relationship, and the activation energy was determined from the slope of these plots (Fig.
3.8, Table 3.1). The calculated activation energies Eafi10] and Eafoo1] were 0.29 and 0.34
eV, respectively. The activation energies of LLTaO (x = 0.086) grown crystals are much

lower than that of the reported polycrystalline LLTaO (E. = 0.39 eV for x = 0.18) [21].
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This may be related to the crystallinity and the defect density between single crystals and
polycrystals.

Table 3.1. Ionic conductivities at room temperature and activation energies of LLTaO

samples.
Ionic conductivity Activation energy
Sample
o (105 S-em™) E. (eV)
Single crystal [110] 2.8 0.29
Single crystal [001] 1.8 0.34
Polycrystalline LLTaO (x =0.18) 0.53 0.31

The activation energy E, is an important parameter for controlling the Li" mobility in
LLTaO. The double-perovskite tetragonal crystal structure causes the random distribution
of La** in La-poor and La-rich layers, doubling the c-axis of the cell parameter, and tilting
the TaOs octahedra. The double perovskite tetragonal structure of LLTaO is shown in Fig.
3.9. In the crystal structure of LLTaO, Li* and La*" are occupied in La-rich layers, whereas
La-poor layers are fully empty. Although Li" can migrate along the ab-plane and the c-
axis, La-rich layer hinders the migration of Li*. Thus, Li* ions could easily migrate from
one La®" vacancy to another along the ab-plane rather than the c-axis. However, the
bottleneck size influences the Li" migration and activation energy. When the bottleneck
size increases, it causes the decrease of activation energy i.e; increases of Li-ion
conductivity. Therefore, the activation energy along the ab-plane is lower than that along
the c-axis. Deviation of the ionic conductivity from the linear relationship at a high
temperature was observed as shown in Fig. 3.8. The behavior was also reported only for

La in Ro2s5Lig25TaO3 (R = La, Nd, Sm, and Y) [9] and for x = 0.075 ~ 0.30 in La(-
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;3L TaO3 [17]. Furthermore, Li-ion dynamics and activation energy in LLTaO may be

different from those at a lower temperature.

L@ - Q : O : o La-rich layer

La-poor layer
(Empty)

Fig. 3.9. Crystallographic structure of LLTaO.

3.3.4. Electrochemical properties of LLTaO single crystals
To characterize the electrochemical properties of LLTaO, we prepared the UFO cells
using LLTaO single crystals as solid electrolyte. The planes of the crystals were identified
using Laue XRD and two-dimensional XRD images. The crystals were cut perpendicular
(001) and parallel (110) to the growth direction with thickness of about 300 ~ 350 um.
Then the both sides of the samples were polished smoothly very carefully. Because the
samples were easily broken during polishing. Then the Au was sputtered on one side of
the samples. The UFO cells were prepared using NCM 523 cathode material, sputtered
LLTaO ((110) or (001)) as solid electrolyte and Li-metal as anode. The cells were prepared
in vacuum chamber known as glove box. The EIS results and then charge-discharge

properties of the cells were observed as shown in Fig. 3.11. No operation was observed
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may due to the short circuit of the cells. To avoid this problem, we used a separator
between electrodes and electrolyte and then cells were prepared for both samples (110)
and (001). However, no operation was observed as shown in Fig. 3.12. It may due to the
high internal resistance of the cells. Hence, by reduction of cell resistance, it may be
observed the charge-discharge properties of LLTaO solid electrolyte base solid-state Li

ion batteries.

LLTaO samples

Before sputtering Au sputter

Glove Box

Fig. 3.10. Cell preparation for electrochemical properties of LLTaO single
crystals.
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Fig. 3.11. (a) Schematic diagram of cell without separator, (b) EIS results and

(c) charge-discharge results using (i) LLTaO (110) and (ii) LLTaO (001)
samples respectively.
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3.4. Conclusion

Inclusion- and crack-free transparent bulk single crystals of LLTaO were successfully
grown using the TSFZ growth method in a Ta-poor solvent (8% LiTa3Os-poor
composition from LLTaO) in the Ar atmosphere. The grown crystals exhibited black color
due to oxygen deficiency in the growth atmosphere. When the crystals were left overnight
in the air at room temperature, they became colorless and transparent. This phenomenon
suggests that oxygen diffusion is rapid even at room temperature, which is very
interesting not only in the aspect of lithium ion conduction but also in oxygen conduction.
The LLTaO crystals grown using the feeds of x = 0.18 showed a uniform Li concentration
of 0.086 = 0.001, which was lower than that of the feed because of the Li-poor solvent
and Li evaporation during crystal growth. The anisotropic ionic conductivities of the
grown crystals were determined to be oi10] = 2.8 x 10> S-em™ and oj001; = 1.8 x 107
S-cm!. Therefore, the Li* mobility perpendicular to the c-axis is higher than that parallel
to the c-axis, indicating that the LLTaO single crystals oriented parallel to the c-axis are
desirable substrates for producing next-generation solid-state Li-ion batteries. To
characterize the electrochemical properties of LLLTaO, we prepared the UFO cells using
LLTaO single crystals as solid electrolyte. But, no operation was observed may due to the

short circuit or internal high resistance of the cells.
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Chapter 4

Growth of Large-diameter Li<Laa../3NbQOs Single Crystal by the TSFZ

method using a tilting-mirror FZ furnace

4.1. Introduction

In the last decades, rechargeable lithium-ion batteries (LIBs) are widely used as
continuous power sources for portable electronic devices, electric/hybrid electric vehicles,
marine vehicles, autonomous aircraft, smart grids, solar power storage systems, robots
etc. [1-9]. In most of the commercial LIBs, organic liquid electrolytes or polymer-based
electrolytes are used but these possess dendrite formation, leakage, short circuit and
flammability problems. Others some inorganic solid electrolytes such as sulfides, glasses
or oxides may expected as electrolytes for the next generation LIBs. Glasses and sulfides
have high ionic conductivity but these are air exposure and produce environmentally toxic
hydrogen sulfide. In addition, solid sulfides may react with lithium metal and cause short
circuit problem in LIBs [10-15]. Compared to other electrolytes, oxide solid electrolytes
are environmentally safe in use but these possess typically low ionic conductivity. In
addition, grain boundaries and random crystallographic orientation in polycrystalline
oxide solid electrolyte decrease its ionic conductivity. So, research on single crystal of
oxide solid electrolytes is very important for developing the all solid-state LIBs. Single
crystal of solid electrolyte possesses unique properties due to their continuous, uniform
and highly-ordered structure. However, single crystals have no void or grain boundary.
For these, there is also no chance of dendrite formation from cathode to anode and thereby

increase the lifetime and safety issues of LIBs [13, 16-17].
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Fig 4.1. Crystallographic structure of Li,La(1-x3NbOs.

LicLa1-13NbO; (here after called LLNbO) with high ionic conductivity (more than 10
S-cm™) is a candidate of the oxide solid electrolytes for solid-state LIBs application [18-
21]. LLNbO shows anisotropic ionic conductivity due to its double-perovskite crystal
structure in which La** occupied layers and La*>" vacant layers stack alternatively along
the c-axis as shown in Fig 4.1. The polycrystalline LLNbO with lithium concentration x
= 0.10 shows the ionic conductivity of ¢ = 4.7 x10” S-cm’!. However, it was difficult to
find out the anisotropic ionic conductivity of polycrystalline LLNbO due to its grain
boundaries. On the other hand, Y. Fujiwara et.al., investigated the anisotropic ionic
conductivity of LLNbO single crystals grown by directional solidification method for the
first time [19]. But the lithium concentration was not distributed homogenously in the

grown crystal; furthermore, the lithium concentration increases continuously as crystal
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growth proceeds. They investigated the ionic conductivity of LLNbO single crystals with
various lithium concentration of x. They found that LLNbO single crystals with a lithium
concentration of x = 0.08 shows the maximum ionic conductivity (¢ = 3.6x10* S-cm™)
as shown in Fig. 4.2. Recently, in our laboratory, the TSFZ method has been used to grow
homogenous single crystals of LLNbO with a diameter of approximately 6 mm and length
of 35 mm. The structural changes, lithium concentration-dependent ionic conductivity,
activation energy, and lithium concentration distribution of LLNbO were reported. In
addition, the investigation of the Li-ion conductivity of LLNbO single crystals with
different Li concentrations (0.034 to 0.114) has been performed (Fig. 4.3). It was
observed that, when Li concentrations x = 0.1 in LLNbO feeds within the range of 0.05 <
x < 0.15, the grown crystals with Li concentration x ~ 0.07 shows the highest ionic

conductivity [20-21].
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@ (100]
@ [010]
© a [(001]
® P
* 1.0E-04
5
b
= o
|
1.0E-05

003 005 007 009 011 013 0.15
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Fig. 4.2. Anisotropic ionic conductivity along the [100], [010]
and [001] directions of LixLa(1-x3NbOs single crystals [19]
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Fig. 4.3. Anisotropic ionic conductivity along the [100] and [001]
directions of LiyLa-x3NbOj single crystals annealed in oxygen [21].

The phase diagram of LLNbO, solubility limit and distribution coefficient were
investigated for the high-quality grown crystals. LLNbO shows incongruent melting
behavior in LaNbO4 and liquid formation [22]. Travelling solvent floating zone (TSFZ)
is an extensive crystal growth technique for incongruent melting behavior compounds
such as Y3FesO12 and Laz.,SixCuQO4. In TSFZ grows we can grow comparatively large
single crystals without contamination. However, crystals are grown below their melting
temperature which reduces the Li evaporation, nonstoichiometric defects and dislocation
densities during grows [23-26].

Devices and technological applications of all solid-state batteries require the large-
diameter crystals. However, there are no reports of high-quality, inclusion-free large-
diameter single crystals of LLNbO. Therefore, growing of high-quality large diameter

single crystals of LLNbO (x = 0.1) is so crucial and very appealing for all solid-state
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battery application. Hence, we focused here to grow large diameter single crystals growth
of LLNbO with LLNbO (x = 0.1) feed composition.

Recently, M. S. Ali et. al. [27] investigated the different conditions to grow the large
diameter single crystals of LLNbO. They investigated that in heating zone area, lower
temperature gradient in the upper portion caused smooth grown crystal in tilting-mirror
furnace than that of conventional FZ furnace. They also investigated that the solid-liquid
interface behavior for both furnaces. They optimized that the interface in the feed side for
the conventional FZ furnace showed concave in shape whereas for tilting-mirror FZ
furnace, the interface of the feed side was convex in shape and the convexity was larger
with tilting-mirror angle & = 10°. The large convexity was effective on crystal growth
process and reduced the bobbles from molten zone easily during crystal growth process.
In the present study, crack- and inclusion-free, high-quality large-diameter single crystals
of LLNbO (x = 0.1) have been grown using a tilting-mirror FZ furnace. Different
conditions were imposed to determine the optimum growth conditions for high-quality
single crystals. Furthermore, the mirror tilting effect on the large diameter single crystals

growth of LLNDbO has been investigated.

4. 2. Experimental Procedure

Li,CO3 (Rare Metallic Co., Ltd. 99.9%), LaxO3 (Rare Metallic Co., Ltd. 99.9%) and
Nb20s (Rare Metallic Co., Ltd. 99.9%) was used as starting raw materials, weighed to
achieved a LLNbO (x = 0.10) stoichiometric composition and then mixed with ethanol.
The mixed powder was dried and then calcined at 800 °C for 2 h in air atmosphere. The
calcined powder was ground, grinded and again calcined at 1100 °C for 24 h in air

atmosphere. The resulting powder was ground and grinded and then used for feed rod
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preparation. The feed rods of approximately 11 mm in diameter and 50 mm in length were
prepared by rubber pressing method under a hydrostatic pressure of 300 MPa and then
sintered at 1150 “C to 1300 °C for 5 h in air or Ar atmosphere. Solvent of Li-rich (x =
0.185) and 10 mol% LaNbOs-poor compositions relative to the stoichiometric

composition of the LLNbO (x = 0.10) feeds was used for supporting the TSFZ growth.
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LLN
0.4 LiNbO;

]_.Cl.\T bO_ :
0.6

0.8

1.0
0.0 ~’

La;03 10 08 06 04 02 00 LiO

Fig. 4.4. Precipitated phases in La203-Li20-Nb2Os system [22].

In Fig. 4.4, La;03-Li20-Nb20Os system phase diagram shows the incongruent-melting
behavior of LLNbO [22]. LLNbO melts incongruently with LaNbO4 and a liquid.
Furthermore, the distribution coefficient of Li into the LLNbO solid solution was 0.54
which is than lower unity [20, 22]. Hence, solvent of Li-rich and 10 mol% LaNbO4-poor
composition relative to the stoichiometric composition of LLNbO feed composition was

effective on not only the increase of Li concentration but also the suppression of LaNbO4
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phase in the LLNbO single crystals [20]. The solvent was prepared as the same procedure
for feed rod preparation. About 1.2 g of solvent disk was used at the top of the feed rod
of 11 mm in diameter.

The crystal growth was performed in an optical FZ machine (Crystal Systems Inc., model
FZ-T-4000-H) and an image furnace with tilted mirrors (Crystal System Inc., model
TLFZ-4000-H-VPO) with four 300 W halogen lamps. Schematic illustration of
conventional and tilting-mirror FZ furnaces are shown in Fig. 4.5. In conventional FZ
furnace, the mirror and heating lamps are aligned in the same horizontal plane. Besides,
in tilting-mirror FZ furnace, the mirror and heating lamps are tilted from 0° to 20° by a
motor drive control [28]. It was reported that the tilting angle € of 10° is the best condition
for crystal growth of LiCoOz [29] and large diameter LLNbO [27]. Hence, crystals growth
of LLNbO was carried out at 0° - 10° to clarify the tilting angle effects as compared with

conventional FZ furnace.
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Fig. 4.5. Schematic illustration of (a) conventional FZ furnace and (b) tilting-
mirror FZ furnace.
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The growth rate was 5 mm/h with Ar (200 mL/min) atmosphere. Feed and seed rotation
rates were 10 rpm and 30 rpm with opposite directions respectively. The grown crystals
were then annealed with an O, atmosphere (50 mL/min) at 1000 °C for 24 h. The
orientation of the seed and grown crystals was confirmed by the back-reflection Laue
XRD (Rigaku Corp.) and two-dimensional XRD (Bruker Corp., model Discover D8 with
a 2D detector). The crystal structure of the grown crystals was identified by X-ray
diffraction method (XRD, Bruker Discover D8 with a 2D detector). XRD measurements
were performed on cross-sections perpendicular to the growth direction of the O»-
annealed crystals without powdering. The identification of inclusion and composition of
the grown crystals were analyzed by a scanning electron microscopy (SEM; Hitachi High-
Tech, model TM-3030) with energy-dispersive X-ray spectroscopy (EDS; Bruker Corp.,
model Quantax70) and an electron probe microanalyzer (EPMA; JEOL Ltd., model JXA-
iHP200F). The annealed crystals were cut and polished to a mirror surface, and then
coated with carbon for SEM and EPMA analyses. The concentrations of La and Nb in the
grown crystals were analyzed by EPMA quantitative analysis using the single crystals of
LaNbOs as a standard sample. The Li concentration x in LLNbO crystals was calculated

from the LixLa(1.x3NbO3 formula using the analytical values of La and Nb.

4.3. Results and Discussion

To grow high-quality large diameter single crystals of LLNbO, the optimum growth
conditions were clarified. In the previous research work in our laboratory, it was reported
that crack- and inclusion-free single crystals of LLNbO with 6 mm in diameter were
grown using the solvent of Li-rich (x = 0.185) and 10 mol% LaNbO4-poor compositions

relative to the stoichiometric composition of the feed rods in TSFZ method [20]. Hence,
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the large-diameter crystals of LLNbO were grown using the solvent of Li-rich (x = 0.185)
and 10 mol% LaNbOs-poor compositions relative to the stoichiometric composition of
the feed rods. In these cases, we have used 1.2 gm solvent disk for approximatelyll mm
of feed rods. At first, we have tried to grow large-diameter single crystals of LLNbO using
the conventional FZ furnace, however no crack-free crystals were observed. During
crystal growth process, some small bubbles were formed and then coalesce into a larger
one in the molten zone as shown in Fig. 4.6. When the large bubble was disappeared from
the molten zone, then the molten zone became thin. For these, it was needed to move
down the upper shaft very quickly otherwise melt was dropped very easily. However,
contact problem occurred between feed rod and grown crystal in the molten zone during
crystal growth process. As a result, the as-grown crystals contain many cracks. Also, the
surface of the grown crystals was very rough (as shown in Fig. 4.7). The origin of bubble
formation may be due to excess oxygen by reduction of Nb>* in LLNbO feeds at a high
temperature and air remaining in the porous feeds. Sintering at high temperatures
(1300 °C) generally improves the sintering density of feed rods which reduced the
bubbles problem from the molten zone during crystal growth process. However, Li was
evaporated from the feed rods during at high sintering temperature. As a result, no cracks-
free crystal was obtained using high sintering temperature. Fig. 4.7 shows the
photographs of as-grown crystal and crystal annealed in an O atmosphere. The as-grown
crystals exhibited black color and turned colorless and transparent after being annealed at
1000 °C for 24 h in an Oz atmosphere. The as-grown crystals have oxygen deficiency and
partial reduction of Nb>* to Nb*" by growth in Ar atmosphere. The oxygen deficiency and
Nb*" ions in Nb sites were suppressed by annealing in O> atmosphere. However, we

changed the sintering atmosphere from air to Ar for bubbles reduction.
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Fig. 4.6. Molten zone during crystal growth process using (a) conventional FZ furnace
(b) tilting-mirror FZ furnace with 8 = 0° and (C) tilting-mirror FZ furnace with 6 = 10°.

Unfortunately, same bubbles problems were occurred during crystal growth process. It
was also reported that the growth atmosphere for Ar flow was strongly effective on
reduction of bubble formation in the molten zone during TSFZ growth of LLNbO single
crystals with 6 mm in diameter [20]. However, in the case of large-diameter single crystals
of LLNbO, the bubble behavior in the molten zone was significantly influence on stability
of the molten zone during TSFZ crystal growth process using the conventional FZ furnace
even though under the optimum growth conditions in ref. 20. For the crystal growth using
the conventional FZ furnace, the crystals shape was not uniform, and also the crystal

contains many cracks. Cracking in the grown crystals is strongly related with instability
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of the molten zone due to bubble behavior as well as contact problem in the molten zone
during crystal growth process or Li-evaporation from feed rods during high temperature

sintering.
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Fig. 4.7. The as grown crystals of LLNbO using conventional FZ furnace (a)
before annealing and (b) after annealing at O> atmosphere at 1000 °C for 24 h.
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Fig. 4.8. The as grown crystals of LLNbO using tilting-mirror FZ furnace (a)
before annealing and (b) after annealing at O> atmosphere at 1000 °C for 24 h.

Therefore, to overcome the bubbles problem from molten zone during crystal growth
process or Li-evaporation from feed rods during sintering, we tried to change the heating
situation and the solid-liquid interface shape by using a tilting-mirror FZ furnace in order
to remove bubbles from the molten zone. In the case of the tilting-mirror FZ furnace with
tilting angle of 8 = 0°, some bubbles comparatively small in size were observed in the

molten zone during crystals growth process. In addition, contact problem occurred
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between feed rod and grown crystal in the molten zone during crystal growth process. As
a result, molten zone was not stable for long time. On the other hand, when we changed
to the tilting angle of 8 = 10° from € = 0°, the molten zone height was larger than that of
0= 0° (Fig. 4.6). However, bubbles were also observed in the molten zone during crystal
growth process. But the bubbles size was very small and removed easily from the molten
zone may due to the high convexity in the feed-melt interface. Hence, bubble behavior
was no effect on the grown crystal. In addition, no contact problem was occurred in this
case. Hence, the molten zone was stable for a long time and the obtained grown crystals
is almost cracks-free as shown in Fig. 4.8. The size of the grown crystals is about 30 mm
in length and 9 mm in diameter. The growth direction of the grown crystals was

determined to be [100] using the back-reflection Laue XRD and two-dimensional XRD.
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Fig. 4.9. XRD pattern of grown crystals.

Fig. 4.9 shows XRD pattern of the grown crystals. This XRD pattern is consistent with

the previous reported data [18]. In particular, the (001) peak, which has about twice the
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face spacing of (100) and (010), was observed, thereby confirming a double-perovskite

structure.

High |
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Fig. 4.10. Nb, La X-ray intensity distribution analyzed by EPMA.

The grown crystals of LLNbO were confirmed to be single crystals using EPMA analysis.
Fig. 4.10 shows the composition distribution in the middle part parallel to the growth
direction of the grown crystal. No inclusions were found in the grown crystal. Many black
spots in Fig. 4.10 may be due to the voids in grown crystals or dust on the surface of the
polished sample. The distribution of Nb and La shows the homogeneity of the LLNbO
grown crystals. Also, the calculated values of La/Nb atomic ratio and Li concentration x
are shown in Table 4.1. This table shows that the grown crystals using conventional FZ
furnace contain low Li concentration than that of the grown crystals using tilting-mirror
FZ furnace. However, the grown crystals using the tilting-mirror FZ furnace contain
almost same Li concentration with both 8 = 0° and # = 10° mirror tilt angles. The Li
concentration in the grown crystals is related with the required lamp power and Li

evaporation from the molten zone during crystal growth. For crystal growth using the
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conventional FZ furnace, higher lamp power was required. On the other hand, lower lamp
power (almost same for both conditions, # = 0° and 8 = 10°) was required during crystal
growth using the tilting-mirror FZ furnace. Hence, comparatively higher amount of Li
was evaporated during crystal growth process using the conventional FZ furnace than that
of tilting-mirror FZ furnace. This was also confirmed by the amount of deposition of
lithium compound inside the quartz tube during crystal growth process. Finally, we have
confirmed that high-quality LLNbO single crystals with a diameter around 9 mm can be

grown with good reproducibility using the tilting mirror FZ furnace at the tilting angle 6

=10°.
Table 4.1 Atomic concentration of LLNbO grown crystals
Tilting-mirror FZ furnace
FZ furnace
(0=10°) (6=10°
La/Nb atomic ratio  0.309+0.001  0.308+0.001 0.308+0.001
Li concentration x 0.071£0.004  0.075%+0.002 0.075+0.003

4.4. Conclusion

Large diameter single crystals of LLNbO has been grown under different conditions with
Li-rich and 10%LaNbOs-poor solvents using the TSFZ method. In conventional FZ
furnace, the as-grown crystals contain many cracks due to high Li-evaporation and large
bubbles in molten zone during crystal growth process. On the other hand, high-quality,
homogeneous, and crack- and inclusion-free single crystals were grown using tilting-
mirror FZ furnace with 10° tilted mirror condition. The as-grown crystals using tilting-
mirror FZ furnace contain high Li concentration. Hence, low amount of Li was evaporated

during crystal growth process using tilting-mirror FZ furnace than that of the conventional
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FZ furnace. In addition, the reduction of bubbles from molten zone during crystal growth
process using tilting-mirror FZ furnace with 10° tilted mirror angle is also effective to
grow crack-free single crystals. Besides, the reduction of bubbles from molten zone
during crystal growth process was observed with high sintering temperature but no crack-
free crystals were obtained due to high Li evaporation during sintering. Hence,
reproducible high-quality, homogeneous, and crack- and inclusion-free single crystals has
been successfully grown using tilting-mirror FZ furnace with 10° tilted mirror condition.
We hope that, the large-diameter single crystals of LLNbO may be applicable as a solid
electrolyte for all solid-state Li-ion batteries. We are planning to use our grown LLNbO

crystals in solid-state Li-ion batteries.
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Chapter 5

Social impact and business potential of my research

5.1. Social impact and business potential of my research

My present research is directly related to social feasibility, industrial application and
contribution to the global economy. Since, the uses of rechargeable lithium-ion batteries
(LIBs) as continuous power sources are increased day by day due to their various
application sectors including portable electronic devices, electric/hybrid electric vehicles,
marine vehicles, autonomous aircraft, smart grids, solar power storage systems, robots
etc. [1-9]. For example, the expected global annual demand of LIBs for electric mobility
applications is to increase from 10 GWh in 2015 to almost 1300 GWh in 2030 [10]. In
addition, the global battery demand from 2020 to 2030 for transportation, stationary and

consumer electronics are shown graphically in Fig. 5.1.

Battery Demand in GWh

2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030
Year

® Transportation @ Stationary Consumer electronics

Fig. 5.1. Global battery demand from 2020 to 2030, by application [11].
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So, high performing LIBs is very important for the next generation. In most of the
commercial LIBs, organic liquid electrolytes or polymer-based electrolytes are used. The
ionic conductivity of the organic electrolytes is high about (102 S cm ') which ensures
the rapid ion movements, good battery performances, and decent rate performances of
LIBs. But organic or polymer electrolytes may possess dendrite formation, leakage, short
circuit and flammability problems in LIBs. For example, in 2013 a Japan airline 787
Dreamliner’s cargo and in 2016 Samsung’s Galaxy note 7 catching on fire [12-14]. This
firing problems might be occurred due to dendrite problems from anode to cathode which
caused short circuit in LIBs. To overcome these issues, it is urgent needed to replace the
liquid electrolytes by solid electrolyte for all solid-state LIBs [15]. Now a days, research
on inorganic solid electrolytes have attracted enormous attention for developing all solid-
state LIBs due to their various advantages including absolute safety, no issues of leakages
of toxic organic solvents, low flammability, non-volatility and higher cyclability [16]. For
example, more than 20 world largest companies including Toyota, Toshiba, Honda, BMW,
Nissan, Fisker, Panasonic, Samsung, CATL and so on are involved for developing the
solid-state LIBs [17].

However, polymer based solid electrolytes or poly crystalline solid electrolytes contain
grain boundary which may causes dendrite formation from anode to cathode and then
create short circuits between electrodes in LIBs [16,18-21]. On the other hand, some
inorganic solid electrolytes such as sulfides, glasses or oxides may expected as
electrolytes for the next generation LIBs. Glasses and sulfides have high ionic
conductivity but these are air exposure and produce environmentally toxic hydrogen
sulfide. In addition, solid sulfides may react with lithium metal anode and cause short

circuit problem in LIBs [22-27]. Compared to other electrolytes, oxide based single
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crystals of solid electrolytes are environmentally safe in use but these possess typically
low ionic conductivity. In single crystals of solid electrolyte, here is no grain boundary.
Hence, the there is no chance of dendrite formation from anode to cathode through single
crystals of solid electrolytes in solid-state LIBs. In addition, single crystal of solid
electrolyte with layered structure possess the anisotropic ionic conductivity. So, high
anisotropic Li-ion conducting single crystal of solid electrolyte will increase the
performance, lifetime and safety issues of all solid-state LIBs.

In order to meet the demand for solid-state LIBs over the next generations, new materials
for single crystals of solid electrolytes must be introduced. Researchers are attempting to
use single crystals of solid electrolytes in solid-state LIBs. However, investigation of solid
electrolytes with high ionic conductivity, environmentally safe in use, and low in cost is
quite difficult for the researchers. My present research is closely related to future
development of all solid-state LIBs. This research significantly influences both industrial
applications and social developments. I hope that my investigation results on the solid
electrolytes may have a significant impact on the worldwide technology revolution for

the next generations LIBs.
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Chapter 6

Summary and prospects of my research

6.1. Summary

Unwanted climate change and environmental degradation is one of the greatest challenges
to humankind. Lithium-ion battery (LIB) plays an important role in the demand for green
and sustainable energy. But some issues arise in the present LIBs including firing and
explosion problems. These problems may be causes due to dendrite formation from anode
to cathode through liquid or polymer electrolytes which causes short circuit in LIBs.
Researcher are trying to overcome these problems. Replacement of liquid or polymer
electrolytes by other suitable electrolyte to solve these problems is big challenges for the
researchers. Some inorganic solid electrolytes such as sulfides, glasses or oxides may
expected as electrolytes for the next generation LIBs. Glasses and sulfides have high ionic
conductivity but these are air exposure and produce environmentally toxic hydrogen
sulfide. However, solid sulfides may react with lithium metal and cause short circuit
problem in LIBs. In addition, poly crystalline solid electrolytes contain grain boundary
which may causes dendrite formation. In contrast, single crystal of oxide solid electrolytes
with layered structure possess the anisotropic ionic conductivity, and also there is no
chance of dendrite formation. So, high anisotropic Li-ion conducting single crystal of
solid electrolyte will increase the performance, lifetime and safety issues of all solid-state
LIBs.

LisLar3-4TiO3 (LLTiO) with double-perovskite structure has high ionic conductivity (10
3 S-cm! at room temperature). However, Ti*" can be easily reduced by Li-metal anodes,

producing Ti** in higher-capacity LIBs. In contrast, Nb>* and Ta>" is resistant to reduction
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by Li-metal anode. Therefore, LicLa(1-x3TaO3; (LLTaO) and Li:Lai-x3NbO3 (LLNbO)
with a double-perovskite structure is a desirable solid electrolyte candidate for
investigating high-capacity LIBs. In this study, we have grown LLTaO and LLNbO single
crystals using traveling solvent floating zone (TSFZ) method. Then we have characterized
the grown crystals.

This dissertation is consisted of six chapters. The summary is as follows:

In Cﬁapter 1, | have described about LIBs and why we need solid-state LIBs. Then I
have described solid electrolytes and its classification. Finally, I have described my
purpose of research.

In Cﬁa]?te?' 2,  have described the methodology of this research. Here, I have described
the crystal growth techniques and instruments. Then I have described the characterization
techniques of the grown crystals.

In Cﬁapter 3, I have discussed about the single crystal growth of Li.Laq-x3TaOs3
(LLTaO) with lithium concentration x = 0.18 due to its high ionic conductivity. At first,
we have tried to grow single crystals of LLTaO using FZ method. Due to incongruent
melting behavior of LLTaO, no inclusion free single crystals were found in FZ method.
Inclusion- and crack-free transparent bulk single crystals of LLTaO were successfully
grown using the TSFZ growth method in a Ta-poor solvent (8% LiTa3Og-poor
composition from LLTaO) in the Ar atmosphere. The grown crystals exhibited black color
due to oxygen deficiency in the growth atmosphere. When the crystals were left overnight
in the air at room temperature, they became colorless and transparent. This phenomenon
suggests that oxygen diffusion is rapid even at room temperature, which is very
interesting not only in the aspect of lithium ion conduction but also in oxygen conduction.

The LLTaO crystals grown using the feeds of x = 0.18 showed a uniform Li concentration
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of 0.086 £ 0.001, which was lower than that of the feed because of the Li-poor solvent
and Li evaporation during crystal growth. The anisotropic ionic conductivities of the
grown crystals were determined to be oy110) = 2.8 x 10° S-cm™ and o001 = 1.8 x 107
S-cm!. Therefore, the Li* mobility perpendicular to the c-axis is higher than that parallel
to the c-axis, indicating that the LLTaO single crystals oriented parallel to the c-axis are
desirable substrates for producing next-generation solid-state Li-ion batteries. To
characterize the electrochemical properties of LLTaO, we prepared the UFO cells using
LLTaO single crystals as solid electrolyte. But no operation was observed may due to the
short circuit or internal high resistance of the cells.

In Cfmpter 4, 1 have discussed about the large diameter single crystal growth of
LiLa(1-x3NbO3 (LLNbO) with lithium concentration x = 0.10 due to its high ionic
conductivity. Large diameters single crystals of LLNbO has been grown under different
conditions with Li-rich and 10%LaNbOs-poor solvents using the TSFZ method. In
conventional FZ furnace, the as-grown crystals contain many cracks due to high Li-
evaporation and large bubbles in molten zone during crystal growth process. On the other
hand, high-quality, homogeneous, and crack- and inclusion-free single crystals were
grown using tilting-mirror FZ furnace with 10° tilted mirror condition. The as-grown
crystals using tilting-mirror FZ furnace contain high Li concentration. Hence, low amount
of Li was evaporated during crystal growth process using tilting-mirror FZ furnace than
that of the conventional FZ furnace. In addition, the reduction of bubbles from molten
zone during crystal growth process using tilting-mirror FZ furnace with 10° tilted mirror
angle is also effective to grow crack-free single crystals. Besides, the reduction of bubbles
from molten zone during crystal growth process was observed with high sintering

temperature but no crack-free crystals were obtained due to high Li evaporation during
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sintering. Hence, reproducible high-quality, homogeneous, and crack- and inclusion-free
single crystals has been successfully grown using tilting-mirror FZ furnace with 10° tilted
mirror condition. We hope that, the large-diameter single crystals of LLNbO may be
applicable as a solid electrolyte for all solid-state Li-ion batteries. We are planning to use
our grown LLNbO crystals in solid-state Li-ion batteries.

In Cﬁa])ter 5, I have explained the social impact and business potential of my research.

In Cﬁapter 6, I have summarized and described the prospects of my research.

6.2. Prospects

Lithium-ion batteries (LIBs) are widely used as continuous power sources for portable
electronic devices, electric/hybrid electric vehicles, marine vehicles, autonomous aircraft,
smart grids, solar power storage systems, robots etc. So, developments of LIBs have
become a hot spot in the research area for next generation energy storage devices. Single
crystals of double-perovskite oxide solid electrolytes have received tremendous attention
over the liquid electrolytes or others solid electrolytes due to their various advantages
including high anisotropic ionic conductivity, no grain boundary, no dislocation of atoms,
excellent mechanical stability and higher energy density. Hence, there is no chance of
overheating and dendrite formations in LIBs by replacing single crystals of solid
electrolytes instead of organic liquid or polymer based solid electrolyte or polycrystalline
solid electrolyte. In this research work, we have study on single crystals of double-
perovskite LicLa(1-v3TaO3 (LLTaO) and Li,La(1-v3NbO3 (LLNbO). We have successfully
grown these single crystals using TSFZ method. We have investigated the anisotropic
ionic conductivity of LLTaO single crystals. We have also grown the large diameter single

crystals of LLNbO for LIBs applications. We hope that these investigation results may
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present a new opportunity for the researcher to utilize single crystals of solid electrolyte

for all solid-state LIBs.
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