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Abstract Recent advancements of garnet-type lithium ion conducting oxide mate-
rials such as Li;La3;Zr,O1, and its chemical derivative Ligsla3Zr;sTags0;, are
reviewed. A relationship between chemical composition and conductivity is revealed
in the Li;_,LasZr, ,Ta, Oy, solid solution system. Small single-crystal samples
were synthesized by a flux method so as to demonstrate the structural prop-
erties of Al-doped Li;La3;Zr,O1,. We also grew large single-crystal samples of
LigsLasZr; 5Tag501, by floating zone melting method and determined the precise
crystal structure using single-crystal neutron diffraction data. The lithium ion conduc-
tive properties were investigated by electrochemical measurement and NMR spec-
troscopy using single-crystal specimens. Novel low-temperature synthetic tech-
niques so as to produce tetragonal Li;LaszZr,O, and cubic LigsLazZr;sTagsOq,
fine powders were developed.

Keywords Garnet - Crystal structure * Crystal growth * Flux method - Floating
zone melting method

1 Introduction

All-solid-state Li-ion batteries (LIB) using solid electrolyte attract attention as next-
generation batteries without flammable organic liquid electrolytes since the Li-ion
batteries require improved safety and high energy density [1-3]. Because the char-
acteristics of the solid electrolyte largely dominate the battery performance, many
researchers have performed efforts to explore the excellent lithium ion conductors
for the development of all-solid-state batteries. The solid electrolyte for all-solid-
state LIB requires high lithium ion conductivity, high density, chemical stability,
and electrochemical wide potential windows. Among the various kinds of solid
electrolytes, oxide-based solid electrolytes show high chemical stability. Thus, a
variety of oxide-based solid electrolytes showing good lithium ion conductivity
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have been investigated, including the NASICON-type Lij+ Al Tio_(POy4); [4],
LISICON-type Liy;s,Zn;_,GeOy [5], perovskite-type Lay;s_,Lis TiO3 [6], garnet-
type LisLa3Zr,Oy; [7], and glassy solid electrolyte materials such as in the Li3BOs-
LisSiO4 system. Among them, the garnet-type Li;La3Zr,O1, and its chemical deriva-
tives are one of the most promising candidates because of its excellent comprehen-
sively electrochemical performance including the electrochemical stability against
lithium metal [7]. In addition, the bulk lithium ion conductivity of the Ga-doped
LisLa3Zr,O;, was reported to be ~1073 S cm™! at room temperature, the value of
which is highest among the oxide-based materials [8].

In this chapter, we review the crystal structural properties of two kinds of cubic
forms and tetragonal form for Li;yLa3Zr, 01, from a viewpoint of lithium ion arrange-
ment. In addition, a relationship between the crystal structure and electrochemical
properties in the solid solution system Li;_,LasZr,_,Ta, O, by using polycrys-
talline samples prepared by solid-state reaction is discussed. The conductive prop-
erties for the three kinds of LigsLasM; 5Tags501> (M: Zr, Hf, Sn) are demonstrated.
Small single-crystal samples were synthesized by a flux method so as to demon-
strate the structural properties of Al-doped Li;La3zZr,Oy;. In addition, large single-
crystal samples of LigsLa3Zr; 5TagsO;, were recently grown by the floating zone
melting method, and the precise crystal structure was revealed using single-crystal
neutron diffraction data. The lithium ion conductive properties were investigated by
electrochemical and NMR spectroscopy using the single-crystal specimens. Finally,
novel low-temperature synthetic techniques so as to produce the Li;La3Zr,O, and
LigsLasZr; 5Tag 501, fine powders are reviewed.

2 Crystal Structure of Garnet-Type Lithium Ion
Conducting Oxides

The crystal structure of Li;La3;Zr, 01, at room temperature belongs to the tetragonal
symmetry, space group /4;/acd [9]. On the other hand, the cubic symmetry is stable
only above 600 °C [10]. The high-temperature cubic garnet structure stabilizes by
the substitution of Al and Ga at the Li sites, and/or by the substitution of Nb and Ta
at the Zr site. Because crystal structural details such as Li-Li distance, Li—O poly-
hedral volume, and Li arrangement together with defect content are very important
indicators to reveal the good Li-ion conduction mechanism in Li;La3Zr,O, and its
derivatives, we mention here the crystal structure of cubic Al-doped LiyLa3Zr, 01, in
comparison with the tetragonal structure, because the Li-ion conductivity of tetrag-
onal Li;LasZr, 01, is lower by two orders of magnitude than that of cubic Al-doped
Li7La3Zr2012.

In both cubic and tetragonal structures [9, 11], the garnet framework structure
is composed of dodecahedral LaOg and octahedral ZrOg. On the other hand, the Li
atoms occupy two types of crystallographic sites in the interstices of the framework
structure in the cubic phase. As shown in Fig. 1, the Lil and Li2 atoms are located
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Fig. 1 a Crystal structure of
cubic Li;LazZr,Oq».

b Coordination polyhedra
around the Lil and Li2 sites
in cubic LizLa3Zr, Oy [11]

in the tetrahedral 24d site and distorted octahedral 96/ site, respectively. The Li2
site is vacant in the ideal garnet structure such as in yttrium iron garnet YsFesO;
(YIG). Because the Li2 atom is situated at two equivalent positions in the distorted
octahedron as a positional disorder in the lithium distribution, the local coordination
environment of the Li2 atom may be considered to be near fourfold LiO4 coordi-
nation. The disordering and partial occupation of the Li atoms at the Li2 site were
reported as a key role of Li-ion conduction in cubic Al-doped Li;LazZr,Oy, [11].

From a structural viewpoint, the Li-ion migration pathway should correspond to
the Li atomic arrangement in the structure. As shown in Fig. 1, cubic Li;LasZr,O;
shows the complicated Li atomic arrangement in the interstices of the garnet-type
framework structure. However, by focusing attention only on the Li atoms in the
structure, the basic unit of the arrangement can be simply drawn as a loop constructed
by the Lil and Li2 sites (Fig. 2). This loop links to another one, where only the Lil
site is shared by two loops as a junction, and a three-dimensional network of the
Li-ion migration pathway is formed in the structure, as shown in Fig. 3.

In the loop structure, the tetrahedral LilO4 and distorted octahedral Li;O¢ share
with the face, which results in the very short Li—Li distance in this migration pathway
(Fig. 1). This is a significant feature of the cubic garnet-type Li-ion conductors
and may be related to the good Li-ion conductive properties compared to the other
compounds.
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Fig. 2 The loop structures
constructed by Li
arrangement in a cubic and
b tetragonal Li;LazZr, 017
[11]

Fig. 3 Three-dimensional
network structure of Li
arrangement in cubic
LiyLazZry 017 [11]
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In the case of Ga-doped LiyLa3;Zr,0,, the Ga occupation in the loop structure
causes lowering the cubic symmetry from la-3d to I-43d and changes the Li arrange-
ment (Fig. 4) [8]. Unfortunately, the origin for high Li-ion conductivity in Ga-doped
Li;La3Zr,O1; has not been revealed yet.

On the other hand, tetragonal Li;La3Zr,O,, shows a complete ordering of the Li
atoms [9]. Namely, tetragonal Li;Las;Zr,O1;, has two tetrahedral sites (Lil site and
vacancy), and two distorted octahedral sites (Li2 and Li3 sites) in the loop structure
(Fig. 2). The Lil, Li2, and Li3 sites are fully occupied by the Li atoms. Accordingly,
the Li-Li distances over 2.5 A are longer than those in a cubic structure.

a) SG: Ja-3d no. 230 C) SG: I-43d no. 220

Fig. 4 a Crystal structure of cubic Al-doped Li;La3ZryO1, with space group la-3d. The corre-
sponding Li-ion diffusion pathway is shown in (b). ¢ Crystal structure of cubic Ga-doped
LizLa3Zr,O1, with space group /4-3d. The corresponding Li-ion diffusion pathway is shown in

(@) [8]
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3 Synthesis of Polycrystalline Liy_yLa3Zr;_xTa,Oq2
by Solid-State Reaction

In order to increase the Li-ion conductivity of the garnet-type Li;La3Zr,0;, a large
number of studies on the chemical substitution using various cation species have
been reported. Among them, Li;_,La3Zr,_,Ta,O;, with the cubic garnet-related-type
structure shows the highest Li-ion conductivity (~ 107 S cm at 300 K) [12—14]. For
this reason, the chemical and structural properties of Li;_,La3Zr,_,Ta, O, have been
widely investigated in the literature. However, it is difficult to prepare high-quality
Li;_.LasZr,_,Ta, O, samples because aluminum is easily contaminated from the
crucible material during the high-temperature heating. Recently, the garnet-type Al-
free Li;_,LasZr,_,Ta, O, samples were synthesized by some research groups [15,
16]. For example, Wang et al. reported the existence of two phases of tetragonal
and cubic structures in the compositional range of 0.1 < x < 0.4 for the Al-free
Li;_.LasZr,_,Ta,Oj, samples [16]. However, the effect of only Ta substitution on
the structural property and the Li-ion conductivity has not been clarified yet.

Recently, the garnet-type Al-free Li;_,LasZr,_,Ta, 01, (0 < x < 0.6) samples
were synthesized by the conventional solid-state synthesis method under Al-free
conditions [17]. In addition, the influence of Ta substitution on the crystal phase
formation and the Li-ion conductive properties was demonstrated [17]. The starting
materials used were Li,COj3, La,03, ZrO,, and Ta,Os5 in this method. An excess Li
source was added to compensate for the volatilization of lithium during the high-
temperature calcination. These materials were mixed by ball milling and calcined at
1127 K in air. Then, the pressed pellets were sintered at 1373 K in the air using YSZ
crucibles. At the sintering step, the pellets were covered with the mother powder of
the same composition to prevent the Li loss.

Figure 5 shows the lattice parameters of the Li;_,La3Zr,_,Ta, 01, (0 < x <0.6)
samples. The XRD patterns for Li;LazZr,O;, (x = 0) and Lig4LaszZr; 4Tag 012
(x = 0.6) samples were assigned to be single phases of tetragonal (space group:
14/acd) and cubic (space group: la-3d) structures, respectively. On the other hand,
the intermediate compositional samples of Li;_,La3Zr,_,Ta,O; (0.2 < x < 0.5)
showed a coexistence of both the tetragonal and cubic phases.

All of the Al-free Li;_,LasiZr,_,TayO;; (0 < x < 0.6) samples exhibit
relatively high conductivity of ~ 10™* S cm™! at room temperature, and the
LigsLasZr; 5TagsOp2 (x = 0.5) sample shows the highest Li-ion conductivity of
8.4 x 107* S cm™' at room temperature. In order to clarify the relationship between
the Li-ion conductivity and the Li-ion arrangement, the crystal structure analysis
of Li;_,La3Zr,_,Ta,O; (0 < x < 0.6) was performed by Rietveld analysis using
powder X-ray diffraction data. Figure 6 shows the loop structure of the Li arrange-
ment for thex = 0.2 and x = 0.5 samples. The Li2 atom at 96/ site is gradually shifted
together with increasing Ta-content from x = 0.2 to 0.5, resulting in the shorter Li-Li
distance in the loop structure of the cubic garnet-type framework structure. Accord-
ingly, the optimum Li arrangement in the loop structure can be established in the x
= 0.5 composition from a viewpoint of Li conductivity [17].
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Fig. 5 Lattice parameters of the Al-free Li7_yLa3Zry_,Ta,O12 (0 < x < 0.6) samples [17]

Li(1)-Li(2)=1.732) A

Li(1) - Li(2) = 1.50(6) A

a)x=02 b)x=0.5

Fig. 6 The coordination polyhedral around Li sites for Li;_,La3Zr,_,Ta,O1, with ax = 0.2 and
b x = 0.5 samples [17]

4 Synthesis of Polycrystalline Lig sLazM{s5Tags012 (M: Zr,
Hf, Sn) by Solid-State Reaction

Tantalum is one of the most effective dopants for the garnet-type oxide, and the
optimum Ta-content is nearly 0.5 per unit formula, as previously demonstrated in
Ref. [17]. Therefore, we focused on the Ta-content of 0.5 for garnet-type oxide having
the cubic structure. It is well known that Li;La3;Sn, Oy, [18] and Li;LasHf,04, [19]
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also belong to the tetragonal structure such as Li;La;Zr,O;,. However, the opti-
mized dopant for Li;La3zSn,O, and Li;LazHf,0;, have not been examined yet
including the amount of substitution. It can be expected that the Li-ion conductivity
of Li;La3Sn,Oy; and Li;LazHf, Oy, is also improved by Ta substitution for Sn and/or
Hf site. Furthermore, the chemical stability of garnet-related-type Li;LasM O, (M:
Zr, Hf, Sn) to carbonate and hydroxide was recently reported by first-principle calcu-
lation using DFT calculation [20]. Kang et al. reported that Li;La;Sn,O;, showed
higher chemical stability than the other two materials [20]. Therefore, Li;LazSn, Oy,
could be expected for solid electrolyte as all-solid-state Li-ion batteries. However,
Li-ion conductive properties and crystal structure parameters of Li;La3Sn, O, which
has a cubic system by cation substitution have not been clarified yet.

Recently, the garnet-type oxide LigsLasHf; sTagsOj, and LigsLaszSn; 5Tag501,
samples were prepared by conventional solid-state reaction method using HfO,
and SnO, as starting materials according to the reported procedure as previously
described in Ref. [21]. Figure 7 shows the powder X-ray diffraction patterns
of L16_5La3Hf1,5Tao,5012 and Li6,5La3Sn1_5Ta0_5012. All diffraction peaks can be
attributed to a single phase of cubic garnet-type structure having the space group of
la-3d. Figure 8 shows the cross-sectional morphology of Lig sLazHf} sTag 50, and
LigsLaszSn; 5Tag 5Oy, after sintering at 1150 °C. These samples have a high relative
density above 90%. The small and homogeneous grain size distributions are observed
in the Lig sLazHf| sTag 50, sample. All of the Ta substituted samples exhibit a rela-
tively high conductivity of ~10~* S cm™! at room temperature, and the activation
energies of Lig sLasHf; sTag 5O, and Lig sLazSn; 5Tag 5012, which were determined
from the Arrhenius plots, are £, = 0.40 and 0.45 eV, respectively (Fig. 9). The value
of Lig sLazHf| 5Tag 50, is smaller than that (0.43 eV) of Lig sLa3Zr; sTag 5015.

The crystal structure was analyzed by the Rietveld method using powder X-ray
diffraction data [21]. The unit cell volumes and octahedral (M, Ta)Og volumes for
LigsLasM | sTay 5O, (M: Zr, Hf, Sn) decrease together with decreasing ionic radii

Fig.7 Powder X-ray
diffraction patterns of
Lig sLazHf| sTag 501, and
Lie.sLa3Sn; 5Tag5012 [21]

LissLasHf15Ta05012

it ol

LissLasSni1sTaos012

:

Intensity / arb. units

20/ degree (CuKa1)
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Fig. 8 SEM images of the cross-sectional morphology of a LigsLazHf;sTag5012 and
b LigsLa3Sn; sTag 5012 [21]

Fig. 9 Arrhenius plots of 0
total conductivities of a,
LigsLasM; 5Tag 5012 (M: L a

Zr, Hf, Sn) [21]

0 0.426(2) eV

ST 0.400(6) eV

log (6T / Sem'K)
IS

6 b -O- LissLasZr; 5Tags02"
—0— LissLaslfi sTao 5O
B LissLa:Sn;sTaesOn2
3 ' L : : : '
30 32 34 36 38 4.0 42 44

1000/ T/K"

0.451(1)eV
7k

of M** cations (0.72 A for Zr**, 0.71 A for Hf **, and 0.69 A for Sn**). However,
the polyhedral volumes of LilO4 and Li,Og in Lig sLasHf; 5Tag 5O, are the largest
among these Lig sLasM | sTag 50, compounds. It has been suggested that the bottle-
neck for Li-ion diffusion from Li 244 site to Li 964 site is the face of shared edges
of neighboring Li site in the garnet-type structure. Therefore, Li-ion conductivity
is affected by the polyhedral volume of LilOy4. Since LigsLaszHf| sTags50;, has a
larger polyhedral volume of LilO4 and Li20g in the crystal structure, the Li-ion
conductive space is wider than Lig sLazHf| sTag 505, which diffuse from tetrahedral
site to octahedral site. This fact may suggest the lowest activation energy observed in
the Lig sLasHf; 5TagsO,, sample. From a viewpoint of the Li—O polyhedral volume
in the unit cell, it is concluded that Lig sLazHf; 5Tag 501, has a most suitable Li-ion
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environment among the LigsLasMsTaysO, (M: Zr, Hf, Sn) compounds from a
viewpoint of Li conductivity [21].

5 Low-Temperature Synthesis of Tetragonal LiyLa3Zr,0q;
by Co-Precipitation Method

The particle size and morphology are important for the production of a thin film and
sintering body for solid electrolyte in all-solid-state battery. For this reason, low-
temperature synthetic techniques such as the sol-gel method and the co-precipitation
method have been applied so as to produce fine particle samples for garnet-type
materials [22-25]. In fact, the uniform and small particle sample of the garnet-
type materials was reported by several low-temperature synthetic techniques. For
example, Kokal et al. reported the synthesis of tetragonal Li;La3;Zr,O,, powder
prepared by the modified Pechini sol-gel method [22]. The grain size of their powder
sample was reported to be ranged from 500 nm to 2 pm.

A similar feature was recently reported in  garnet-related-type
Lig75LasZr; 75Nbg 25O, prepared by the co-precipitation method [26]. The
primary particle size prepared by the co-precipitation method was reported to be
50-100 nm for the Lig75La3Zr; 75Nbg 2501, sample, which was much smaller than
that by the solid-state synthetic method. Therefore, it is considered that the control
of the particle morphology for the garnet materials was affected by the particle size
of the precursor.

Recently, we synthesized a tetragonal garnet-type LizLa3;Zr,O;, sample by the
co-precipitation method using LiOH solution, in order to control the particle size
and morphology of the Li;La3Zr,0;, powder for the first time [27]. Stoichiometric
amounts of LaClz-7H,0 and ZrOCl,-8H,0 were dissolved in distilled water. Then,
the LiOH solution was added slowly into the mixed solution prepared above until
the solution pH became 8-9. The precipitated precursor, which was composed
of lanthanum hydroxide and zirconium hydroxide, was evaporated and washed
with distilled water and was dried at 80 °C overnight. Next, in order to obtain
the LiyLa3Zr,0;, sample, stoichiometric LiIOH-H,O was added into the ground
precursor. Finally, the mixture was calcined at 950 °C for 10 h in the air using
an alumina crucible. The particle morphology of the obtained Li;La3zZr,O, sample
was elliptical in shape and the primary grain size was smaller than the conventional
solid-state method, as shown in Fig. 10. The result of the particle size distribu-
tion measurement shows that the average secondary particle size was approximately
9.66 wm, even after calcination at 950 °C with a relatively narrow distribution [27].
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Fig. 10 FE-SEM images of
the particle morphology of
LizLa3Zr,Oy, prepared by
co-precipitation method [27]

6 Low-Temperature Synthesis of LigsLa3zZr; sTags012
Using Precursor Oxides

The garnet-type Lig sLa3Zr; sTag 501, samples having high Li-ion conductivity have
been synthesized by conventional solid-state reaction. However, a high temperature
above 1100 °C is needed to prepare a single-phase Lig sLaszZr; 5Tag 50, sample by
this synthetic method. From a viewpoint of the interface between solid electrolyte
and electrode materials in all-solid-state battery, lowering the synthetic temperature
is important so as to avoid the reaction between these materials at the interface.
In the case of LizLa3Zr,Oy,, various low-temperature synthetic methods using sol-
gel and/or co-precipitation processes [22—-25] or some precursor materials such as
pyrochlore-type La,Zr,O7 [28, 29] have been developed to avoid Li loss during
high-temperature treatment. However, Lig sLasZr; 5Tag 501, samples have not been
synthesized yet by such low-temperature methods.

Recently, we successfully synthesized a garnet-type Lig sLazZr| 5Tag 5O, poly-
crystalline sample at a relatively low temperature of 700 °C using pyrochlore-type
La,Zr,O; and weberite-type La;TaO; as precursor oxides [30]. In this synthetic
procedure, the precursor materials of pyrochlore-type La,Zr,O; and weberite-type
La;TaO; were first synthesized via conventional solid-state reactions using La,0Os3,
ZrO,, and Ta, Os as starting materials. Stoichiometric amounts of these oxides were
ball-milled using zirconia balls in ethanol for 2 h. Then, the obtained mixtures were
calcined between 1200 and 1300 °C for 12 h in the air using an intermediate grinding.
Next, the stoichiometric amount of LiOH-H,O and the obtained precursor materials
were mixed according to the following Eq. (1):

6.5LiOH - H,O + 0.75 LayZr, 04
+ 0.5 La3TaO7 g Li6_5La3Zr1.5Ta0,5012 +9.75 HzO (1)
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Then, the mixture was calcined at 700 °C for 12 h in the air using a high-purity
alumina crucible.

Figure 11 shows the XRD patterns of pyrochlore-type La,Zr,O; and weberite-
type LasTaO; as precursor oxides, respectively. The main peaks of both the
samples are well-indexed to the structural data of cubic pyrochlore-type La,Zr,O7
(space group: Fd-3m) [31] and orthorhombic weberite-type LazTaO; (space group:
Cmcm) [32], respectively. Figure 12 shows the XRD pattern of the garnet-type
LigsLasZr; 5Tag sO,, prepared using the present precursor oxides. All of the observed
peaks can be indexed to the cubic garnet-type structure (space group: la-3d),
and no impurity phase was observed. The lattice parameter was determined to
be a = 12.9577(1) A by the least-squares method. Accordingly, the garnet-type
LigsLasZr; 5Tag sO,, was successfully synthesized using La,Zr,O7 and La;TaO; as
precursor materials at a relatively low temperature of 700 °C. The primary particle
size of the present Lig sLasZr; sTag 50, sample was about 2 um, as shown in Fig. 13,
which is considerably smaller than that prepared by conventional solid-state reac-
tion at higher temperatures. Thermo-gravimetry differential thermal analysis data
confirmed that the reaction between LiOH-H, O and precursor oxides occurred above
500 °C after the dehydration reaction of LiOH-H,O [30].
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Fig. 12 Powder XRD T T T T

pattern of garnet-type Li, La,Zr, ,Ta O, Cubic, la-3d
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Fig. 13 SEM image of
garnet-type
LigsLa3Zr; 5Tap 5012
sample prepared using the
precursor oxides [31]

7 Synthesis of al-Doped LiyLa3Zr;01, Single Crystals
by a Flux Method

Single-crystal specimens have highly been desired to clarify the physical and elec-
trochemical properties. Especially, the intrinsic bulk and/or anisotropic conductive
properties can be measured using the single-crystal specimens, as we have previously
demonstrated in electrical conductivity measurements using LiCoO, and Li,CoO,
single crystals [33-35] and in electrochemical measurements of the chemical diffu-
sion coefficients of Li-ion in the spinel-type LiMn,Oy4 [36, 37]. The single-crystal
samples of such lithium transition oxides have been synthesized by a flux method
at relatively lower temperatures, because of the high volatility of lithium oxide
components at high temperatures.

Single-crystal samples of garnet-type Li;La;Zr, O, with the garnet-type structure
were successfully synthesized by a self-flux method using some lithium salts at high
temperatures [9, 11, 38]. The tetragonal form of Li;La3;Zr, 01, crystals was prepared
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Fig. 14 SEM micrograph of
a single crystal of tetragonal
LiyLazZr, 012 [9]

1 @K m

using Li;CO3 as a flux material at 1313 K in a gold crucible [9]. The crystals were
separated from the solidified melts by immersing the gold crucible in hot water.
Figure 14 shows the typical photograph of tetragonal Li;La3Zr,O;, crystals. The
grown crystals are colorless and transparent; they also had a spherical shape with a
maximum diameter of 0.05 mm in size.

The cubic Li;La3Zr,O;, was first synthesized by high-temperature heating at
1250 °C, and its crystal structure was determined using single-crystal X-ray diffrac-
tion data [11]. However, the obtained crystal size was 0.05 mm in diameter which
was too small to evaluate the physical properties of the cubic LizLa3Zr;Oys;.

Single crystals of cubic Al-doped Li;LasZr,0O, having larger size were synthe-
sized by a self-flux method using LiNOj3 as a starting component at 1150 °C [38].
The starting materials of La,O3 and ZrO, were first well-mixed in a nominal molar
ratio of La: Zr = 3: 2. These were further mixed by excess LiNOj as self-flux mate-
rial. The powder mixture was charged into a high-purity alumina crucible, and the
temperature was elevated to 1150 °C in air, and then held for 4 h. The obtained
crystals were separated from the solidified flux materials by immersing the alumina
crucible in hot water.

Figure 15 shows the obtained single crystals of Al-doped Li;La3;Zr,O, grown at
1150 °C using LiNOs; as a self-flux material in a starting molar ratio of Li: La: Zr
= 20: 3: 2. The crystals were colorless and transparent and had a polyhedral shape
with a maximum dimension of 0.15 x 0.10 x 0.10 mm?>. The well-formed crystal
morphology with facets can be observed in the SEM photograph [38].

The lattice parameter was determined by the powder XRD data of the pulverized
single crystals to be @ = 13.00(3) A. This value was slightly larger than those in
the previous reports for Al-doped Li;La3Zr,O1, [7, 11]. This fact may suggest that
the Li*/H* ion exchange reaction has proceeded in the washing procedure using hot
water. We should treat carefully the grown crystals from the solidified flux material
in the case of the flux method.
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Fig. 15 Single crystals of
cubic Li;La3Zr,O17 grown
at 1150 °C using LiNO3 as a
self-flux material

8 Crystal Growth of LigsLa3Zr; sTag 5012 Single Crystals
by Melt Growth Technique

The centimeter-sized large single crystals of garnet-type oxide materials were
recently synthesized from the high-temperature melt. The melt growth technique
is usually used for the industrial single-crystal growth such as semiconducting Si,
LiNbOs;, and LiTaO;. The first report for the lithium ion conducting garnet-type
oxides from the melt was single-crystal growth of LisLasTa,0;, [39], while the
experimental details for crystal growth were not reported. Recently, single crystals
of LigLa3;ZrTaO, were grown by the Czochralski (Cz) method, and NMR measure-
ment using a single-crystal sample was reported [40]. Furthermore, single crystals of
Li;_.LasZr,_,Nb,O; and Li;_,La3Zr,_,Ta, O, were grown by using the floating
zone (FZ) melting method [41—43]. From these reports, melt growth techniques such
as Cz and FZ method are thought to be useful and suitable for crystal growth of the
garnet-type lithium ion conducting oxides.

In the case of FZ method, the sample preparation was reported to be carried out in
two steps [42]. The first step is the preparation of the raw materials by a conventional
solid-state reaction. A mixture of Li,COj3, La,O3, ZrO,, and Ta,O5 was heated at
1123 K in the air. In this case, 20% excess composition for the lithium-content was
employed so as to prevent the compositional deviation due to the volatilization of
lithium during the crystal growth. The sample was reground and isostatically pressed
to form a cylindrical shape. The formed rods were subsequently sintered at 1423 K
for 4 h in air. The second step is the crystal growth using an optical image furnace
equipped with four halogen lamps.

Centimeter-sized single-crystal rods of LigsLazZr;sTagsOj, were grown by
floating zone melting technique [42, 43]. The typical size of the single-crystal rod was
8 mm in diameter and 70 mm in length, as shown in Fig. 16. LigsLa3Zr; sTag 5O
crystallizes in a cubic structure with an Ia-3d space group and the lattice parameter
a = 12.9455 (6) A [42]. From the results of structure refinement using single-crystal
neutron diffraction data [42], occupation sites for lithium atoms were determined
to be two crystallographic sites: the distorted tetrahedral 96/ site and the distorted



216 J. Akimoto et al.

(b)

Fig. 16 a As-grown LigsLa3Zr;5Tags5012 single-crystal rod and b a polished
LigsLa3Zr; 5Tag 501, single-crystal plate [42]

(a) (b)

Lil 244 : tetrahedral site Lil 244 : tetrahedral site
Lil 964 : tetrahedral site in which lithium is split

Li2 48g : octahedral site
Li2 96/ : Octahedral site in which lithium is split

Li2 96/ : Octahedral site in which lithium is split

Fig. 17 Three kinds of Li arrangement models; a completely ordering model in tetragonal
Li;La3zZryO12, b partly disordering model as previously reported, and ¢ completely disordering
model in Lig sLa3Zr; 5Tag 501> determined using single-crystal neutron diffraction data [42]

octahedral 96/ site (Fig. 17). The total Li-ion conductivity of LigsLazZr; sTag 50,
was determined to be 1.27 x 1073 S cm™! at 298 K by AC impedance measurements
(Fig. 18). This value is the highest among the reported garnet-type materials, and it
is concluded that the bulk nature of conductivity can be utilized as total conductivity
in the case of the single-crystal solid electrolyte because there is no grain boundary
in the single-crystal solid. Using NMR spectroscopy [42, 44—46], we determined the
Li diffusion coefficient to be 1.57 x 10" m? s™! at 298 K and 7.96 x 10'* m? s~! at
333 K [42]. These values related to Li-ion migration are higher than those reported
for polycrystalline samples.

9 Concluding Remarks

In this chapter, the recent advancements of the garnet-type lithium ion conducting
oxide materials including not only large-sized single-crystal growth but also small
particle synthesized at lower temperatures has been reviewed. The intrinsic bulk
nature of the conductive properties and the precise structural properties have been
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Fig. 18 a AC impedance Nyquist plot of the Lig sLazZr; 5Tag 5012 single-crystal plate at 298 K.
b Temperature dependence of the Li-ion conductivity for the Lig 5La3Zr; sTag 5012 single-crystal

plate [42]

revealed using the single-crystal samples for the first time. We believe the advan-
tage of single-crystal solid electrolyte for the battery application from viewpoints
of low resistance of separator and high critical current density against the lithium
penetration phenomena. We are now trying to improve the lithium ion conductivity
of the garnet materials by additional chemical modifications and optimization of the
local Li arrangement in the loop structure constructing by the garnet-type framework

structure.
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