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Abstract

The chemical and electrochemical properties of LisLas;Ta,0;, (LLTa) solid electrolyte were extensively investigated to determine its
compatibility with an all-solid-state battery. A well-sintered LLTa pellet with a garnet-like structure was obtained after sintering at
1200 °C for 24 h. Li ion conductivity of the LLTa pellet was estimated to be 1.3 x 10™*S cm™". The LLTa pellet was stable when in
contact with lithium metal. This indicates that Li metal anode, which is the best anode material, can be applied with the LLTa system. A
full cell composed of LiCoO,/LLTa/Li configuration was constructed, and its electrochemical properties were tested. In the resulting
cyclic voltammogram, a clear redox couple of LiCoO, was observed, implying that the all-solid-state battery with the Li metal anode
was successfully operated at room temperature. The redox peaks of the battery were still observed even after one year of storage in an
Ar-filled glove-box. It can be concluded that the LLTa electrolyte is a promising candidate for the all-solid-state battery because of its
relatively high Li ion conductivity and good stability when in contact with Li metal anode and LiCoO, cathode.
© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Electrolytes for lithium-ion batteries generally contain
flammable organic solvents that sometimes cause serious
safety problems, such as electrolyte leakage and fire hazard
[1]. An all-solid-state lithium battery, consisting of solid
electrodes and non-flammable solid electrolyte, is expected
to overcome these safety problems [2].

It is well known that high lithium ion conductivity, wide
electrochemical window, and good chemical stability against
electrode materials are required for the solid electrolytes [3].
The Li ion conductivity of ceramic electrolytes is generally
lower than those of non-aqueous liquid electrolytes, but some
oxides, such as Lig3sLagssTiO3 (LLT) [4-6] and LiTiy(POy)s
(LTP) [7,8], possess high Li conductivities at approximately
1073-10"*Scem ™. These oxides are acceptable for use in
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all-solid-state batteries because of their high transport num-
ber (¢ ~ 1) [9]. Therefore, many research groups have focused
on these oxides in applications utilizing all-solid-state
rechargeable lithium ion batteries. However, due to the
easy reduction of Ti** to Ti** (2.1 V vs. Li/Li"), anode
materials are restricted in their application with LLT and
LTP systems, which limits the energy and power densities of
the all-solid-state rechargeable lithium ion batteries [10].

In the last several years, a series of garnet-like structural
compounds have been investigated as a novel family of fast
lithium ion conductors by Weppner et. al. [11-14]. Among
them, LisLasTa,0;, (LLTa) and LisLa3Zr,O;, (LLZ) have
generated much attention because of their stability in the
presence of Li metal [11,14].

Li metal anode has the largest capacity of all anode
materials due to a lack of matrix components, 3862 mA h
g~ ' [15], which is 10 times larger than that of the currently
used graphite anode (372 mA h g~ ! [16]). Therefore, the all-
solid-state battery with Li metal anode is expected to meet
the demand for development of power sources with higher
energy and power densities. Recently, an application of the
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LLZ electrolyte for all-solid-state battery has been studied
[17,18]. However, no such study has been reported with the
LLTa electrolyte.

In this study, we investigated in detail the chemical and
electrochemical properties of LLTa and then attempted a
fabrication of all-solid-state battery using the LLTa solid
electrolyte.

2. Experimental

LisLasTa,O, (LLTa) was prepared by a solid-state
reaction. LiINO; (Kanto Kagaku, Japan), La(OH); (Shi-
netsu kagaku, Japan) and Ta,Os (Kanto Kagaku, Japan)
were mixed using a planetary ball mill (Mono-mill P-6,
Fritsch GmbH) in isopropanol (Wako chemical, Japan).
After evaporation of the isopropanol at room temperature,
the mixture was calcined at 700 °C for 12 h. The calcinated
powder was formed into a pellet with a diameter of 13 mm
and then sintered again at 1000—1200 °C for 24 h. After
sintering, the pellets were polished to obtain a flat surface
and to control a pellet thickness of 1 mm.

A cross section of the LLTa pellet was observed through
scanning electron microscopy (SEM, JEOL). The crystal
phases of the pellet were identified by X-ray diffraction
(XRD, RINT-Ultima, Rigaku) using Cu Ka radiation.

The Li ion conductivity of the LLTa pellet was deter-
mined by the AC impedance method with a SI1260
impedance/gain-phase analyzer (Solartron analytical).
Prior to measurement, Au was sputtered onto both sides
of the pellet to ensure complete electrical contact. The data
were collected with a voltage signal of +5mV in a
frequency range of 100 Hz—1 MHz.

Stability of the LLTa pellet against molten Li metal was
tested through the contact of the pellet with molten Li on a
Ni plate in Ar-filled glove-box. This contact was main-
tained for 72 h, and then the pellet was removed from the
molten Li and then analyzed by XRD.

The electrochemical window of the LLTa pellet was
measured by cyclic voltammetry (CV) using a cell with
Li/LLTa/Au configuration (HSV-100, Hokuto Denko co.).
The measurement was conducted at a scan rate of 10 mV
min~' with the potential range from —0.5 to 5.0V vs.
Li/Li* at room temperature.

A LiCoO, cathode was prepared on the LLTa pellet by
the sol-gel method. A mixture of LiCoO, powder (Celceed
10N, Nippon Chemical Industrial Co. Ltd., Japan) and its
precursor sol, composed of CH;COOLi, Co(CH3COO),-
4H,0, i-C3H,OH, CH3COOH, H,0, and poly-vinylpyrori-
done (molar ratio=1.1:1:20:10:70:1), was impregnated onto
the LLTa pellet. The impregnated pellet was calcined
at 700 °C for 2h to obtain LiCoO,/LLTa pellet [19].
The thickness of the cathode was approximately 10 pm
(ca. 1 mg). The impregnated LiCoO, was characterized by
XRD and Raman spectroscopy (NRS-1000, JASCO) with
532 nm laser radiation. In order to construct an all-solid-
state battery with Li/LLTa/LiCoO, configuration, Li metal
was put onto the LLTa side of the LiCoO,/LLTa pellet.

The CV measurement of the all-solid-state battery was
performed at a scan rate of 1 mV min~' with a scan range
of 3.342V vs. Li/Li™ at room temperature.

3. Results

The LLTa pellet was sintered at various temperatures.
Cross-sectional SEM images are displayed in Fig. 1. With
the increase of calcination temperature, the pellets were
sintered well. At 1100 °C sintering (Fig. 1(b)), many facets
as well as a few interstices were observed. The interstices
were minimally observed in the LLTa pellet sintered at
1200 °C (Fig. 1 (¢)); however, many grain boundaries were

Fig. 1. Cross-sectional SEM images of LLTa pellet after sintering at
(a) 1000 °C, (b) 1100 °C, and (c) 1200 °C for 24 h.
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still observed. The estimated densities of the pellets
sintered at 1000, 1100, and 1200 °C were 3.7, 4.3, and
5.7 gem 3, respectively, which correspond to 61%, 70%,
and 93% of its theoretical density (6.1 gcm™3).

The XRD patterns of LLTa pellets calcined at various
temperatures are depicted in Fig. 2. All of the observed
diffraction peaks were well-matched with the standard
peaks of the LLTa with a garnet structure (PDF 45-
0110), and no impurity phase was observed, indicating that
LLTa pellets with a garnet-like structure were successfully
prepared. These diffraction peaks became sharper with an
increase in the calcination temperature.

A complex impedance plot of the LLTa pellet sintered at
1200 °C is revealed in Fig. 3. A semicircle and Warburg-
type impedances were observed in the high and low
frequency regions, respectively. The tail that was observed
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Fig. 2. XRD patterns of LLTa pellet after sintering at (a) 1000 °C,
(b) 1100 °C, and (c)1200 °C for 24 h and (d) the standard pattern of LLTa
(PDF 45-0110).
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at low frequencies corresponds to a well-known behavior
of ionically conductive ceramics [20]. A similar behavior
has been observed in other garnet-like ceramic conductors
[11,13,21-23]. The semicircle implied two kinds of resis-
tance. One is the bulk resistance which means a resistance
when Li ions move in the crystal grain. The other is the
grain-boundary resistance. The grain-boundary resistance
is a resistance when Li ions go beyond grain-boundaries.
The total resistance is a sum of the bulk and the grain-
boundary resistances. The bulk and total resistances can be
estimated from intersections at the low and high frequency
sides of the semicircle in the impedance spectrum (Fig. 3),
respectively. Therefore, the bulk and total conductivities
can be calculated by using the following equation.

t

T R4

In the equation, o, ¢, R, and A mean conductivity (S/cm),
thickness of electrolyte (cm), resistance (Q2), and electrode
area (cmz), respectively. The bulk (o) and total (o(oa1)
conductivities were 3.9x107* and 1.3 x10"*Scem™ !,
respectively.

In order to test the stability of the LLTa pellet in contact
with Li metal, the LLTa pellet was placed in molten Li
metal for 72 h. No visual change of the LLTa pellet was
observed (Fig. 4). The XRD patterns of the LLTa pellet
before and after contact were also completely identical,
and new diffraction peaks did not appear (Fig. 5), indicat-
ing that the LLTa was stable when in contact with
Li metal.

A cyclic voltammetry measurement (CV) of Li/LLTa/
Au cell was conducted to determine the electrochemical
window of the LLTa (Fig. 6). Peaks associated with the
formation of Au-Li alloy as well as the extraction of the Li
from the alloy were clearly observed, indicating that the
lithium ion could be transferred through the LLTa
electrolyte without any inferiority of LLTa. At the anodic
potential side, the LLTa was stable up to 5'V.

An all-solid-state battery with Li metal anode and LLTa
solid electrolyte was fabricated by using LiCoO, cathode.
The LiCoO, cathode was approximately 10 pm thick on
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Fig. 3. Complex impedance plot of LLTa pellet sintering at 1200 °C for 24 h: (a) whole plot and (b) magnified plot around the origin.
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Fig. 4. Photos of LLTa pellet (a) before and (b) after contact with molten Li metal for 72 h.
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Fig. 5. XRD patterns of LLTa pellet (a) after and (b) before contact with
molten Li metal for 72 h.
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Fig. 6. Cyclic voltammogram of Li/LLTa/Au cell at a scan rate of
10 mV min~"' in the potential range from —0.5 to 5V vs. Li/Li ™.

the LLTa and was prepared by the sol-gel method. The
XRD patterns showed clear diffraction peaks of LiCoO,
(Fig. 7). All other peaks were attributed to LLTa, and no
impurity phase was detected. Clear bands in the Raman
spectrum were confirmed at 483 and 594 cm ™! (Fig. 8).
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Fig. 7. XRD patterns of (a) LLTa pellet after LiCoO, impregnation,
(b) as-prepared LLTa pellet and (c) LiCoO, powder.

Intensity / a.u.

300 400 500 600 700 800

Raman Shift / cm™

Fig. 8. Raman spectrum of LLTa pellet after LiCoO, impregnation.

These bands are attributed to the E, and A;, Raman active
modes of high temperature (HT)-LiCoO, with a hexagonal
layered structure [24], which is a favorable structure for the
cathode of lithium battery [25]. A small Raman band at
450 cm~ ' was also observed. This band is associated with
the F», mode of low temperature (LT)-LiCoO, in the cubic
spinel phase [26,27].

An all-solid-state battery with the Li/LLTa/LiCoO,
configuration was fabricated by attaching Li metal to the
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Fig. 9. Cyclic voltammograms of Li/LLTa/LiCoO; cell (a) just after fabrication and (b) after preservation in an Ar-filled glove box for one year at a scan

rate of 1 mV min~".

LLTa side of the LiCoO,/LLTa pellet. The CV measure-
ments were then conducted on this battery. The resulting
cyclic voltammogram is shown in Fig. 9(a). In the anode
scan, two distinct oxidation peaks were observed at
approximately 3.75 and 3.95V vs. Li/Lit, which corre-
spond to the oxidation of LT- and HT-LiCoO,, respec-
tively [28]. There is no doubt that deintercalation of Li ions
from the LiCoO, on the LLTa and the subsequent
deposition of Li was occurring during the anode scan. In
the cathode scan, reduction peaks were observed as well. It
can be concluded that the all-solid-state battery with Li
metal anode was successfully created using the LLTa
electrolyte. To verify the operation of the battery after
long-term storage, CV measurements of the Li/LLTa/
LiCoO, cell were conducted after one year of storage in
Ar-filled glove-box (Fig. 9(b)). In the resulting cyclic
voltammogram, the redox peaks were distinctively
observed, indicating that the cell can be operated success-
fully even after one year of storage. It can be noted that the
interfaces of the LiCoO,/LLTa and LLTa/Li, as well as
the LLTa itself, are very stable.

4. Discussion

In this study, the chemical and electrochemical proper-
ties of LLTa were examined, and the all-solid-state battery
using LLTa electrolyte was fabricated.

The Li ion conductivity of our LLTa pellet was higher
than the previously reported value for this material [11].
This can be attributed to the high crystallinity of our LLTa
pellet. In this study, a sintering temperature of 1200 °C was
selected, whereas the LLTa pellet previously reported was
sintered at 950 °C. Indeed, we could not confirm the charge
and discharge behaviors in the all-solid-state battery using
the LLTa pellet sintered at 900 °C due to the much higher
impedance it possessed. The estimated bulk and total Li
ion conductivities of the LLTa pellet sintered at 1200 °C
were 3.9x107% and 1.3x10"*Scm™!, respectively,
implying that the LLTa pellet is acceptable for use in the
all-solid-state lithium battery.

The measurement of the electrochemical window
revealed that the LLTa pellet was stable until at least 5V
vs. Li/Li*. This result implies that high voltage cathode
materials, such as LiCoPO, or LiNiysMn; sO4, can be
utilized in the all-solid-state battery with LLTa solid
electrolyte. These cathode materials cannot be utilized in
the present lithium battery using liquid electrolytes that
include organic solvents because decomposition of the
liquid electrolyte is inevitable at high potentials of 5V
vs. Li/Li* [29,30]. By using the LLTa solid electrolyte,
fabrication of the 5V class of lithium batteries is possible.

An all-solid-state battery with LLTa solid electrolyte
was fabricated by using LiCoO, cathode and Li metal
anode. In the cyclic voltammogram, clear redox peaks
were observed at 3.75 and 3.95V, and these redox peaks
corresponded to the redox potentials of the LT- and HT-
LiCoO,, respectively. The clear redox peak of LT-LiCoO,
was confirmed in the cyclic voltammogram, although the
Raman band of the LT-LiCoO, (Fig. 9) was barely
observed. This LT-LiCoO, is thought to be formed from
the precursor sol for the LiCoO,. To prepare the LiCoO,
cathode, the HT-LiCoO, powder and the precursor sol for
LiCoO, were mixed and the mixture was impregnated onto
the LLTa pellet followed by calcination. The precursor sol
is much easier to contact with the LLTa pellet surface due
to its fluidity. During the calcination, the precursor sol was
converted to LT-LiCoO,. Therefore, LT-LiCoO, mainly
existed on the LLTa surface. Only small amounts of LT-
LiCoO, were formed; however, they could easily partici-
pate in the electrochemical reaction due to its proximity to
the interface.

It was concluded that the all-solid-state battery with Li
metal anode was successfully fabricated. However, the
estimated quantities of electricity in the anode and cathode
scan at the first cycle of CV were approximately 20 mC.
This is only 4% of the calculated value from the theoretical
discharge capacity and loading of LiCoO,, assuming that
full charge state of the LiCoO, was Lij 5CoO,. There are
two reasons for this low utility of cathode. One is low Li
ion and electrical conductivities in the LiCoO, cathode.
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The active material at the current collector side may not be
able to participate the battery reaction. To improve the
utility of the cathode, the addition of electrically conduc-
tive materials, such as Ketjen black, are thought to be
useful. The other reason for the low utility of the cathode
is thought to be poor contact between the solid electrolyte
and the solid LiCoO, electrode. To obtain better contact, a
three dimensional (3D) battery that can provide a large
solid—solid contact area is very useful [1,31,32]. We have
previously fabricated an all-solid-state 3D battery with 3
dimensionally ordered macroporous (3DOM) structure [9].
A battery composed of LiMn»O,4 cathode and 3DOM LLT
solid electrolyte provided quite large discharge capacity,
83 mA h g™, as the all-solid-state battery. This is 56% of
the theoretical capacity [33]. In this 3D configuration, a
large amount of active material can be loaded, and the
areal capacity can be improved. Accordingly, the fabrica-
tion of high performance all-solid-state battery with Li
metal anode can be achieved by using 3DOM LLTa solid
electrolyte.

The fabrication of the all-solid-state battery using
3DOM LLTa solid electrolyte is under way. New findings
will be reported in due course.

5. Conclusions

The chemical and electrochemical properties of LisLas.
Ta,0;, (LLTa) were investigated to determine its compat-
ibility with an all-solid-state battery with Li metal anode.
It was clearly demonstrated that Li ions could move in the
LLTa pellet without degradation of the pellet. Addition-
ally, the LLTa electrolyte did not start decomposition until
5V vs. Li/Li*. Finally, successful operation of the all-
solid-state Li battery with the Li/LLTa/LiCoO, configura-
tion was achieved, and the battery still worked as a
rechargeable battery even after one year of storage in an
Ar-filled glove-box. It can be stated that the LLTa solid
electrolyte is a promising candidate for the all-solid-state
battery because of its relatively high Li ion conductivity,
wide electrochemical window, and good stability in contact
with Li metal anode and LiCoO, cathode. To improve the
performance of the battery, three dimensional structure is
required.
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