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halide represented by formula (1), LiX (1) (in formula (1), X represents one selected from the group consisting of halogen atoms);
and removing the solvent at 60-280°C. Ion conductors obtained with this manufacturing method can be used as, for example, solid
electrolytes for all-solid-state batteries.
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METHOD FOR MANUFACTURING IONIC CONDUCTOR

TECHNICAL FIELD
[0001]
The present invention relates to a method for manufacturing an ionic
conductor.
BACKGROUND ART
[0002]

Recently, a demand for lithium-ion rechargeable batteries has been increased in
applications including portable information terminals, portable electronic equipments,
electric vehicles, hybrid electric vehicles and stationary power storage systems.
However, currently, a flammable organic solvent is used as an electrolytic solution in
lithium-ion rechargeable batteries, and a strong exterior is required so that an organic
solvent does not leak out. Further, for example, in the case of portable personal
computers, it is necessary to employ a structure against a risk at the time when an
electrolytic solution leaks out. Thus, there is a limitation on structures of devices.
[0003]

Moreover, the range of applications thereof has been widened to movable
bodies such as vehicles and aircrafts, and a high capacity is desired for stationary
lithium-ion rechargeable batteries. Under such circumstances, importance tends to be
placed on safety more than before, and efforts are concentrated on the development of
an all-solid-state lithium-ion rechargeable battery in which none of toxic substances
such as organic solvents is used.

[0004]

Use of an oxide, phosphate compound, organic polymer, sulfide or the like as a
solid electrolyte in an all-solid-state lithium-ion rechargeable battery has been
examined.

[0005]

However, oxides and phosphate compounds have a characteristic that particles

thereof are hard. Accordingly, in order to form a solid electrolyte layer by using these

materials, it is generally required to perform sintering at a high temperature (600°C or



higher), and it is laborious. Moreover, when using an oxide or phosphate compound as
a material for a solid electrolyte layer, there is a drawback that the interface resistance
between that and an active material increases. In the case of organic polymers, there is
a drawback that lithium-ion conductivity at room temperature is low and the
conductivity is rapidly reduced when the temperature is decreased.

[0006]

Regarding a novel Li-ion solid-state conductor, in 2007, it was reported that the
high temperature phase of LiBH4 that is a complex hydride solid electrolyte has high
lithium-ion conductivity (Non-Patent Document 1). The density of LiBHj is low, and
when using this as a solid electrolyte, a light battery can be prepared. Further, since
LiBH, is stable even at high temperatures (for example, about 200°C), a heat-resistant
battery can also be prepared.

[0007]

LiBH, has a problem that the lithium-ion conductivity thereof is significantly
reduced at a temperature lower than 115°C that is the phase transition temperature. In
this regard, for obtaining a solid electrolyte having high lithium-ion conductivity even at
a temperature lower than 115°C that is the phase transition temperature, a solid
electrolyte obtained by using LiBHy4 in combination with an alkali metal compound has
been proposed. For example, in 2009, it was reported that a high temperature phase of
a solid solution obtained by adding Lil to LiBH4 can be kept even at room temperature
(Non-Patent Document 2 and Patent Document 1). Further, since a complex hydride
solid electrolyte made of this solid solution is stable against metallic lithium and this
metallic lithium can be used for a negative electrode, it is possible to prepare an
all-solid-state battery having high capacity (Patent Document 2 and Patent Document
3).

[0008]

In this regard, there is a report that a solid solution obtained by adding Lil to
LiBHy is produced at a small scale by means of mechanical milling using a planetary
ball mill or melt-mixing at a high temperature. However, there are problems that it is
difficult to increase the size of an apparatus of planetary ball mill, and that in
melt-mixing at a high temperature, LiBH, is gradually decomposed while releasing
hydrogen at about 300°C (Non-Patent Document 3).

Further, for example, in the case of the ionic conductor described in Patent
Document 1, a more expensive compound having a low water content (less than 50
ppm) is used as an alkali metal compound, and there is a room for further improvement

in terms of the cost.
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PRIOR ART DOCUMENTS

PATENT DOCUMENTS

[0001]

Patent Document 1: Japanese Patent No. 5187703

Patent Document 2: International Publication W0O2015/030052 pamphlet
Patent Document 3: International Publication W0O2015/030053 pamphlet

NON-PATENT DOCUMENTS

[0002]

Non-Patent Document 1: Applied Physics Letters (2007) 91, p. 224103

Non-Patent Document 2: Journal of the American Chemical Society (2009), 131, pp. 894-895
Non-Patent Document 3: Chemical Reviews (2007) 107, pp. 4111-4132

Any discussion of documents, acts, materials, devices, articles or the like which has been
included in the present specification is not to be taken as an admission that any or all of these
matters form part of the prior art base or were common general knowledge in the field
relevant to the present disclosure as it existed before the priority date of each of the appended

claims.

Throughout this specification the word "comprise", or variations such as "comprises" or
"comprising", will be understood to imply the inclusion of a stated element, integer or step, or
group of elements, integers or steps, but not the exclusion of any other element, integer or

step, or group of elements, integers or steps.

SUMMARY OF THE INVENTION
In one aspect, there is provided a method for manufacturing an ionic conductor, said method
including:
adding LiBH4 to a solvent comprising a lithium halide; or adding a lithium halide to a
solvent comprising LiBH4; or adding LiBH4 and a lithium halide, as separate compositions,

to a solvent;
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mixing, in the solvent, LiBH4 and the lithium halide, wherein the lithium halide is
represented by formula (1):
LiX (1)
wherein X represents one selected from the group consisting of halogen atoms; and

removing the solvent at 60 to 280°C.
In another aspect, there is provided a solid electrolyte for all-solid-state batteries, which
comprises an ionic conductor obtained by a method including:

adding LiBHa4 to a solvent comprising a lithium halide; or adding a lithium halide to a
solvent comprising LiBH4; or adding LiBH4 and a lithium halide, as separate compositions,
to a solvent;

mixing, in the solvent, LiBH4 and the lithium halide, wherein the lithium halide is
represented by formula (1):
LiX (1)
wherein X represents one selected from the group consisting of halogen atoms; and

removing the solvent at 60 to 280°C.

PROBLEMS TO BE SOLVED BY THE INVENTION

[0003]
The present invention relates to a manufacturing method suitable for mass production

of an ionic conductor that is excellent in various characteristics including ion conductivity.

MEANS FOR SOLVING THE PROBLEMS

[0004]

The present inventors diligently made researches in order to solve the above-

described problem, and obtained an unexpected finding that an ionic conductor that is

excellent in various characteristics including ion conductivity, like ionic

3A



conductors obtained by a conventional melt-mixing method or mechanical milling
method, can be obtained by mixing LiBHs and a lithium halide using a solvent and
removing the solvent at a temperature within a specific range. Moreover, the present
inventors found that this method can be applied to mass production. The present
invention was achieved based on the above-described findings.
[0013]
Specifically, the present invention has characteristics described below.

[1] A method for manufacturing an ionic conductor, said method including:
mixing, using a solvent, LiBH, and a lithium halide represented by formula (1):
LiX q))
‘wherein X represents one selected from the group consisting of halogen atoms; and
removing the solvent at 60 to 280°C.
[2] The method for manufacturing an ionic conductor according to item [1], wherein the
ionic conductor has diffraction peaks at at least 20=23.9+1.2 deg, 25.6+1.5 deg,
27.3+1.5 deg, 35.4+2.0 deg and 42.2+2.0 deg in X-ray diffraction (CuKo: A=1.5405 A).
[3] The method for manufacturing an ionic conductor according to item [1] or [2],
wherein the solvent is an ether-based solvent.
[4] The method for manufacturing an ionic conductor according to item [3], wherein the

ether-based solvent is selected from tetrahydrofuran, 2-methyltetrahydrofuran and
| cyclopentyl methyl ether.
[5] The method for manufacturing an ionic conductor according to any one of items [1]
to [4], wherein the lithium halide has a water content of 50 ppm or more and less than
70000 ppm.
[6] The method for manufacturing an ionic conductor according to any one of items [1]
to [5], wherein the lithium halide has a water content of 50 to 26000 ppm.
[7] A solid electrolyte for all-solid-state batteries, which comprises an ionic conductor
obtained by a method including:
mixing, using a solvent, LiBH,4 and a lithium halide represented by formula (1):
LiX (D
wherein X represents one selected from the group consisting of halogen atoms; and
removing the solvent at 60 to 280°C.
[8] An all-solid-state battery, which is obtained by using the solid electrolyte for

all-solid-state batteries according to item [7].

ADVANTAGEOUS EFFECT OF THE INVENTION



[0014]
According to the present invention, it is possible to provide a manufacturing
method suitable for mass production of an ionic conductor that is excellent in various

characteristics including ion conductivity.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015]

FIG. 1 shows X-ray diffraction patterns of the ionic conductors obtained in
Examples 1-4 and Comparative Example 1.

FIG. 2 shows ion conductivities of the ionic conductors obtained in Examples
1-4 and Comparative Example 1.

FIG. 3 shows X-ray diffraction patterns of the ionic conductors obtained in
Examples 5-8 and Comparative Example 2.

FIG. 4 shows ion conductivities of the ionic conductors obtained in Examples

5-8 and Comparative Example 2.

BEST MODE FOR CARRYING OUT THE INVENTION

[0016]

Hereinafter, the embodiment of the present invention will be described. Note
that materials, constitutions, etc. described below do not limit the present invention and
can be modified variously within the range of the gist of the present invention.

[0017]
1. Method for manufacturing ionic conductor

According to one embodiment of the present invention, it is possible to provide
a method for manufacturing an ionic conductor, which includes: mixing, using a solvent,
LiBH, and a lithium halide represented by formula (1):

LiX €))
wherein X represents one selected from the group consisting of halogen atoms; and
removing the solvent at 60 to 280°C.
[0018]
As a conventional method for manufacturing an ionic conductor, a mechanical



milling method using a planetary ball mill, wherein LiBH;s and an alkali metal
compound are used as raw materials, or the melt-mixing method described in Japanese
Patent No. 5187703 has been employed. However, in the case of the mechanical
milling method, it is difficult to carry out increase in scale to an industrial scale, and in
the case of the melt-mixing method, due to heating to 300°C or higher, LiBH4 may be
decomposed and hydrogen gas may be generated. Meanwhile, according to the
manufacturing method of the present invention, since a solvent is used for mixing
LiBH; and a lithium halide, a large amount of a homogenous mixture can be
synthesized. In addition, according to the manufacturing method of the present
invention, a high temperature like that for melt mixing is not required and a solvent can
be removed at 60 to 280°C, and as a result, decomposition of LiBHy4 can be suppressed
and generation of hydrogen can also be suppressed.

[0019]

As LiBH, to be used in the manufacturing method of the present invention,
usually commercially available products can be used. The purity thereof is preferably
90% or more, and more preferably 95% or more. This is because a compound having
a purity within the above-described range has high performance as an ionic conductor.
Further, a commercially available LiBH4 in the solid state may be used, and a
commercially available LiBHy4 in the solution state dissolved in a solvent such as THF
may also be used. Note that in the case of a solution, the purity thereof, wherein a
solvent is removed, is preferably 90% or more, and more preferably 95% or more.
[0020]

As described above, X of the lithium halide (LiX) is a halogen atom, which is
selected from an iodine atom, a bromine atom, a fluorine atom, a chlorine atom, etc. X
is preferably an iodine atom. As the lithium halide, one type of a lithium halide may
be used solely, or two or more types of lithium halides may be used in combination.
[0021]

The mixing ratio between LiBH4 and the lithium halide is not particularly
limited, but when the molar ratio between them is defined as LiBHy4: LiX=x: (1-x), X is
preferably 0.50 to 0.98, and more preferably 0.65 to 0.90.

[0022]

The solvent is not particularly limited, and various organic solvents can be used
as the solvent. Examples of such organic solvents include an ether-based solvent such
as tetrahydrofuran and diethyl ether, and an amide-based solvent such as
N,N-dimethylformamide and N,N-dimethylacetamide. Among them, an ether-based

solvent is preferred. As the ether-based solvent, substances, which are stable against



raw materials, and in which the solubility of raw materials is high, can be used.
Examples thereof include dimethyl ether, diethyl ether, dibutyl ether, diethylene glycol
dimethyl ether, tetrahydrofuran, 2-methyltetrahydrofuran, 1,2-dimethoxyethane,
triethylene glycol dimethyl ether, cyclopentyl methyl ether, methyl t-butyl ether and
dioxane. Among them, tetrahydrofuran, 2-methyltetrahydrofuran and cyclopentyl
methyl ether are more preferred. '

[0023]

The mixing method is not particularly limited, and general mixing methods can
be used. Note that at the time of mixing, when one of substrates is dissolved, the other
substrate may be incompletely dissolved (slurry state). Preferably, all the substrates
are dissolved in the solvent to provide a homogeneous state. When such a state is
undergone, an ionic conductor having better ion conductivity can be produced.

[0024]

When determining the concentration of the substrates in the method for mixing
of the solution, it is important to dissolve all the substrates for obtaining a homogeneous
ionic conductor. However, when the concentration is too low, the amount of the
solvent to be removed increases and therefore it is not efficient. For this reason, in the
case of the ether-based solvent, the concentration of the substrates is preferably 1 to 60 |
wit%, more preferably 10 to 55 wt%, and even more preferably 20 to 50 wt%.

[0025] _
The temperature for solution mixing is not particularly limited. Further,
heating is not required but can be performed for increasing the solubility or dissolution
speed of the substrates. When heating is performed, it is sufficient when it is
performed at a temperature that is the boiling point of the solvent or lower. However,
heating can be performed at a temperature up to 200°C under the pressurized state using
an autoclave or the like. When the temperature is 200°C or lower, decomposition of
LiBH4 can be sufficiently suppressed.

[0026]

Regarding the mixing time, it is sufficient when the time necessary for
obtaining a homogenous mixture can be ensured. The time is often influenced by a
manufacturing scale, but for example, a sufficiently homogenous mixture can be
obtained by mixing for 0.1 to 5 hours.

[0027]

After the mixture becomes homogeneous, the solvent must be removed for

obtaining the ionic conductor. The solvent is removed by means of heated-air drying

or vacuum drying, and the optimum temperature for it varies depending on the type of



the solvent. The time for removing the solvent can be shortened by applying a
temperature sufficiently higher than the boiling point. The temperature for removing
the solvent is 60 to 280°C. When the temperature is 60°C or higher, the solvent in the
ionic conductor can be sufficiently removed and adverse effects on ion conductivity can
be diminished. Further, when the temperature is 280°C or lower, decomposition of the
ionic conductor and change in quality of crystal can be sufficiently suppressed. The
temperature for removing the solvent is preferably 100 to 250°C, and more preferably
150 to 220°C. By removing the solvent under reduced pressure as in the case of
vacuum drying or the like, the temperature at the time of removing the solvent can be
lowered and the required time can be shortened. In addition, the time required for
removing the solvent can also be shortened by flowing an inert gas such as nitrogen and
argon in which the moisture content is sufficiently low.

[0028]

In order to progress crystallization of the ionic conductor obtained in the
above-described manner, heat treatment can be performed. The heating temperature is
usually 50 to 300°C, more preferably 60 to 250°C, and particularly preferably 65°C or
higher and lower than 200°C. When the temperature is 50°C or higher, crystallization
tends to easily occur, and when the temperature is 300°C or lower, decomposition of the
ionic conductor and change in quality of crystal can be sufficiently suppressed. Note
that when heating is performed for removing the solvent in the manufacturing method
of the present invention, crystallization proceeds simultaneously and therefore it is
efficient.

[0029]

The heating time slightly varies depending on the heating temperature, but
usually, crystallization is sufficiently performed when the heating time is 0.1 to 12 hours.
The heating time is preferably 0.3 to 6 hours, and more preferably 0.5 to 4 hours.
From the viewpoint of suppressing change in quality of the ionic conductor, it is
preferred to set a shorter heating time.

[0030]

Since alkali metal compounds having a low water content are expensive, from
the viewpoint of the cost, it is desirable to use a lithium halide having a high water
content. However, when using a conventional mechanical milling method or the
melt-mixing method described in Japanese Patent No. 5187703, LiBH4 may be
decomposed, for example, at the time when water in a lithium halide directly acts on
LiBH; when heating, and for this reason, it was impossible to use a lithium halide

having a high water content.



Meanwhile, according to the manufacturing method of the present invention,
the direct action of water in the lithium halide on LiBH4 can be prevented by mixing
LiBH, and the lithium halide using the solvent. In addition, water in the lithium halide
can be removed when removing the solvent at 60 to 280°C. For this reason, a lithium
halide having a high water content can be used without any problem. According to a
preferred embodiment of the manufacturing method of the present invention, even when
the water content in the lithium halide is 50 ppm or more, an ionic conductor having
excellent ion conductivity can be obtained. The upper limit of the water content in the
lithium halide is not particularly limited, but from the viewpoint of ion conductivity, it is
preferably less than 70000 ppm, and more preferably 26000 ppm or less. Thus,
according to a preferred embodiment of the present invention, the cost required for the
lithium halide can be significantly reduced.

[0031]
2. Tonic conductor

According to another embodiment of the present invention, an ionic conductor,
which can be manufactured by the above-described manufacturing method, is provided.
The ionic conductor manufactured by the above-described manufacturing method has
excellent ion conductivity. As described above, LiBHs has the problem that
lithium-ion conductivity is significantly reduced at less than 115°C that is the phase
transition temperature. However, in the case of the ionic conductor of the present
invention, such reduction in lithium-ion conductivity is less likely to occur, and
excellent ion conductivity can be obtained in a wide temperature range. In addition,
according to a preferred embodiment of the present invention, the ionic conductor has a
property that ion conductivity is less likely to vary depending on the temperature
(specifically, the difference between ion conductivity at low temperatures and ion
conductivity at high temperatures is small). Moreover, since the ionic conductor of the
present invention is a crystal, it is superior to glass on the point that it is mechanically
and thermally stronger.

[0032]

The ionic conductor obtained by the manufacturing method of the present
invention preferably has diffraction peaks at at least 20=23.9+1.2 deg, 25.6%1.5 deg,
27.3£1.5 deg, 35.4+2.0 deg and 42.2+2.0 deg in X-ray diffraction (CuKo: 2=1.5405 A).
The ionic conductor more preferably has diffraction peaks at at least 26=23.6+0.8 deg,
25.2+0.8 deg, 26.9+1.0 deg, 35.0+1.2 deg and 41.4+1.2 deg, even more preferably has
diffraction peaks at at least 26=23.5+0.5 deg, 24.9+0.5 deg, 26.7+0.5 deg, 34.6+0.7 deg
and 40.9+0.7 deg, and particularly preferably has diffraction peaks at at least



20=23.5+0.3 deg, 24.9+0.3 deg, 26.7+0.3 deg, 34.6+0.5 deg and 40.9+0.5 deg. These
diffraction peaks at five regions correspond to diffraction peaks of the high temperature
phase of LiBHs. Such a material having diffraction peaks at five regions even at a
temperature lower than the transition temperature of the high temperature phase of
LiBH,4 (115°C) tends to exhibit high ion conductivity even at a temperature lower than
the transition temperature.

[0033]

The ionic conductor obtained by the manufacturing method of the present
invention contains lithium (Li), borohydride (BH4) and a halogen atom as major
components, and may also contain components other than these components.
Examples of the other components include oxygen (O), nitrogen (N), silicon (Si) and
germanium (Ge). '

[0034]
3. Solid electrolyte for all-solid-state batteries and all-solid-state battery

According to another embodiment of the present invention, it is possible to
provide a solid electrolyte for all-solid-state batteries, which comprises an ionic
conductor obtained by a method including: mixing, using a solvent, LiBH,4 and a lithium
halide represented by formula (1):

LiX €))

wherein X represents one selected from the group consisting of halogen atoms; and
removing the solvent at 60 to 280°C. Further, according to yet another embodiment of
the present invention, it is possible to provide an all-solid-state battery, which is
obtained by using the solid electrolyte for all-solid-state batteries.

[0035]

In this specification, the all-solid-state battery is an all-solid-state battery in
which lithium ions perform electrical conduction, and particularly an all-solid-state
lithium-ion rechargeable battery. The all-solid-state battery has a structure in which a
solid electrolyte layer is disposed between a positive electrode layer and a negative
electrode layer. The ionic conductor of the present invention may be contained as the
solid electrolyte in at least one of the positive electrode layer, negative electrode layer
and solid electrolyte layer. When used in an electrode layer, use in the positive
electrode layer is more preferred compared to use in the negative electrode layer. This
is because a side reaction is less likely to be caused in the positive electrode layer
compared to the negative electrode layer. When the ionic conductor of the
embodiment is contained in the positive electrode layer or negative electrode layer, the

ionic conductor is used in combination with a publicly-known positive active material

10



or negative active material for lithium-ion rechargeable batteries. As the positive
electrode layer, a bulk type in which an active material and a solid electrolyte are mixed
together is preferably used because the capacity per single cell is larger.

[0036]

The all-solid-state battery is prepared by forming and laminating the
above-described layers, and the forming method and laminating method for the
respective layers are not particularly limited. Examples thereof include: a method in
which a solid electrolyte and/or an active material are dispersed in a solvent to provide a
slurry-like mixture, which is applied by a doctor blade, spin coating or the like and
subjected to rolling to form a film; a gas phase method in which film forming and
lamination are performed by using a vacuum deposition method, ion plating method,
sputtering method, laser ablation method or the like; and a pressing method in which
powder is formed by hot pressing or cold pressing (not heating) and laminated. Since
the ionic conductor of the embodiment is relatively soft, it is particularly preferred to
prepare a battery by forming by pressing and lamination. Further, the positive

electrode layer can also be formed by using a sol-gel method.

EXAMPLES

[0037]

Hereinafter, the present invention will be more specifically described by way of
examples, but the content of the present invention is not limited thereby.
[0038]

(Example 1)

In a glovebox under ai‘gon atmosphere, Lil (manufactured by Aldrich, purity:
99.9%) was weighed and put into a three-necked flask, and a 10% THF solution of
LiBH; (manufactured by Lockwood Lithium, Product No. 401653) was added thereto
so that the molar ratio of LiBH,: Lil became 0.75: 0.25 [when LiBH4: Lil=x: (1—x),
x=0.75], followed by mixing. Solution mixing was carried out at 50°C for 1 hour,
thereby obtaining a sufficiently homogenous solution.

The obtained solution was dried under vacuum at 150°C for 3 hours while
flowing argon at a flow rate of 5 cc/min, thereby obtaining a white ionic conductor
(0.75 LiBH4-0.25 Lil).

[0039]
(Example 2)
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A white ionic conductor (0.75 LiBH4-0.25 Lil) was obtained in a manner
similar to that in Example 1, except that the temperature at the time of drying was
200°C.

[0040]
(Example 3)

A white ionic conductor (0.75 LiBH4-0.25 Lil) was obtained in a manner
similar to that in Example 1, except that the temperature at the time of drying was
250°C.

[0041]
(Example 4)

A white ionic conductor (0.75 LiBH4-0.25 Lil) was obtained in a manner
similar to that in Example 1, except that the temperature at the time of drying was
280°C.

[0042]
(Comparative Example 1)

In a glovebox under argon atmosphere, LiBH; (manufactured by Aldrich,
purity: 90%) and Lil (manufactured by Aldrich, purity: 99.9%) were mixed together
with a molar ratio of LiBHy4: Lil=0.75: 0.25 [when LiBHy4: Lil=x: (1-x), x=0.75], and
the obtained mixture was transferred to a molybdenum container. After that, it was
heated to 320°C using an autoclave to perform melt-mixing. After that, this molten
mixture was cooled to room temperature, thereby obtaining a white ionic conductor
(0.75 LiBH4-0.25 Lil). '

[0043]
<X-ray diffraction measurement>

Powders of the ionic conductors obtained in Examples 1-4 and Comparative
Example 1 were subjected to the X-ray diffraction measurement under Ar atmosphere at
room temperature (X‘pert® Powder manufactured by PANalytical, CuKo: A=1.5405 A).
The obtained diffraction peaks are shown in Figure 1.

In Examples 1-4 and Comparative Example 1, the diffraction peaks were
observed at at least 20=23.5+0.3 deg, 24.9+0.3 deg, 26.7+0.3 deg, 34.6+£0.5 deg and
40.940.5 deg, and peaks belonging to 0.75 LiBH4-0.25 Lil crystal were shown.

[0044]
<Ion conductivity measurement>

Each of the ionic conductors obtained in Examples 1-4 and Comparative
Example 1 was subjected to uniaxial molding (240 MPa) to obtain a disk having a
thickness of about 1 mm and a diameter of 8 mm. The AC impedance was measured
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by the four-terminal method utilizing a lithium electrode at 10°C intervals in a
temperature range of room temperature to 150°C (SI11260 IMPEDANCE/GAIN-PHASE
ANALYZER), and the ion conductivity was calculated. Specifically, the disk obtained
in the above-described manner as a sample was put into a thermostatic bath with its
temperature being set at 25°C and it was kept for 30 minutes, and after that, the ion
conductivity was measured. Subsequently, the temperature of the thermostatic bath
was increased at 10°C intervals from 30°C to 150°C, and the same operation was
carried out at each temperature. After the measurement at 150°C was finished, the
temperature of the thermostatic bath was decreased at 10°C intervals from 140°C to
30°C, and at each temperature, the state was kept for 40 minutes and then the ion
conductivity was measured. Subsequently, the temperature of the thermostatic bath
was decreased to 25°C, and after it was kept for 40 minutes, the ion conductivity was
measured. The measurement frequency range was 0.1 Hz to 1 MHz, and the amplitude
was 50 mV.

[0045]

Regarding the ionic conductors of Examples 1-4 and Comparative Example 1,
the measurement results of the lithium-ion conductivity at 150°C and each temperature
at the time of decreasing the temperature from 150°C are shown in Figure 2.

[0046]

Next, regarding the case of using a lithium halide having a water content of 50
ppm or more, an ionic conductor was produced as described below.
[0047]
<Method for measuring water content in lithium halide>

The water content in the lithium halide was measured using a Karl Fischer
moisture meter (model 851/1), a stirrer (model 801) and an auto-sampler (model 874)
manufactured by Metrohm, and a dedicated sealed vial. As a titration reagent, a new
Karl Fischer reagent for water content measurement, HYDRANAL-Coulomat AG-Oven
(manufactured by Hayashi Pure Chemical Ind., Ltd.) was selected.

[0048]

100 mg of lithium halide powder was put into a dedicated vial in a glovebox
under argon atmosphere to obtain a measurement sample. Note that for a blank, argon
in the glovebox was used.

The measurement sample was analyzed with a sample heating temperature of
200°C, an extraction time of 300 seconds, an extraction temperature of 25°C, titration
end of 5 pg/min (relative drift) and an end point setting of 50 mV. The measurement

data was analyzed using an analysis software: tiamo (Ver 2.3) manufactured by
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Metrohm. The end point (EP) of titration analysis was determined using the function
of “Set EP with parallel tangents”. In this regard, as the tangent lines, those
corresponding to baselines before titration (0 to 20 sec) and after titration (250 to 300
sec) were used. The weight of water (ug) was calculated based on the obtained end
point (EP), and the water content in the lithium halide was calculated using the
below-described formula A.

{Weight of water in measurement sample (ug)—weight of water in blank (ug)}/weight of
lithium halide (g)=water content in lithium halide (ppm) ... (formula A)

[0049]

<Treatment for obtaining lithium halide having different water content (1)>

A mixed gas consisting of argon and water (water content: 300 ppm) was
flowed through a container in which a lithium halide was put for a predetermined
amount of time, thereby further preparing a lithium halide having a different water
content. The obtained lithium halide having a water content of 290 ppm was used in
Example 5 described below to produce an ionic conductor.

[0050]
<Treatment for obtaining lithium halide having different water content (2)>

Lil having a water content of 2000 ppm (manufactured by Wako Pure
Chemical Industries, Ltd., purity: 97% or more, Lot. No. LKM6992) was dissolved in
ultra-pure water. Excess water was removed by an evaporator (6 hours, rotation speed:
120 rpm, hot water temperature: 60°C, vacuum degree: 5 hPa), thereby obtaining a
trihydrate of Lil. The trihydrate of Lil was subjected to vacuum drying (vacuum
degree: 6.7x10"! Pa) at room temperature for 24 hours to prepare Lil having a water
content of 70000 ppm. The obtained lithium halide having the water content of 70000
ppm was used in Examples 7-8 and Comparative Example 2 described below to produce
ionic conductors.

[0051]
(Example 5)

Firstly, Lil (manufactured by Sigma-Aldrich, purity: 99.9% or more, Lot. No.
MKBT8164V) was subjected to the above-described treatment to produce an alkali
metal compound having a water content of 290 ppm. In a glovebox under argon
atmosphere, the compound was weighed and put into a three-necked flask, and a THF
solution of LiBH4 (manufactured by Lockwood Lithium) was added thereto so that the
molar ratio of LiBH,: Lil became 0.75: 0.25 [when LiBH4: Lil=x: (1—x), x=0.75],
followed by mixing. Solution mixing was carried out at 50°C for 1 hour, thereby

obtaining a sufficiently homogenous solution.
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The obtained solution was dried under vacuum at 200°C for 3 hours while
flowing argon at a flow rate of 5 cc/min, thereby obtaining a white ionic conductor
(0.75 LiBH4-0.25 Lil).

[0052]
(Example 6)

A white ionic conductor (0.75 LiBH4-0.25 Lil) was obtained in a manner
similar to that in Example 5, except that Lil having a water content of 2000 ppm
(manufactured by Wako Pure Chemical Industries, Ltd., purity: 97% or more, Lot. No.
LKM6992) was used and that mixing of the THF solution of LiBH4 with Lil was
performed at room temperature for 30 minutes, thereby obtaining a sufficiently
homogenous solution.

[0053]
(Example 7)

Lil having a water content of 2000 ppm and Lil having a water content of
70000 ppm were mixed together at a predetermined ratio, thereby obtaining Lil having a
water content of 10000 ppm. A white ionic conductor (0.75 LiBH4-0.25 Lil) was
obtained in a manner similar to that in Example 6, except that the obtained Lil having a
water content of 10000 ppm was used.

[0054]
(Example 8)

Lil having a water content of 2000 ppm and Lil having a water content of
70000 ppm were mixed together at a predetermined ratio, thereby obtaining Lil having a
water content of 25700 ppm. A white ionic conductor (0.75 LiBH4-0.25 Lil) was
obtained in a manner similar to that in Example 6, except that the obtained Lil having a
water content of 25700 ppm was used.

[0055]
(Comparative Example 2)

A white ionic conductor (0.75 LiBH4-0.25 Lil) was obtained in a manner
similar to that in Example 6, except that Lil having a water content of 70000 ppm was
used.

[0056]

The ionic conductors of Examples 5-8 and Comparative Example 2 were
subjected to the X-ray diffraction measurement and the ion conductivity measurement
in manners similar to those for the ionic conductors obtained in Examples 1-4 and
Comparative Example 1. X-ray diffraction patterns of the ionic conductors obtained in

Examples 5-8 and Comparative Example 2 are shown in Figure 3.  Further, lithium-ion
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conductivities of the ionic conductors obtained in Examples 5-8 and Comparative
Example 2 are shown in Figure 4.
[0057]

Note that the ion conductivities of Examples 5-8 and Comparative Example 2

were as described below.

Table 1

Water content in | Lithium-ion  conductivity

Lil (ppm) (S/cm)

25°C 150°C

Example 5 290 2.0x10° | 1.7x102
Example 6 2000 1.3x10° | 7.8x107
Example 7 10000 1.4x10° | 8.3x107
Example 8 25700 1.6x10° | 7.8x107
Comparative 70000 0.8x107 3.7x107
Example 2

[0058]

The several embodiments of the present invention were described above, but
these embodiments were presented as examples and it is not intended to limit the scope
of the invention thereby. These novel embodiments can be practiced in other various
modes and can be omitted, substituted or modified variously without departing from the
gist of the present invention. These embodiments and modifications thereof are
included in the scope or gist of the invention and also included in the scope of the

inventions recited in the claims and equivalents thereof.
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CLAIMS

1. A method for manufacturing an ionic conductor, said method including:

adding LiBHa4 to a solvent comprising a lithium halide; or adding a lithium halide to a
solvent comprising LiBH4; or adding LiBH4 and a lithium halide, as separate compositions,
to a solvent;

mixing, in the solvent, LiBH4 and the lithium halide, wherein the lithium halide is
represented by formula (1):
LiX (1)
wherein X represents one selected from the group consisting of halogen atoms; and

removing the solvent at 60 to 280°C,
wherein the ionic conductor has diffraction peaks at at least 26=23.9+1.2 deg, 25.6£1.5 deg,
27.3+1.5 deg, 35.4+2.0 deg and 42.2+2.0 deg in X-ray diffraction (CuKa: A=1.5405 A).

2. The method for manufacturing an ionic conductor according to claim 1, wherein the

solvent is an ether-based solvent.

3. The method for manufacturing an ionic conductor according to claim 2, wherein the ether-
based solvent is selected from tetrahydrofuran, 2-methyltetrahydrofuran and cyclopentyl
methyl ether.

4. The method for manufacturing an ionic conductor according to any one of claims 1 to 3,

wherein the lithium halide has a water content of 50 ppm or more and less than 70000 ppm.

5. The method for manufacturing an ionic conductor according to any one of claims 1 to 4,

wherein the lithium halide has a water content of 50 to 26000 ppm.

6. A solid electrolyte for all-solid-state batteries, which comprises an ionic conductor
obtained by a method including:

adding LiBHa4 to a solvent comprising a lithium halide; or adding a lithium halide to a
solvent comprising LiBH4; or adding LiBH4 and a lithium halide, as separate compositions,
to a solvent;

mixing, in the solvent, LiBH4 and the lithium halide, wherein the lithium halide is

represented by formula (1):
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LiX (D)
wherein X represents one selected from the group consisting of halogen atoms; and
removing the solvent at 60 to 280°C,
wherein the ionic conductor has diffraction peaks at at least 26=23.9+1.2 deg, 25.6£1.5 deg,
27.3+1.5 deg, 35.4+2.0 deg and 42.2+2.0 deg in X-ray diffraction (CuKa: A=1.5405 A).

7. An all-solid-state battery, which is obtained by using the solid electrolyte for all-solid-state

batteries according to claim 6.
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