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(57) ABSTRACT

An electrode composite body includes: an active material
molded body including active material particles which
include a lithium composite oxide and have a particle shape,
and a communication hole that is provided between the
active material particles; a first solid electrolyte layer that is
provided on a surface of the active material molded body,
and includes a first inorganic solid electrolyte; and a second
solid electrolyte layer that is provided on the surface of the
active material molded body, and includes a second inor-
ganic solid electrolyte of which a composition is different
from a composition of the first inorganic solid electrolyte,
and which contains boron as a constituent element and is
amorphous.
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ELECTRODE COMPOSITE BODY, METHOD
OF MANUFACTURING ELECTRODE
COMPOSITE BODY, AND LITHIUM
BATTERY

[0001] This application claims a priority to Japanese Pat-
ent Application No. 2015-115508 filed on Jun. 8, 2015
which is hereby expressly incorporated by reference in its
entirety.

BACKGROUND
[0002] 1. Technical Field
[0003] Several aspects of the present invention relate to an

electrode composite body, a method of manufacturing the
electrode composite body, and a lithium battery.

[0004] 2. Background Art

[0005] As a power supply of various electrical apparatuses
including a portable information apparatus, a battery such as
a lithium battery (including a primary battery and a second-
ary battery) has been used. The lithium battery includes a
positive electrode, a negative electrode, and an electrolyte
layer that is provided between layers of the positive elec-
trode and the negative electrode and mediates lithium ion
conduction therebetween.

[0006] Recently, as a lithium battery in which a high
energy density and stability are compatible with each other,
there is suggested an all-solid type lithium battery that uses
a solid electrolyte in a formation material of the electrolyte
layer (for example, refer to JP-A-2006-277997, JP-A-2004-
179158, and Japanese Patent No. 4615339).

[0007] Additional high output and high capacity are
demanded for the all-solid type lithium battery, but it cannot
be said that these characteristics are sufficiently obtained in
the all-solid type lithium battery of the related art.

SUMMARY

[0008] An advantage of some aspects of the invention is to
provide an electrode composite body capable of realizing a
lithium secondary battery exhibiting a stable charge and
discharge cycle when being applied to the lithium secondary
battery, a method of manufacturing an electrode composite
body which is capable of manufacturing the electrode com-
posite body, and a lithium battery that includes the electrode
composite body and exhibits the stable charge and discharge
cycle.

[0009] The advantage is accomplished by the following
aspects of the invention.

[0010] An electrode composite body according to an
aspect of the invention includes: an active material molded
body including active material particles which include a
lithium composite oxide and have a particle shape, and a
communication hole that is provided between the active
material particles; a first solid electrolyte layer that is
provided on a surface of the active material molded body,
and includes a first inorganic solid electrolyte; and a second
solid electrolyte layer that is provided on the surface of the
active material molded body, and includes a second inor-
ganic solid electrolyte of which a composition is different
from a composition of the first inorganic solid electrolyte,
and which contains boron as a constituent element and is
amorphous.

[0011] According to this configuration, an electrode com-
posite body, which is capable of realizing a lithium second-
ary battery exhibiting a stable charge and discharge cycle
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when being applied to the lithium secondary battery, is
obtained. In addition, since the second inorganic solid elec-
trolyte is amorphous, structure uniformity of the second
solid electrolyte layer is enhanced. Accordingly, for
example, even in a case where the second solid electrolyte
layer itself is repetitively subjected to extension and con-
traction in accordance with charge and discharge of the
lithium secondary battery or a variation in temperature, or
receives a stress in accordance with extension and contrac-
tion of the periphery thereof, the second solid electrolyte
layer is less likely to mechanically deteriorate. According to
this, it is possible to further enhance reliability of the lithium
secondary battery.

[0012] In the electrode composite body according to the
aspect of the invention, it is preferable that the lithium
composite oxide is LiCoO,.

[0013] According to this configuration, the active material
particles allow charge migration between the active material
particles and the second inorganic solid electrolyte to be
more smoothly performed. According to this, a lithium
secondary battery including the lithium composite oxide can
realize a more stable charge and discharge cycle.

[0014] In the electrode composite body according to the
aspect of the invention, it is preferable that the first inorganic
solid electrolyte is Li,_,La; (Zr,_,, M) Oy,.

[0015] In the formula, M represents at least one kind of
element selected from Nb, Sc, Ti, V, Y, Hf, Ta, Al, Si, Ga, Ge,
Sn, and Sb, and X represents a real number of 0 to 2.

[0016] According to this configuration, a first inorganic
solid electrolyte, in which an unintended reaction with the
second inorganic solid electrolyte is hardly caused to occur,
is obtained. In addition, when using the first inorganic solid
electrolyte as described above, it is possible to further raise
the charge mobility between the active material molded
body and the first solid electrolyte layer.

[0017] In the electrode composite body according to the
aspect of the invention, it is preferable that the second
inorganic solid electrolyte is lithium borate.

[0018] According to this configuration, a second inorganic
solid electrolyte, which is less likely to be affected by
moisture and has relatively high charge mobility, is
obtained. In addition, when using the second inorganic solid
electrolyte as described above, an electrode composition
body, which is capable of realizing a lithium secondary
battery in which additional stabilization of a charge and
discharge cycle is attained, is obtained.

[0019] A method of manufacturing an electrode composite
body according to another aspect of the invention includes:
supplying a solution of a first inorganic solid electrolyte to
come into contact with an active material molded body
including active material particles which include a lithium
composite oxide and have a particle shape, and a commu-
nication hole that is provided between the active material
particles so as to impregnate the solution into the commu-
nication hole; heating the active material molded body that
is impregnated with the solution; supplying a solid material
of a second inorganic solid electrolyte, of which a compo-
sition is different from a composition of the first inorganic
solid electrolyte and contains boron as a constituent element,
to come into contact with the active material molded body;
melting the solid material of the second inorganic solid
electrolyte, and impregnating the resultant molten material
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of the second inorganic solid electrolyte into the communi-
cation hole; and solidifying the molten material to be
amorphous.

[0020] According to this configuration, it is possible to
efficiently manufacture an electrode composite body capable
of realizing the lithium secondary battery that exhibits the
stable charge and discharge cycle.

[0021] A method of manufacturing an electrode composite
body according to still another aspect of the invention
includes: supplying a solid material of a first inorganic solid
electrolyte and a solid material of a second inorganic solid
electrolyte, of which a melting point is lower than a melting
point of the first inorganic solid electrolyte and which
contains boron as a constituent element, to come into contact
with an active material molded body including active mate-
rial particles which include a lithium composite oxide and
have a particle shape, and a communication hole that is
provided between the active material particles; melting the
solid material of the second inorganic solid electrolyte, and
impregnating the resultant molten material of the second
inorganic solid electrolyte into the communication hole in
combination with the solid material of the first inorganic
solid electrolyte; and solidifying the molten material to be
amorphous.

[0022] According to this configuration, it is possible to
efficiently manufacture an electrode composite body capable
of realizing the lithium secondary battery that exhibits the
stable charge and discharge cycle.

[0023] A lithium battery according to yet another aspect of
the invention includes: the electrode composite body accord-
ing to the aspect; a current collector that is provided on one
surface of the electrode composite body to come into contact
with the active material molded body; and an electrode that
is provided on the other surface of the electrode composite
body to come into contact with the first solid electrolyte
layer or the second solid electrolyte layer.

[0024] According to this configuration, a lithium second-
ary battery, which exhibits a stable charge and discharge
cycle, is obtained.

[0025] It is preferable that the lithium battery further
includes a third solid electrolyte layer that is provided
between the electrode composite body and the electrode,
includes a third inorganic solid electrolyte that contains
boron as a constituent element and is amorphous, and is
formed through a vapor phase film formation.

[0026] According to this configuration, a lithium second-
ary battery, which exhibits the stable charge and discharge
cycle over a longer period of time, is obtained.

BRIEF DESCRIPTION OF THE DRAWINGS

[0027] The invention will be described with reference to
the accompanying drawings, wherein like numbers refer-
ence like elements.

[0028] FIG. 1 is a longitudinal cross-sectional view illus-
trating a lithium secondary battery to which a first embodi-
ment of a lithium battery according to the invention is
applied.

[0029] FIGS. 2A and 2B are views illustrating a method of
manufacturing the lithium secondary battery illustrated in
FIG. 1.

[0030] FIGS. 3A and 3B are views illustrating a method of
manufacturing the lithium secondary battery illustrated in
FIG. 1.
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[0031] FIGS. 4A and 4B are views illustrating a method of
manufacturing the lithium secondary battery illustrated in
FIG. 1.

[0032] FIGS. 5A and 5B are views illustrating a method of
manufacturing the lithium secondary battery illustrated in
FIG. 1.

[0033] FIGS. 6A and 6B are views illustrating a method of
manufacturing the lithium secondary battery illustrated in
FIG. 1.

[0034] FIGS. 7A and 7B are views illustrating a method of
manufacturing the lithium secondary battery illustrated in
FIG. 1.

[0035] FIGS. 8A and 8B are views illustrating a method of
manufacturing the lithium secondary battery illustrated in
FIG. 1.

[0036] FIG. 9 is a longitudinal cross-sectional view illus-
trating a second embodiment of a lithium secondary battery
that is manufactured by applying the method of manufac-
turing a lithium battery according to the invention.

[0037] FIG. 10 is a longitudinal cross-sectional view illus-
trating a third embodiment of a lithium secondary battery
that is manufactured by applying the method of manufac-
turing a lithium battery according to the invention.

DESCRIPTION OF EXEMPLARY
EMBODIMENTS

[0038] Hereinafter, an electrode composite body, a method
of manufacturing the electrode composite body, and a
lithium battery according to the invention will be described
with reference to the accompanying drawings.

[0039] In addition, in the drawings which are used for the
description, dimensions, ratios, and the like of respective
constituent elements are appropriately made different for
easy understanding of the drawings and for easy understand-
ing of explanation, but the difference in the drawings is
made for convenience. In addition, for convenience of
explanation, an upper side and a lower side of the illustration
will be described as “upper” and “lower”, respectively.

First Embodiment

[0040] In this embodiment, description will be given of an
electrode composite body, a method of manufacturing the
electrode composite body, and a lithium battery according to
the invention.

[0041] First, a lithium secondary battery 100, to which the
lithium battery according to the invention is applied, will be
described. FIG. 1 is a longitudinal cross-sectional view of
the lithium secondary battery 100.

[0042] The lithium secondary battery 100 includes a
stacked body 10, and an electrode 20 that is joined to the
stacked body 10. The lithium secondary battery 100 is a
so-called all-solid type lithium (ion) secondary battery.
[0043] The stacked body 10 includes a current collector 1,
an active material molded body 2, a first solid electrolyte
layer 3, and a second solid electrolyte layer 5. In addition,
in the following description, a configuration provided with
the active material molded body 2, the first solid electrolyte
layer 3, and the second solid electrolyte layer 5 is referred
to as an electrode composite body 4. The electrode com-
posite body 4 is located between a current collector 1 and the
electrode 20, and a pair of opposite surfaces 4a and 45 are
joined to the current collector 1 and the electrode 20,
respectively. Accordingly, the stacked body 10 has a con-
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figuration in which the current collector 1 and the electrode
composite body 4 are stacked.

[0044] The current collector 1 is an electrode that extracts
a current generated through a battery reaction, and is pro-
vided on one surface 4a of the electrode composite body 4
to come into contact with the active material molded body
2 that is exposed from the first solid electrolyte layer 3 and
the second solid electrolyte layer 5.

[0045] The current collector 1 functions as a positive
electrode in a case where the active material molded body 2
is constituted by a positive electrode active material, and
functions as a negative electrode in a case where the active
material molded body 2 is constituted by a negative elec-
trode active material.

[0046] In addition, examples of a formation material (con-
stituent material) of the current collector 1 include one kind
of metal (elementary metal substance) that is selected from
the group consisting of copper (Cu), magnesium (Mg),
titanium (T1), iron (Fe), cobalt (Co), nickel (Ni), zinc (Zn),
aluminum (Al), germanium (Ge), indium (In), gold (Au),
platinum (Pt), silver (Ag), and palladium (Pd), an alloy
including two or more kinds of metal elements selected from
the group, and the like.

[0047] The shape of the current collector 1 is not particu-
larly limited, and examples thereof include a sheet shape, a
foil shape, a network shape, and the like. In addition, a
joining surface of the current collector 1 with the electrode
composite body 4 may be flat, or unevenness may be formed
on the joining surface. In this case, it is preferable that the
joining surface is formed so that a contact area with the
electrode composite body 4 becomes the maximum.
[0048] The active material molded body 2 is a porous
molded body which includes particle-like active material
particles 21 that contains an active material as a formation
material, and which is formed in such a manner that a
plurality of the active material particles 21 are three-dimen-
sionally connected.

[0049] The active material molded body 2, which is the
porous molded body, has a plurality of pores. A vacancy in
the plurality of pores is a void of the active material molded
body 2. Portions, which communicate with each other in a
network shape at the inside of the active material molded
body 2, form a communication hole. When the first solid
electrolyte layer 3 enters the communication hole, it is
possible to secure a wide contact area between the active
material molded body 2 and the first solid electrolyte layer
3. In addition, the second solid electrolyte layer 5 is provided
to bury a void that is not buried by the first solid electrolyte
layer 3. According to this, a gap between the active material
particles 21 and granular bodies 31 is buried with the second
solid electrolyte layer 5, and the second solid electrolyte
layer 5 contributes to enhancement of charge mobility
between the active material particles 21 and the granular
bodies 31. As a result, in the lithium secondary battery 100,
stabilization of a charge and discharge cycle is attained.
[0050] The current collector 1 may function as a positive
electrode or a negative electrode by appropriately selecting
a kind of an active material formation material of the active
material particles 21.

[0051] In a case where the current collector 1 is set as a
positive electrode, as a formation material of the active
material particles 21, for example, a known lithium com-
posite oxide may be preferably used as a positive electrode
active material.
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[0052] In addition, in this specification, the “lithium com-
posite oxide” represents an oxide which essentially includes
lithium, and includes two or more kinds of metal ions as a
whole, and in which existence of oxo acid ions is not
recognized.
[0053] Examples of the lithium composite oxide include
LiCoO,, LiNiO,, LiMn,O,, Li,Mn,0;, LiFePO,,
Li,FeP,0O,, LiMnPO,, LiFeBO;, Li,V, (PO,);, Li,CUO,,
LiFeF;, Li,FeSiO,, Li,MnSiO,, and the like. In addition, in
this specification, a solid-solution, in which a part of atoms
in a crystal of the lithium composite oxide is substituted with
other transition metals, typical metals, alkali metals, alkali
rare-earth elements, lanthanoids, chalcogenides, halogens,
and the like, is included in the lithium composite oxide, and
this solid-solution can also be used as the positive electrode
active material.
[0054] Among these, LiCoO, is preferably used as the
lithium composite oxide. This active material allows charge
migration to be more smoothly performed between the
active material and a second inorganic solid electrolyte that
contains boron as a constituent element. According to this,
the lithium secondary battery 100, which includes the active
material, can realize a more stable charge and discharge
cycle.
[0055] On the other hand, in a case where the current
collector 1 is set as a negative electrode, with regard to the
formation material of the active material molded body 2, for
example, a lithium composite oxide such as [i,TisO,, and
Li,Ti;O, can be used as a negative electrode active material.
[0056] When including the lithium composite oxide,
delivery of electrons is performed between the plurality of
active material particles 21, and delivery of lithium ions is
performed between the active material particles 21 and the
first solid electrolyte layer 3, and thus the active material
particles 21 exhibit a function as the active material molded
body 2 in a satisfactory manner.
[0057] An average particle size of the active material
particles 21 is preferably 300 nm to 5 um, more preferably
450 nm to 3 um, and still more preferably 500 nm to 1 pm.
When using the active material having the average particle
size, it is possible to set a porosity of the active material
molded body 2, which is obtained, in a preferable range.
According to this, it is easy to increase a surface area of the
active material molded body 2 on an inner side of the pores,
and it is easy to increase a contact area between the active
material molded body 2 and the first solid electrolyte layer
3. Accordingly, it is easy to allow the lithium battery using
the stacked body 10 to have high capacity.
[0058] Here, for example, the porosity can be measured
from (1) the volume (apparent volume) of the active material
molded body 2 including the pores which is obtained from
external dimensions of the active material molded body 2,
(2) the mass of the active material molded body 2, and (3)
the density of an active material that constitutes the active
material molded body 2 on the basis of the following
expression (I).

Porosity (%)=[1-mass of active material molded

body/((apparent volume)x(density of active
material))]x100 4]

[0059] It is preferable the porosity is 10% to 50%, and
more preferably 30% to 50%. When the active material
molded body 2 has the porosity described above, it is easy
to increase a surface area of the active material molded body
2 on an inner side of the pores, and it is easy to increase a
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contact area between the active material molded body 2 and
the first solid electrolyte layer 3. Accordingly, it is easy to
allow the lithium battery using the stacked body 10 to have
high capacity.

[0060] When an average particle size of the active material
particles 21 is less than the above-described lower limit, a
radius of the pores in the active material molded body that
is formed is likely to be as small as several nm in accordance
with the kind of the formation material of the first solid
electrolyte layer 3, and thus it is difficult to impregnate a
liquid material including a precursor of the first inorganic
solid electrolyte into the pores. As a result, there is a concern
that it is difficult to form the first solid electrolyte layer 3 that
comes into contact with a surface on an inner side of the
pores.

[0061] In addition, when the average particle size of the
active material particles 21 is greater than the above-de-
scribed upper limit, a specific surface area that is a surface
area per unit mass of the active material molded body 2 that
is formed decreases, and thus there is a concern that the
contact area between the active material molded body 2 and
the first solid electrolyte layer 3 may decrease. According to
this, there is a concern that a sufficient output may not be
obtained in the lithium secondary battery 100. In addition,
an ion diffusion distance from the inside of the active
material particles 21 to the first solid electrolyte layer 3 is
lengthened, and thus there is a concern that it is difficult for
the lithium composite oxide in the vicinity of the center of
the active material particles 21 to contribute to the function
of the battery.

[0062] In addition, for example, the average particle size
of the active material particles 21 can be measured by
obtaining a median diameter by using a light-scattering type
particle size distribution measuring device (nano track UPA-
EX250, manufactured by Nikkiso Co., Ltd.) after dispersing
the active material particles 21 in n-octanol to have a
concentration in a range of 0.1% by mass to 10% by mass.
[0063] In addition, although details will be described later,
the porosity of the active material molded body 2 can be
controlled by using a pore forming material, which is
composed of a particle-like organic material, in a process of
forming the active material molded body 2.

[0064] A first inorganic solid electrolyte is set as a forma-
tion material (constituent material) of the first solid electro-
lyte layer 3, and the first solid electrolyte layer 3 is provided
to come into contact with the surface, which includes a
surface of the active material molded body 2 on an inner side
of the pores (voids), of the active material molded body 2.
[0065] Examples of the first inorganic solid electrolyte
include oxides, sulfides, halides, and nitrides such as Si0O,—
P,0,—1Li,0, Si0,—P,0,—LiCl, Li,0—LiCl—B,0,, Li,
4V56519 40,4, Li,7ZnGe, O, Lis ¢Vo.Gey O, Lip 5T
7Al, 3(PO,)5. Li, 55PO; 73N, 14, LINDO;, Li, 35Lag 551105,
Li,La;Zr,0,,, LigglasZr, {Nb,,0,,, Li,S—SiS,, Li,S—
SiS,—Lil, Li,S—SiS,—P,S;, LiPON, Li;N, Lil, Lil—
Cal,, Lil—CaO, LiAlCl,, LiAlF,, Lil—Al,0O,, LiF—
Al,0;, LiBr—AlL,0;, Li,0—TiO,, La,0,—Li,0—TiO,,
Li,NI,, Li;N—Lil—LiOH, Li;N—LiCl, Li,NBr,, LiSO,,
Li,Si0,, Li;PO,—Li,Si0,, Li,GeO,—Li;VO,, Li,Si0O,—
Li,vO,, Li,GeO,—Zn,GeO,, Li,Si0O,—LiMoO,, and
LiSi0,—1.i,7r0O,. In addition, the first inorganic solid elec-
trolyte may be crystalline or amorphous. In addition, in this
specification, a solid-solution, in which a part of atoms of the
compositions is substituted with other transition metals,
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typical metals, alkali metals, alkali rare-earth elements,
lanthanoids, chalcogenides, halogens, and the like, can be
used as the first inorganic solid electrolyte.

[0066] In addition, among the above-described materials,
as the first inorganic solid electrolyte, particularly, an elec-
trolyte that does not contain boron as a constituent element
is preferably used, and a lithium composite oxide that
contains La and Zr as the constituent element is more
preferably used.

[0067] Specifically, a lithium composite oxide expressed
by the following Formula (II) can be exemplified.

Li;_Las (Zry_,, M,) O (ID

[0068] In the formula, M represents at least one kind of
element selected from Nb, Sc, Ti, V, Y, Hf, Ta, Al, Si, Ga, Ge,
Sn, and Sb, and X represents a real number of 0 to 2.
[0069] In addition, in Formula (II), it is preferable that M
is at least one kind of element among niobium (Nb) and
tantalum (Ta). According to this, it is possible to further raise
lithium ion conductivity of the first inorganic solid electro-
lyte that is obtained, and it is possible to further enhance the
mechanical strength of the first inorganic solid electrolyte.
[0070] In addition, particularly, in Formula (1), X, that is,
a substitution rate of the metal M is preferably 1 to 2, and
more preferably 1.4 to 2. When X is too small, there is a
concern that the above-described function may not be suf-
ficiently exhibited in the first inorganic solid electrolyte in
accordance with the kind of the metal M.

[0071] In addition, the lithium composite oxide illustrated
in Formula (II) may have any crystal structure such as cubic
and tetragonal, but it is preferable that the lithium composite
oxide has a cubic garnet type crystal structure. According to
this, an additional improvement in the ion conductivity of
the first inorganic solid electrolyte is attained.

[0072] In addition, more specifically, Liggla;Zr, {Nb,
20,, is more preferably used.

[0073] When the first inorganic solid electrolyte as
described above exists in combination with a second inor-
ganic solid electrolyte containing boron as a constituent
element, an unintended reaction with the second inorganic
solid electrolyte is hardly caused to occur. Accordingly,
when using the first inorganic solid electrolyte as described
above, it is possible to further raise the charge mobility
between the active material molded body 2 and the first solid
electrolyte layer 3.

[0074] The first inorganic solid electrolyte, which is a
constituent material of the first solid electrolyte layer 3, is
generated by baking (heating) a precursor of the first inor-
ganic solid electrolyte. During the baking, the first inorganic
solid electrolyte that is generated constitutes the granular
bodies 31 each of which is composed of a secondary particle
that is formed through granulation of primary particles.
According to this, the first solid electrolyte layer 3 is
provided to come into contact with the surface, which
includes a surface of the active material molded body 2 on
an inner side of the pores, of the active material molded body
2. When considering that the first solid electrolyte layer 3 is
configured as an aggregate of the granular bodies 31, as is
the case with the active material molded body 2, the first
solid electrolyte layer 3 is also configured as a porous body.
[0075] It is preferable that the ion conductivity of the first
solid electrolyte layer 3 is 5x107>S/cm or greater, and more
preferably 1x107> S/cm or greater. When the first solid
electrolyte layer 3 has the ion conductivity, ions, which are
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included in the first solid electrolyte layer 3 at a position
distant from the surface of the active material molded body
2, also reach the surface of the active material molded body
2, and can contribute to a battery reaction in the active
material molded body 2. According to this, a utilization rate
of the active material in the active material molded body 2
is improved, and thus it is possible to increase the capacity.
At this time, when the ion conductivity is less than the lower
limit, in the active material molded body 2, only an active
material in the vicinity of a surface layer on a surface side
that faces a counter electrode contributes to the battery
reaction depending on the kind of the first solid electrolyte
layer 3, and thus there is a concern that the capacity
decreases.

[0076] In addition, the “ion conductivity of the first solid
electrolyte layer 3” represents “total ion conductivity” that is
the sum of “bulk conductivity” of the above-described
inorganic solid electrolyte that constitutes the first solid
electrolyte layer 3, and “grain boundary ion conductivity”
that is conductivity between crystal particles in a case where
the inorganic solid electrolyte is crystalline.

[0077] Inaddition, for example, the ion conductivity of the
first solid electrolyte layer 3 can be measured as follows.
First, solid electrolyte powders are press-molded into a
tablet shape at 624 MPa, and the resultant press-molded
body is sintered in an atmospheric atmosphere at 700° C. for
8 hours. Then, a platinum electrode having a diameter of 0.5
cm and a thickness of 100 nm is formed on both surfaces of
the press-molded body through sputtering, and the press-
molded body is set as an object to be inspected. Then, the ion
conductivity is measured by an AC impedance method. As
a measurement device, for example, an impedance analyzer
(manufactured by Solartron, model number: SI11260) is used.
[0078] A second inorganic solid electrolyte is set as a
formation material (constituent material) of the second solid
electrolyte layer 5, and as is the case with the first solid
electrolyte layer 3, the second solid electrolyte layer 5 is
provided to come into contact with the surface, which
includes a surface of the active material molded body 2 on
an inner side of the pores (voids), of the active material
molded body 2.

[0079] The second inorganic solid electrolyte is a solid
electrolyte that is capable of conducting lithium ions. In
addition, the second inorganic solid electrolyte has a com-
position different from that of the first inorganic solid
electrolyte, and is an inorganic solid electrolyte (hereinafter,
also referred to simply as “boron-containing electrolyte™)
that contains boron as a constituent element. The above-
described second inorganic solid electrolyte is less likely to
be affected by moisture in comparison to a SiO-based
electrolyte, and thus it is possible to further enhance long-
term stability of the second solid electrolyte layer 5. That is,
when penetration of moisture occurs, in the first solid
electrolyte layer 3, a defect occurs in a conduction path of
lithium ions, and thus conductivity decreases. However,
when the second solid electrolyte layer 5 is formed, gen-
eration of the defect is suppressed. As a result, stabilization
of the charge and discharge cycle is attained, and thus the
lithium secondary battery 100, which is obtained, has higher
reliability.

[0080] As described above, examples of the second inor-
ganic solid electrolyte include a boron-containing electro-
lyte. Specifically, a lithium composite oxide such as lithium
borate that contains boron as a constituent element is used.

Dec. 8, 2016

Preferably, Li,B,O, (LiBO,), Li,B,0,, LiB;Og, and
Li,B,0; are used. More preferably, Li,BO; is used. Particu-
larly, in a case of being amorphous, the second inorganic
solid electrolyte is less likely to be affected by moisture, and
has relatively high charge mobility. According to this, when
using the second inorganic solid electrolyte as described
above, ion conductivity in the electrode composite body 4 is
enhanced. As a result, in the lithium secondary battery 100
that is obtained, reliability is high over a long period of time,
and additional stabilization in the charge and discharge cycle
is attained.

[0081] In addition, the second inorganic solid electrolyte
is an amorphous solid electrolyte. In the second solid
electrolyte layer 5 that includes the above-described second
inorganic solid electrolyte, since the second inorganic solid
electrolyte is amorphous, structural uniformity becomes
high. According to this, for example, even in a case where
the second solid electrolyte layer 5 itself is repetitively
subjected to extension and contraction in accordance with
charge and discharge of the lithium secondary battery 100 or
a variation in temperature, or receives a stress in accordance
with extension and contraction of the periphery thereof, the
second solid electrolyte layer 5 is less likely to mechanically
deteriorate. Accordingly, even in a case where the first solid
electrolyte layer 3 is deficient in the voids of the active
material molded body 2, the deficient portion is buried with
the second solid electrolyte layer 5, and thus it is possible to
compensate a reduction in charge migration at the deficient
portion. As a result, it is possible to further enhance the
reliability of the lithium secondary battery 100.

[0082] In addition, from the above-described viewpoint, a
composition, which is capable of being amorphous when
being molted and solidified, is selected for the second
inorganic solid electrolyte.

[0083] In addition, for example, it is possible to specify
whether or not the second inorganic solid electrolyte is
amorphous in accordance with whether or not a peak derived
from a crystal is recognized in crystal structure analysis by
using X-ray diffraction (XRD).

[0084] In addition, for example, the second solid electro-
lyte layer 5 may further include other solid electrolytes, for
example, an inorganic solid electrolyte (hereinafter, also
referred to simply as “silicon-containing electrolyte), which
contains silicon as a constituent element, as necessary.
Specifically, a lithium composite oxide, which contains
silicon as a constituent element, may be exemplified, and
one or both of Li,S10; and LiSiO4 are preferably used.
[0085] In this case, in the second solid electrolyte layer 5,
the silicon-containing electrolyte is included in a content
rate less than that of the boron-containing electrolyte.
According to this, the effect, which is exhibited by the
above-described boron-containing electrolyte, can be nec-
essarily and sufficiently exhibited.

[0086] In addition, although determined in accordance
with the volume of the pores, as an example, the amount of
the second solid electrolyte layer 5, which is impregnated, is
preferably 20% by volume or greater on the basis of the
volume of the first solid electrolyte layer 3, and more
preferably 30% by volume or greater. When a ratio between
the volume of the second solid electrolyte layer 5 and the
volume of the first solid electrolyte layer 3 is set in the
above-described range, balance between an operation driven
by the first solid electrolyte layer 3, and an effect driven by
the second solid electrolyte layer 5 becomes optimized. As
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a result, it is possible to attain additional high capacity and
high output of the lithium secondary battery 100 while
attaining additional stability of the charge and discharge
cycle.

[0087] Inaddition, an organic material such as a binder for
joining of active materials and a conductive auxiliary agent
for securement of conductivity of the active material molded
body 2 maybe included in the stacked body 10. However, in
this embodiment, during molding of the active material
molded body 2, the molding is performed without using the
binder, the conductive auxiliary agent, and the like, and the
active material molded body 2 is constituted by almost an
inorganic material. Specifically, in this embodiment, amass
reduction rate when heating the electrode composite body 4
at 400° C. for 30 minutes is set to 5% by mass or less. In
addition, it is preferable that the mass reduction rate is 3%
by mass or less, more preferably 1% by mass or less, and still
more preferably a range in which the mass reduction is not
observed, or an error range. Since the electrode composite
body 4 has this mass reduction rate, a material such as a
solvent and absorbed water which are evaporated under
predetermined heating conditions, and an organic material
that is combusted or oxidized, and is vaporized under
predetermined heating conditions is included in the elec-
trode composite body 4 only by 5% by mass or less on the
basis of the entirety of the configuration.

[0088] In addition, the mass reduction rate of the electrode
composite body 4 can be calculated as follows by using a
thermogravimetry-differential thermal analyzer (TG-DTA).
First, the electrode composite body 4 is heated under pre-
determined heating conditions, the mass of the electrode
composite body 4 after heating under the predetermined
heating conditions is measured, and the mass reduction rate
is calculated from a ratio between the mass before heating
and the mass after heating.

[0089] In the stacked body 10 of this embodiment, a
communication hole in which a plurality of pores commu-
nicate with each other at the inside of the active material
molded body 2 in a network shape, and a solid portion of the
active material molded body 2 also forms a network struc-
ture. For example, it is known that LiCoO, that is a positive
electrode active material has anisotropy in electron conduc-
tivity of a crystal. According to this, when forming an active
material molded body by using LiCoO, as a formation
material, in a configuration, in which pores extend in a
specific direction, similar to a case where pores are formed
through machining, it is considered that electron conduction
is less likely to occur at the inside depending on a direction
of a crystal which exhibits electron conductivity. However,
as is the case with the active material molded body 2, when
the pores communicate with each other in a network shape,
and the solid portion of the active material molded body 2
has the network structure, it is possible to form a continuous
surface, which is electrochemically active, without depend-
ing on the anisotropy in the electron conductivity or ion
conductivity of a crystal. According to this, it is possible to
secure relatively satisfactory electron conductivity without
depending on the kind of an active material that is used.

[0090] In addition, in the stacked body 10 of this embodi-
ment, since the electrode composite body 4 has the above-
described configuration, the addition amount of the binder or
the conductive auxiliary agent which is included in the
electrode composite body 4 is suppressed, and a capacity
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density per unit volume of the stacked body 10 is further
improved in comparison to a case of using the binder or the
conductive auxiliary agent.

[0091] In addition, in the stacked body 10 (electrode
composite body 4) of this embodiment, the first solid elec-
trolyte layer 3 also comes into contact with a surface of the
porous active material molded body 2 on an inner side of the
pores. According to this, a contact area between the active
material molded body 2 and the first solid electrolyte layer
3 further increases in comparison to a case where the active
material molded body 2 is not a porous body, or a case where
the first solid electrolyte layer 3 is not formed inside the
pores, and thus it is possible to reduce interfacial impedance.
Accordingly, satisfactory charge migration is possible at an
interface between the active material molded body 2 and the
first solid electrolyte layer 3.

[0092] Accordingly, in the lithium secondary battery 100
including the stacked body 10, capacity per unit volume is
further improved and higher output is attained in comparison
to other lithium secondary batteries which do not include the
stacked body 10.

[0093] In addition, in the stacked body 10 of this embodi-
ment, with regard to the inside of the pores of the porous
active material molded body 2, at least a part of the voids,
which are not buried in the first solid electrolyte layer 3, is
buried with the second solid electrolyte layer 5. According
to this, it is possible to enhance charge migration between
the active material molded body 2 and the first solid elec-
trolyte layer 3 by the second solid electrolyte layer 5, and it
is also possible to enhance charge migration in the first solid
electrolyte layer 3. As a result, it is possible to attain
additional high capacity and high output of the lithium
secondary battery 100.

[0094] Particularly, the second inorganic solid electrolyte,
which is included in the second solid electrolyte layer 5, is
less likely to be affected by moisture, and has excellent
mechanical characteristics derived from an amorphous
structure. According to this, in the electrode composite body
4, high charge mobility is retained over a long period of
time, and thus it is possible to secure long-term reliability of
the lithium secondary battery 100.

[0095] In addition, in the electrode composite body 4
including the active material molded body 2, the first solid
electrolyte layer 3, and the second solid electrolyte layer 5
as described above, the active material molded body 2 and
the first solid electrolyte layer 3 are exposed from the one
surface 4a, and one or both of the first solid electrolyte layer
3 and the second solid electrolyte layer 5 are exposed from
the other surface 4b. In addition, in this state, the current
collector 1 is joined to the one surface 4q, and the electrode
20 is joined to the other surface 4b. According to this
configuration, in the lithium secondary battery 100, it is
possible to prevent the electrode 20 and the current collector
1 from being connected through the active material molded
body 2, that is, it is possible to prevent short-circuit. Accord-
ingly, the first solid electrolyte layer 3 and the second solid
electrolyte layer 5 also function as a short-circuit prevention
layer that prevents short-circuit from occurring in the
lithium secondary battery 100.

[0096] The electrode 20 is provided on the other surface
4b of the electrode composite body 4, which is opposite to
the current collector 1, to come into contact with the first
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solid electrolyte layer 3 or the second solid electrolyte layer
5 without coming into contact with the active material
molded body 2.

[0097] The electrode 20 functions as a negative electrode
in a case where the active material molded body 2 is
constituted by a positive electrode active material, and
functions as a positive electrode in a case where the active
material molded body 2 is constituted by a negative elec-
trode active material.

[0098] As a formation material (constituent material) of
the electrode 20, in a case where the electrode 20 is a
negative electrode, for example, lithium (L.i) can be exem-
plified, and in a case where the electrode 20 is a positive
electrode, for example, aluminum (Al) can be exemplified.
[0099] Although not particularly limited, for example, the
thickness of the electrode 20 is preferably 1 pm to 100 pum,
and more preferably 20 pm to 50 pm.

[0100] Next, description will be given of a method of
manufacturing the lithium secondary battery 100 of the first
embodiment (method of manufacturing the electrode com-
posite body according to the invention) which is illustrated
in FIG. 1.

[0101] FIG. 2A to FIG. 8B are views illustrating the
method of manufacturing the lithium secondary battery
illustrated in FIG. 1.

[0102] [1] First, description will be given of two methods
of manufacturing the active material molded body 2.
[0103] [1-1] FIGS. 2A and 2B are views illustrating a first
method of manufacturing the active material molded body 2.
[0104] In the first method, the plurality of active material
particles 21 having a particle shape are heated to three-
dimensionally connect the plurality of active material par-
ticles 21 to each other, thereby obtaining the active material
molded body 2 that is constituted by a porous body.
[0105] For example, as illustrated in FIGS. 2A and 2B, the
active material molded body 2 is obtained as follows. A
mixture of the plurality of active material particles 21 is
compressed and molded by using a mold F having a space
corresponding to a shape of the active material molded body
2 to be formed (refer to FIG. 2A), and the compression-
molded body that is obtained is subjected to a heat treatment
(refer to FIG. 2B).

[0106] It is preferable that the heating treatment is per-
formed at a treatment temperature that is equal to or higher
than 850° C. and is lower than the melting point of the
lithium composite oxide that is used. According to this, it is
possible to reliably obtain a molded body in which the active
material particles 21 are sintered and integrated with each
other. When performing the heat treatment in the tempera-
ture range, even when a conductive auxiliary agent is not
added, resistivity of the active material molded body 2,
which is obtained, can be preferably set to 700 Q/m or less.
According to this, the lithium secondary battery 100, which
is obtained, can have a sufficient output.

[0107] At this time, when the treatment temperature is
lower than 850° C., sintering does not progress sufficiently
and electron conductivity itself inside a crystal of the active
material deteriorates depending on the kind of lithium
composite oxide that is used, and thus there is a concern that
a desired output may not be obtained in the lithium second-
ary battery 100 that is obtained.

[0108] In addition, the treatment temperature is higher
than the melting point of the lithium composite oxide,
lithium ions excessively vaporize from the inside of a crystal
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of the lithium composite oxide, and the electron conductiv-
ity of the lithium composite oxide deteriorates, and thus
there is a concern that the capacity of the electrode com-
posite body 4, which is obtained, may decrease.

[0109] Accordingly, it is preferable that the treatment
temperature is equal to or higher than 850° C. and lower than
the melting point of the lithium composite oxide to obtain an
appropriate output and appropriate capacity, more preferably
875° C. to 1000° C., and still more preferably 900° C. to
920° C.

[0110] In addition, it is preferable that the heat treatment
of this process is performed for 5 minutes to 36 hours, and
more preferably 4 hours to 14 hours.

[0111] When the above-described heat treatment is per-
formed, growth of a grain boundary inside the active mate-
rial particles 21, or sintering between the active material
particles 21 progresses, and thus the active material molded
body 2 that is obtained is likely to maintain a shape, and thus
it is possible to reduce the amount of a binder that is added
to the active material molded body 2. In addition, bonds are
formed between the active material particles 21 through the
sintering, and thus it is possible to form a migration route of
electrons between the active material particles 21. As a
result, it is also possible to suppress the amount of the
conductive auxiliary agent that is added.

[0112] In addition, as the formation material of the active
material particles 21, LiCoO, can be appropriately used.
According to this, the above-described effect can be more
significantly exhibited. That is, it is possible to more reliably
obtain the active material molded body 2 in which the active
material particles 21 are sintered and integrated with each
other.

[0113] In addition, in the active material molded body 2
that is obtained, a plurality of the pores of the active material
molded body 2 are configured as a communication hole in
which the plurality of pores communicate with each other in
a network shape on an inner side of the active material
molded body 2.

[0114] In addition, an organic polymer compound such as
polyvinylidene fluoride (PVdF) and polyvinyl alcohol
(PVA) may be added to the formation material, which is used
to form the active material particles 21, as a binder. The
binder is combusted or oxidized in the heat treatment of the
process, and thus the amount of the binder is reduced.
[0115] In addition, a particle-shaped pore forming mate-
rial, in which a polymer or a carbon powder is used as a
formation material, is preferably added to the above-de-
scribed formation material, which is used, as a mold of the
pores during compacting molding. When the pore forming
material is mixed in, it is easy to control the porosity of the
active material molded body 2. The pore forming material is
decomposed and removed through combustion or oxidation
during the heat treatment, and the amount of the pore
forming material is reduced in the active material molded
body 2 that is obtained.

[0116] An average particle size of the pore forming mate-
rial is preferably 0.5 pm to 10 pum.

[0117] In addition, it is preferable that the pore forming
material includes particles (first particles) in which a mate-
rial having deliquescence is used as a formation material.
When the first particles deliquesce, water, which occurs at
the periphery of the first particles, functions as a binder for
joining of the particle-shaped lithium composite oxide, and
thus it is possible to maintain a shape from compression
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molding of the lithium composite oxide having a particle
shape to the heat treatment. According to this, it is possible
to obtain the active material molded body without addition
of another binder or while reducing the amount of the binder
that is added, and it is possible to easily realize the electrode
composite body with high capacity.

[0118] Examples of the first particles include particles in
which polyacrylic acid is used as a formation material.
[0119] In addition, it is preferable that the pore forming
material further includes particles (second particles) in
which a material having no deliquescence is used as a
formation material. The pore forming material including the
second particles is easy to handle. In addition, when the pore
forming material has deliquescence, the porosity of the
active material molded body may deviate from a desired
setting value depending on the amount of moisture at the
periphery of the pore forming material, but when the second
particles, which do not deliquesce, are simultaneously
included as the pore forming material, it is possible to
suppress the deviation in the porosity.

[0120] According to the above-described first method, it is
possible to obtain the active material molded body 2.
[0121] [1-2] Next, description will be given of a second
method of manufacturing the active material molded body 2.
The active material molded body 2 may be obtained by using
a method in which slurry that contains the active material
particles 21 is heated in addition to the method in which the
active material particles 21 are compressed and molded, and
the resultant molded body is heated as described above.
[0122] FIGS. 3A and 3B are views illustrating the second
method of manufacturing the active material molded body 2.
[0123] The second method includes a preparation process
of preparing slurry that contains the active material particles
21, and a drying process of heating the slurry to obtain the
active material molded body 2. Hereinafter, the processes
will be described.

[0124] First, a binder is dissolved in a solvent, and the
active material particles 21 are dispersed in the resultant
mixture to prepare slurry 26. In addition, a dispersing agent
such as oleylamine may be included in the slurry 26.
[0125] Then, a mold F2, which includes a lower portion
F21 having a concave portion F25, and a lid portion F22, is
prepared, and the slurry 26 is supplied dropwise to the
concave portion F25 of the lower portion F21, and then the
lower portion F21 is covered with the lid portion F22 (refer
to FIGS. 3A and 3B).

[0126] In addition, the total amount of the active material
particles 21 contained in the slurry 26 is preferably 10% by
mass to 60% by mass, and more preferably 30% by mass to
50% by mass. According to this, as described later, the active
material molded body 2 having a preferable porosity is
obtained.

[0127] In addition, although not particularly limited,
examples of the binder include a cellulose-based binder, an
acryl-based binder, a polyvinyl alcohol-based binder, a
polyvinyl butyral-based binder, and the like in addition to
polycarbonate, and these maybe used alone or in a combi-
nation of two or more kinds thereof.

[0128] In addition, although not particularly limited, as the
solvent, for example, an aprotic solvent is preferable.
According to this, it is possible to reduce deterioration of the
active material particles 21 due to contact with the solvent.
[0129] Specific examples of the aprotic solvent include
butanol, ethanol, propanol, methyl isobutyl ketone, toluene,
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xylene, and the like, and a single solvent or a mixed solvent
thereof can be used as the solvent.

[0130] Next, the slurry 26, which contains the active
material particles 21, is heated to dry the slurry 26 and to
sinter the active material particles 21 which are contained in
the slurry 26, thereby obtaining the active material molded
body 2.

[0131] Inaddition, a heating temperature during heating of
the slurry 26 is set to the same conditions during the heat
treatment of the compression-molded body as described
above.

[0132] Inaddition, it is preferable that heating of the slurry
26 is performed in a multi-stage in which a temperature
condition rises step by step. Specifically, it is preferable that
after drying to room temperature, a temperature is raised
from room temperature to 300° C. for 2 hours, the tempera-
ture is raised to 350° C. for 0.5 hours, the temperature is
raised to 1000° C. for 2 hours, and then the concave portion
F25 is covered with the lid portion F22, and baking is
performed at 1000° C. for 8 hours. When the temperature is
raised under the conditions, it is possible to reliably bake out
the binder that is included in the solvent.

[0133] According to the second method, it is also possible
to obtain the active material molded body 2.

[0134] [2] Next, description will be given of two methods
of manufacturing the electrode composite body 4 by impreg-
nating the first solid electrolyte layer 3 and the second solid
electrolyte layer 5 into the active material molded body 2.
[0135] [2-1] FIGS. 4A and 4B, and FIGS. 5A and 5B are
views of illustrating a first method of manufacturing the
electrode composite body 4.

[0136] In the first method, first, as illustrated in FIGS. 4A
and 4B, a liquid substance 3X, which includes a precursor of
the first inorganic solid electrolyte, is applied to the surface,
which includes a surface of the active material molded body
2 on an inner side of the pores, of the active material molded
body 2 so as to impregnate the active material molded body
2 with the liquid substance 3X (refer to FIG. 4A). Then, the
active material molded body 2 is baked to convert the
precursor to the first inorganic solid electrolyte, thereby
forming the first solid electrolyte layer 3 (refer to FIG. 4B).
[0137] The liquid substance 3X may include a solvent, in
which the precursor is soluble, in addition to the precursor.
In a case where the liquid substance 3X includes the solvent,
for example, after the application of the liquid substance 3X
by a dispenser D and the like, the solvent may be appropri-
ately removed before baking. It is possible to employ a
method selected from typically known methods such as
heating, decompression, and blowing, or a method in which
two or more kinds of the methods are combined for removal
of the solvent.

[0138] As described above, since the first solid electrolyte
layer 3 is formed through application of the liquid substance
3X having flowability, the first solid electrolyte layer 3 is
also formed on a surface of the fine active material molded
body 2 on an inner side of the pores. According to this, it is
easy to increase a contact area between the active material
molded body 2 and the first solid electrolyte layer 3, and a
current density at the interface between the active material
molded body 2 and the first solid electrolyte layer 3 is
reduced. As a result, it is possible to attain high output of the
lithium secondary battery 100.

[0139] In addition, the first inorganic solid electrolyte is
generated by baking (heating) the precursor of the first
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inorganic solid electrolyte as described later, and during the
baking, at least apart of the first inorganic solid electrolyte
that is generated forms the granular bodies 31 each of which
is composed of a secondary particle that is formed through
granulation of primary particles. Accordingly, at least a part
of the first solid electrolyte layer 3 is also formed inside the
pores (voids) of the fine active material molded body 2, and
is provided as an aggregate of the granular bodies 31.
According to this, as is the case with the active material
molded body 2, at least a part of the first solid electrolyte
layer 3 is also formed as a porous body. Accordingly, the first
solid electrolyte layer 3 is formed to fill the voids of the
active material molded body 2, but a part of the voids also
remains even after the filling.

[0140] Examples of the precursor of the first inorganic
solid electrolyte include the following (A), (B), and (C).

[0141] (A) A composition that includes metal atoms of the
first inorganic solid electrolyte in a ratio according to a
compositional formula of the first inorganic solid electro-
lyte, and has a salt that becomes the first inorganic solid
electrolyte through oxidation.

[0142] (B) A composition having a metal alkoxide that
includes metal atoms of the first inorganic solid electrolyte
in a ratio according to a compositional formula of the first
inorganic solid electrolyte.

[0143] (C) A dispersed solution in which fine particles of
the first inorganic solid electrolyte, or fine particle sol
including metal atoms of the first inorganic solid electrolyte
in a ratio according to a compositional formula of the first
inorganic solid electrolyte is dispersed in a solvent or (A) or
®).

[0144] In addition, the salt that is included in (A) includes
a metal complex. In addition, (B) is a precursor in a case of
forming the first inorganic solid electrolyte by using a
so-called sol-gel method. In (A) and (B), the granular bodies
31 are generated through a reaction of the precursor. In
addition, in (C), a dispersion medium is removed to generate
the granular bodies 31.

[0145] The precursor of the first inorganic solid electrolyte
is baked under an atmospheric atmosphere at a temperature
lower than the temperature during the heat treatment to
obtain the active material molded body 2. Specifically, a
baking temperature is preferably set to a temperature range
ot 300° C. to 800° C. According to this, the first inorganic
solid electrolyte is generated from the precursor through the
baking, and thus the first solid electrolyte layer 3 is formed.

[0146] When the baking is performed in the above-de-
scribed temperature range, at an interface between the active
material molded body 2 and the first solid electrolyte layer
3, it is possible to prevent a solid phase reaction from
occurring due to mutual diffusion of elements which respec-
tively constitute the active material molded body 2 and the
first solid electrolyte layer 3, and it is possible to suppress
generation of a by-product that is electrochemically inactive.
In addition, crystallinity of the first inorganic solid electro-
lyte is improved, and thus it is possible to improve ion
conductivity of the first solid electrolyte layer 3. In addition,
sintering of a portion occurs at the interface between the
active material molded body 2 and the first solid electrolyte
layer 3, and thus charge migration at the interface becomes
easy. According to this, the capacity or the output of the
lithium battery that uses the electrode composite body 4 is
improved.
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[0147] In addition, the baking may be performed through
one heat treatment, or may be performed by dividing the
heat treatment into a first heat treatment in which the
precursor is deposited on the surface of the porous body, and
a second heat treatment in which heating is performed under
a temperature condition that is equal to or higher than a
treatment temperature in the first heat treatment and equal to
or lower than 800° C. When the baking is performed through
the heat treatment performed step by step, it is possible to
easily form the first solid electrolyte layer 3 at a desired
position.

[0148] Next, as illustrated in FIG. 5A, a powder 5X (solid
material) of the second inorganic solid electrolyte is sup-
plied to the surface of the active material molded body 2 and
the first solid electrolyte layer 3.

[0149] The powder 5X may be supplied in a state of
having flowability as a powder, or maybe supplied in a state
of'being solidified in a sheet shape, a block shape, or the like
(for example, a cube-sugar state).

[0150] In addition, a position to which the powder 5X is
supplied is not particularly limited as long as the powder 5X
comes into contact with the active material molded body 2
and the first solid electrolyte layer 3 at the position, and the
powder 5X maybe supplied to an upper surface, a lateral
surface, or the entirety of surfaces.

[0151] In addition, although not particularly limited, it is
preferable that an average particle size of the powder 5X is
0.5 um to 500 um, and more preferably 1 pm to 100 pm.
When the average particle size of the powder 5X is set in the
above-described range, when heating the powder 5X, it is
possible to uniformly melt the entirety of the powder 5X in
a short period of time. According to this, it is possible to
impregnate the resultant molten material to the every corner
inside the pores of the active material molded body 2.
[0152] In addition, for example, the average particle size
of the powder 5X is obtained as a particle size at 50% from
a small diameter side on the basis of the mass in a particle
size distribution obtained by a laser diffraction method.
[0153] Next, the powder 5X is heated. According to this,
the powder 5X is melted, and a molten material of the
second inorganic solid electrolyte is generated. The molten
material of the second inorganic solid electrolyte is impreg-
nated into the pores of the active material molded body 2,
that is, the voids which are not buried with the first solid
electrolyte layer 3. That is, the molten material of the second
inorganic solid electrolyte is in a liquid state, and has
excellent flowability that is specific to a liquid. According to
this, it is also possible to efficiently impregnate the molten
material into narrow voids. In addition, as described later,
the molten material, which is impregnated into the voids, is
solidified, and thus the second solid electrolyte layer 5,
which fills the pores of the active material molded body 2 at
a relatively high filling factor, is obtained. As a result, it is
possible to attain high capacity and high output of the
lithium secondary battery 100.

[0154] In addition, in the method, since the molten mate-
rial of the powder 5X is impregnated, it is possible to
minimize a decrease in volume during solidification, for
example, in comparison to a method of impregnating a
dispersed solution obtained by dispersing the powder 5X in
a dispersing medium and the like. In other words, a material
such as the dispersing medium to be removed is not
included, and thus a decrease in volume during solidification
is suppressed. According to this, the second solid electrolyte
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layer 5 can more closely fill the pores of the active material
molded body 2, and can contribute to realization of a more
stable charge and discharge cycle.

[0155] A heating temperature for the powder 5X maybe
equal to or higher than the melting point of the second
inorganic solid electrolyte, and is preferably lower than 800°
C. According to this, it is possible to prevent mutual diffu-
sion from occurring between the first solid electrolyte layer
3 and the second solid electrolyte layer 5. As a result, it is
possible to suppress deterioration of characteristics of the
first solid electrolyte layer 3 and the second solid electrolyte
layer 5. In addition, as an example, the heating temperature
for the powder 5X may be 650° C. to 750° C.

[0156] In addition, a heating time for the powder 5X is not
particularly limited as long as the entirety of powder 5X can
be melted, and as an example, the heating time is 1 minute
to 2 hours, and preferably 3 minutes to 1 hour.

[0157] Next, the molten material of the powder 5X is
solidified. According to this, the molten material becomes a
solid and becomes amorphous at the inside of the pores of
the active material molded body 2. As a result, the second
solid electrolyte layer 5, which is amorphous, is formed
(refer to FIG. 5B).

[0158] The solidification of the molten material may be
performed by a method in which the molten material is left
as is (natural heat radiation), or a method of compulsorily
radiating heat of the molten material.

[0159] In addition, when a heat radiation rate is set to be
fast, the second inorganic solid electrolyte after solidifica-
tion is likely to be amorphous. In other words, even in a
second inorganic solid electrolyte having a composition that
may be crystallized depending on a heat radiation rate, the
second inorganic solid electrolyte can be made to be amor-
phous through adjustment of the heat radiation rate.

[0160] As described above, the electrode composite body
4 including the active material molded body 2, the first solid
electrolyte layer 3, and the second solid electrolyte layer 5
is obtained.

[0161] [2-2] FIGS. 6A and 6B are views illustrating a
second method of manufacturing the electrode composite
body 4. In addition, hereinafter, description will be mainly
given of a difference from the first method, and description
of the same configuration will not be repeated.

[0162] In the second method, first, as illustrated in FIG.
6A, a powder 3Y (solid material) of the first inorganic solid
electrolyte, and a powder 5X (solid material) of the second
inorganic solid electrolyte are supplied to the surface of the
active material molded body 2.

[0163] The powder 3Y and the powder 5X may be respec-
tively supplied in a state of having flowability as a powder,
or may be respectively supplied in a state of being solidified
in a sheet shape, a block shape, or the like.

[0164] In addition, a position to which the powder 3Y and
the powder 5X are supplied is not particularly limited as
long as the powder 3Y and the powder 5X come into contact
with the active material molded body 2 at the position, and
the powder 3Y and the powder 5X may be supplied to an
upper surface, a lateral surface, or the entirety of surfaces.
[0165] Next, the powder 5X is heated. According to this,
the powder 5X is melted, and a molten material of the
second inorganic solid electrolyte is generated. The molten
material of the second inorganic solid electrolyte is impreg-
nated into the pores of the active material molded body 2.
That is, the molten material of the second inorganic solid

Dec. 8, 2016

electrolyte is in a liquid state, and has excellent flowability
that is specific to a liquid. According to this, it is also
possible to efficiently impregnate the molten material into
narrow pores. In addition, as described later, the molten
material, which is impregnated into the pores, is solidified,
and thus the second solid electrolyte layer 5, which fills the
pores of the active material molded body 2 at a relatively
high filling factor, is obtained.

[0166] On the other hand, in the second method, as the
second inorganic solid electrolyte, an electrolyte having the
melting point lower than that of the first inorganic solid
electrolyte is selected. Since the second inorganic solid
electrolyte is selected, when heating and melting the powder
5X, it is possible to prevent the powder 3Y from being
melted by appropriately setting a heating temperature.

[0167] Accordingly, a heating temperature for the powder
5X is set to be equal to or higher than the melting point of
the second inorganic solid electrolyte, and is lower than the
melting point of the first inorganic solid electrolyte.

[0168] In addition, as described above, the second inor-
ganic solid electrolyte is an inorganic solid electrolyte that
contains boron as a constituent element. Although slightly
different depending on the entire composition, when con-
taining boron as a constituent element, the melting point of
the solid electrolyte can be lowered. Accordingly, in this
embodiment, since the boron-containing electrolyte is used
as the second inorganic solid electrolyte, it is easy to make
the melting point of the second inorganic solid electrolyte to
be lower than the melting point of the first inorganic solid
electrolyte. In other words, since the boron-containing elec-
trolyte is used, it is possible to realize the second inorganic
solid electrolyte having the melting point lower than that of
the first inorganic solid electrolyte without making a sacri-
fice of characteristics of the solid electrolyte such as lithium
ion conductivity and insulating properties, and thus it is
possible to enhance a filling factor with an electrolyte while
maintaining charge mobility in the electrode composite body
4

[0169] In addition, in this method, the molten material of
the powder 5X is impregnated, and thus it is possible to
minimize a decrease in volume during solidification, for
example, in comparison to a method of impregnating a
dispersed solution obtained by dispersing the powder 5X in
a dispersing medium and the like. In other words, a material
such as the dispersing medium to be removed is not
included, and thus a decrease in volume during solidification
is suppressed. According to this, the second solid electrolyte
layer 5 can more closely fill the pores of the active material
molded body 2, and can contribute to realization of a more
stable charge and discharge cycle.

[0170] In addition, the powder 3Y and the powder 5X are
supplied to the same position, and thus the powder 3Y is
trapped by the powder 5X that is melted. According to this,
a liquid molten material, in which the powder 3Y is dis-
persed, is obtained. The molten material, which includes the
powder 3Y as described above, is in a liquid state as a whole
while maintaining characteristics as a powder by the powder
3Y.

[0171] Accordingly, when melting the powder 5X, a mol-
ten material of the powder 5X can be allowed to enter the
pores of the active material molded body 2 while being
accompanied with the powder 3Y. According to this, it is
possible to transfer the powder 3Y into the pores of the
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active material molded body 2 by using flowability of the
molten material of the powder 5X as a driving force.
[0172] Accordingly, finally, it is possible to fill the pores
of the active material molded body 2 with the first solid
electrolyte layer 3 and the second solid electrolyte layer 5 at
a high filling factor. As a result, it is possible to attain high
capacity and high output of the lithium secondary battery
100.

[0173] In addition, although not particularly limited, an
average particle size of the powder 3Y is preferably 0.5 pm
to 500 um, and more preferably 1 um to 100 um. When the
average particle size of the powder 3Y is set in the range, it
is possible to efficiently allow the powder 3Y to penetrate
into the pores of the active material molded body 2. Accord-
ing to this, it is possible to impregnate the powder 3Y to the
every corner inside the active material molded body 2.
[0174] In addition, for example, the average particle size
of the powder 3Y is obtained as a particle size at 50% from
a small diameter side on the basis of the mass in a particle
size distribution obtained by a laser diffraction method.
[0175] Next, the molten material of the powder 5X is
solidified. According to this, the molten material becomes a
solid and becomes amorphous at the inside of the pores of
the active material molded body 2. As a result, the second
solid electrolyte layer 5, which is amorphous, is formed
(refer to FIG. 6B).

[0176] The solidification of the molten material may be
performed by a method in which the molten material is left
as is (natural heat radiation), or a method of compulsorily
radiating heat of the molten material.

[0177] In addition, when the heat radiation rate is set to be
fast, the second inorganic solid electrolyte after solidifica-
tion is likely to be amorphous. In other words, even in a
second inorganic solid electrolyte having a composition that
may be crystallized depending on a heat radiation rate, the
second inorganic solid electrolyte can be made to be amor-
phous through adjustment of the heat radiation rate.

[0178] As described above, the electrode composite body
4 including the active material molded body 2, the first solid
electrolyte layer 3, and the second solid electrolyte layer 5
is obtained.

[0179] [2-3] In addition, although not illustrated, descrip-
tion will be given of a third method of manufacturing the
electrode composite body 4.

[0180] In the third method, for example, LL.ZNb is gen-
erated in a LBO flux. In addition, the active material molded
body 2 is impregnated with the resultant solution that is
obtained.

[0181] Then, the solution is dried, and thus the first solid
electrolyte layer 3 and the second solid electrolyte layer 5
are formed, thereby obtaining the electrode composite body
4.

[0182] [3] Then, the electrode composite body 4 may be
compressed to be molded again as necessary.

[0183] Examples of a method of compressing the elec-
trode composite body 4 include a method in which the
electrode composite body 4 is accommodated in a space
provided to a mold F that is used in the above-described
process, and in this state, the volume of the space is shrunk
as illustrated in FIG. 7A.

[0184] Here, as described above, the active material
molded body 2 includes voids, but the voids are filled with
the first solid electrolyte layer 3 and the second solid
electrolyte layer 5. However, there is a possibility that voids,
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which are not filled, may partially exist. In these voids, for
example, the granular bodies 31 come into contact with each
other in a point contact manner, and the active material
particles 21 and the granular bodies 31 also come into
contact with each other in a point contact manner. There is
a concern that the above-described point contact may cause
a decrease in lithium ion conductivity at a point contact
portion, and thus high output of the lithium secondary
battery 100 may deteriorate.

[0185] Accordingly, the electrode composite body 4 is
compressed to be molded again, thereby shrinking voids
which remain inside the electrode composite body 4. In
addition, typically, the granular bodies 31 are harder than the
active material particles 21, and thus when compressing the
electrode composite body 4, the active material particles 21
slide against each other, and thus the electrode composite
body 4 is molded again. According to this, the voids are
shrunk, and the granular bodies 31 with a void interposed
therebetween come into contact with each other, or the
active material particles and the granular bodies 31 with a
void interposed therebetween come into contact with each
other. In addition, a portion in which the contact occurs
already contributes to an increase in a contact area. As a
result, the lithium ion conductivity between the active mate-
rial particles 21 and the granular bodies 31, and between the
granular bodies 31 becomes excellent, and thus additional
high output of the lithium secondary battery 100 is attained.
[0186] A pressure for compressing the electrode compos-
ite body 4 is preferably 10 N/mm> to 1000 N/mm?, more
preferably 50 N/mm? to 500 N/mm?, and still more prefer-
ably 100 N/mm? to 400 N/mm?. When the pressure is lower
than the lower limit, there is a concern that shrinkage of the
voids maybe difficult. In addition, when the pressure is
higher than the upper limit, there is a concern that the
electrode composite body 4 may be broken.

[0187] In addition, the time taken for compression of the
electrode composite body 4 is preferably 1 second to 600
seconds, more preferably 30 seconds to 600 seconds, and
still more preferably 30 seconds to 180 seconds. In a case
where the time taken for the compression of the electrode
composite body 4 is shorter than the lower limit, it is difficult
to uniformly compress the electrode composite body 4, and
there is a concern that it is difficult to enlarge a contact area
between the granular bodies 31 over the entirety of the
electrode composite body 4. In addition, the time taken for
the compression is longer than the upper limit, time, which
is necessary for this process, is unnecessarily lengthened,
and thus there is a concern that a decrease in manufacturing
efficiency may be caused.

[0188] In addition, it is preferable to heat the electrode
composite body 4 during compression of the electrode
composite body 4. According to this, a connection force,
which connects the active material particles 21 which form
the active material molded body 2, is reduced. Accordingly,
it is possible to allow the active material particles 21 to
reliably slide against each other, and thus it is possible to
reliably shrink voids which remain in the electrode com-
posite body 4.

[0189] A temperature of heating the electrode composite
body 4 is preferably lower than a temperature during the heat
treatment for obtaining the active material molded body 2
under the atmospheric atmosphere. Specifically, the tem-
perature is more preferably in a range of 300° C. to 700° C.
According to this, at an interface between the active material
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molded body 2 and the first solid electrolyte layer 3, an
interface between the first solid electrolyte layer 3 and the
second solid electrolyte layer 5, and an interface between the
active material molded body 2 and the second solid elec-
trolyte layer 5, it is possible to suppress generation of a
by-product, which is electrochemically inactive, due to the
occurrence of a solid phase reaction by mutual diffusion of
elements which respectively constitute the active material
molded body 2, the first solid electrolyte layer 3, and the
second solid electrolyte layer 5.

[0190] In addition, in a case of performing the heat treat-
ments in (B) and (C), it is preferable that the heat treatment
time in each of the heat treatments is set to 5 minutes to 36
hours, and more preferably 4 hours to 14 hours.

[0191] In addition, I) the heating of the electrode compos-
ite body 4 may be performed simultaneously with the
compression of the electrode composite body 4, II) the
heating may be performed prior to the compression of the
electrode composite body 4, or III) the heating may be
performed after the compression of the electrode composite
body 4. In addition, I), II), and III) may be performed in
combination, and a combination of I) and II) is more
preferable. According to this, it is possible to allow the
active material particles 21 to reliably slide against each
other without generating a crack and the like at a connection
portion at which the active material particles 21 are con-
nected to each other, and thus it is possible to shrink voids
which remain in the electrode composite body 4.

[0192] In addition, in a case of a combination of I) to III),
when heating temperatures at I), II), and III) are set to I [°
C.], I [° C.], and III [° C.], respectively, it is preferable to
satisfy a relationship of IzI[>IIl. According to this, it is
possible to allow the active material particles 21 to reliably
slide against each other without generating a crack and the
like at a connection portion at which the active material
particles 21 are connected to each other, and thus it is
possible to shrink voids which remain in the electrode
composite body 4. In addition, it is possible to reliably
connect the active material particles 21 which are allowed to
slide against each other. That is, an improvement in the
strength of the active material molded body 2 that is molded
again is attained.

[0193] [4] Next, the one surface 4a of the electrode
composite body 4 is ground and polished to expose the
active material molded body 2, the first solid electrolyte
layer 3, and the second solid electrolyte layer 5 from the one
surface 4a (refer to FIG. 7B).

[0194] In this case, scratches (grinding and polishing
scratches) which are traces of the grinding and polishing
remain on the one surface 4a.

[0195] In addition, in the process, when forming the
electrode composite body 4, the active material molded
body 2, the first solid electrolyte layer 3, and the second
solid electrolyte layer 5 are exposed from the one surface 4a.
In this case, the grinding and polishing with respect to the
one surface 4a of the electrode composite body 4 may be
omitted, that is, this process may be omitted.

[0196] In addition, this process may be performed prior to
the compression of the electrode composite body 4.

[0197] [5] Next, as illustrated in FIG. 8A, the current
collector 1 is joined to the one surface 4a of the electrode
composite body 4.
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[0198] According to this, the stacked body 10 including
the active material molded body 2, the first solid electrolyte
layer 3, the second solid electrolyte layer 5, and the current
collector 1 is formed.

[0199] The joining of the current collector 1 may be
performed by joining the current collector 1, which is
formed as a separate member, to the one surface 4a of the
electrode composite body 4, or may be performed by form-
ing a film of a formation material of the current collector 1
to the one surface 4a of the electrode composite body 4 to
form the current collector 1 on the one surface 4a of the
electrode composite body 4.

[0200] As a method of forming the current collector 1,
various physical vapor deposition (PVD) methods and
chemical vapor deposition (CVD) methods can be used.
[0201] In this manner, the electrode composite body 4 and
the stacked body 10 are obtained. In addition, after the
electrode composite body 4 is formed on an arbitrary
member and is peeled off, the electrode composite body 4
maybe joined to the current collector 1 to manufacture the
stacked body 10.

[0202] Next, description will be given of a method of
manufacturing the lithium secondary battery 100 in which
the stacked body 10 including the electrode composite body
4 is used.

[0203] [6] Next, the lithium secondary battery 100 is
formed by using the stacked body 10.

[0204] As described above, the stacked body 10 is a
structure capable of being used as one electrode of a battery,
and thus it is possible to form the battery by joining the other
electrode structure to the electrode composite body 4 that is
included in the stacked body 10. After the above-described
process, the lithium secondary battery 100 is formed through
the following processes.

[0205] The other surface 45 can be flat by grinding and
polishing the other surface 46 of the electrode composite
body 4, and thus it is possible to enhance adhesiveness
between the other surface 44 and the electrode 20.

[0206] Next, as illustrated in FIG. 8B, an electrode 20,
which is the other electrode structure, is joined to the other
surface 45 of the electrode composite body 4.

[0207] In addition, the joining of the electrode 20 may be
performed by joining the electrode 20, which is formed as a
separate body, to the other surface 46 of the electrode
composite body 4, or by forming a film of a formation
material of the electrode 20 on the other surface 45 of the
electrode composite body 4 to form the electrode 20 on the
other surface 46 of the electrode composite body 4.

[0208] In addition, as a method of forming the electrode
20, the same method as in the method of forming the current
collector 1 can be used.

[0209] The lithium secondary battery 100 is manufactured
through the above-described processes.

Second Embodiment

[0210] In this embodiment, description will be given of a
lithium secondary battery having a structure different from
that of the first embodiment. In addition, in the following
embodiments including this embodiment, the same refer-
ence numerals will be given to the same constituent ele-
ments as the constituent elements in the first embodiment,
and description thereof may not be repeated.
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[0211] FIG. 9 is a longitudinal cross-sectional view of a
lithium secondary battery according to a second embodi-
ment.

[0212] In a lithium secondary battery 100A, a third solid
electrolyte layer 6 is provided between the electrode com-
posite body 4 and the electrode 20.

[0213] The third solid electrolyte layer 6, which is con-
stituted by a third inorganic solid electrolyte and is formed
through a vapor phase film formation, is formed between the
electrode composite body 4 and the electrode 20.

[0214] When the third solid electrolyte layer 6 is provided,
it is possible to prevent the current collector 1 and the
electrode 20 from being short-circuited due to contact
between the active material molded body 2 and the electrode
20. Accordingly, even in a case where the active material
molded body 2 is exposed from the other surface 45 of the
electrode composite body 4, the third solid electrolyte layer
6 functions as a short-circuit prevention layer (insulating
layer) capable of preventing short-circuit between the cur-
rent collector 1 and the electrode 20. Accordingly, it is
possible to stabilize the charge and discharge cycle over a
longer period of time.

[0215] As is the case with the first inorganic solid elec-
trolyte or the second inorganic solid electrolyte, the third
inorganic solid electrolyte may be a solid electrolyte capable
of conducting lithium ions. In addition, a composition of the
third inorganic solid electrolyte may be the same as or
different from the composition of the first inorganic solid
electrolyte or the composition of the second inorganic solid
electrolyte.

[0216] It is preferable that the third inorganic solid elec-
trolyte is an inorganic solid electrolyte (boron-containing
electrolyte) such as Li,B,O, and Li;BO, which contain
boron as a constituent element, and more preferably
Li,B,0,(Li,0—B,0;). The third inorganic solid electrolyte
is less likely to be affected by moisture, and thus it is
possible to further enhance the long-term stability of the
third solid electrolyte layer 6. As a result, the lithium
secondary battery 100, which is obtained, has higher reli-
ability.

[0217] In addition, the third inorganic solid electrolyte is
less likely to be reduced with a potential of a negative
electrode, and thus it is possible to suppress reduction of the
first solid electrolyte layer 3 or the second solid electrolyte
layer 5. According to this, deterioration of the first solid
electrolyte layer 3 or the second solid electrolyte layer 5 is
suppressed, and thus it is possible to suppress a decrease in
charge and discharge efficiency of the lithium secondary
battery 100.

[0218] In addition, the third solid electrolyte layer 6 is
formed, for example, by a vapor phase film formation
method such as a sputtering method and a vacuum deposi-
tion method. According to the vapor phase film formation
method, it is possible to form the third solid electrolyte layer
6 that is denser in comparison to an electrolyte layer formed
by other methods. According to this, the above-described
effect, which is exhibited by the third solid electrolyte layer
6, becomes more significant.

[0219] In addition, the third inorganic solid electrolyte
may be crystalline or amorphous, but it is preferable that the
third inorganic solid electrolyte is amorphous. The third
inorganic solid electrolyte, which is amorphous, hardly
includes a grain boundary, and thus structure uniformity is
high. According to this, for example, even in a case where
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expansion and contraction of the third solid electrolyte layer
6 repetitively occurs in accordance with charge and dis-
charge of the lithium secondary battery 100 or a variation in
temperature, or even in a case where the third solid elec-
trolyte layer 6 receives a stress in accordance with the
expansion and contraction of the first solid electrolyte layer
3 or the second solid electrolyte layer 5, the third solid
electrolyte layer 6 is less likely to deteriorate. Accordingly,
it is possible to further enhance the long-term stability of the
third solid electrolyte layer 6.

[0220] In addition, the third inorganic solid electrolyte,
which is amorphous, is useful when considering that a
decrease in lithium ion conductivity along with a grain
boundary is less likely to occur. That is, it is possible to
further enhance the reliability without making a sacrifice of
the capacity or output of the lithium secondary battery 100.
[0221] In addition, according to the vapor phase film
formation method, it is easy to densely forma film of the
third inorganic solid electrolyte with high degree of amor-
phousness, and thus the vapor phase film formation method
is useful as a method of forming the third solid electrolyte
layer 6.

[0222] Although not particularly limited, for example, an
average thickness of the third solid electrolyte layer 6 is
preferably 1 um to 10 um, and more preferably 2 um to 5 um.
When the thickness is set, the third solid electrolyte layer 6,
which has characteristics of both lithium ion conductivity
and lithium reduction resistance, is obtained.

[0223] According to the lithium secondary battery 100A of
the second embodiment, the same effect as in the first
embodiment is obtained.

Third Embodiment

[0224] In this embodiment, description will be given of a
lithium secondary battery having a structure different from
that of the first embodiment and the second embodiment.
[0225] FIG. 10 is a longitudinal cross-sectional view of a
lithium secondary battery according to a third embodiment.
[0226] In a lithium secondary battery 100B, an electrode
composite body 4B having a configuration different from
that of the electrode composite body 4 is provided between
the current collector 1 and the electrode 20 to come into
contact with the current collector 1 and the electrode 20.
[0227] The electrode composite body 4B includes an
active material molded body 2B including the active mate-
rial particles 21 and noble metal particles 22, the first solid
electrolyte layer 3, and the second solid electrolyte layer 5.
[0228] In other words, the electrode composite body 4B
includes the active material molded body 2B, which
includes the active material particles 21 and the noble metal
particles 22 which include a noble metal having a melting
point of 1000° C. or higher and have a particle shape, instead
of the active material molded body 2 that is provided to the
electrode composite body 4 in the first embodiment.
[0229] The noble metal particles 22 have a particle shape,
and adhere to the surface of the plurality of active material
particles 21 which are connected to each other, or are
interposed between the active material particles 21.

[0230] According to this, delivery of electrons between
the plurality of active material particles 21, and delivery of
lithium ions between the active material particles 21, and the
first solid electrolyte layer 3 and the second solid electrolyte
layer 5 are performed through the noble metal particles 22,
and thus the delivery of the electrons and the delivery of the
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lithium ions can be smoothly performed. In addition, the
delivery of electrons between the plurality of active material
particles 21, and the delivery of lithium ions between the
active material particles 21, and the first solid electrolyte
layer 3 and the second solid electrolyte layer 5 are performed
stably maintained over a long period of time. According to
this, when the electrode composite body 4B having this
configuration is applied to the lithium secondary battery
100B, the lithium secondary battery 100B can stably main-
tain high output and high capacity over a long period of time.
It is preferable that the noble metal particles 22 contain a
noble metal having a melting point of 1000° C. or higher as
a formation material (constituent material).

[0231] Although not particularly limited, examples of the
noble metal having a melting point of 1000° C. or higher
include gold (Au; melting point: 1061° C.), platinum (Pt;
melting point: 1768° C.), palladium (Pd; melting point:
1554° C.), rhodium (Rh; melting point: 1964° C.), iridium
(Ir; melting point: 2466° C.), and ruthenium (Ru; melting
point: 2334° C.), and osmium (Os; melting point: 3033° C.).
These metals may be used alone or an alloy of these metals
may be used. Among these, at least one kind of platinum and
palladium is preferable. Among noble metals, the above-
described noble metals can be easily treated at a relatively
low price, and are excellent in conductivity of lithium ions
and electrons. According to this, when the noble metals are
used as a constituent material of the noble metal particles 22,
the delivery of electrons between the plurality of active
material particles 21, and the delivery of lithium ions
between the active material particles 21, and the first solid
electrolyte layer 3 and the second solid electrolyte layer 5
can be smoothly performed, and can be stably maintained
over a long period of time.

[0232] In addition, it is preferable that an average particle
size of the noble metal particles 22 is 0.1 um to 10 um, and
more preferably 0.1 um to 5 pm. In addition, the average
particle size of the noble metal particles 22 can be measured
by using the same method as in the measurement of the
average particle size of the active material particles 21.

[0233] In addition, it is preferable that the content rate of
the noble metal particles 22 in the active material molded
body 2B is 0.1% by mass to 10% by mass, and more
preferably 1% by mass to 10% by mass.

[0234] When the average particle size and the content rate
of the noble metal particles 22 are set in the above-described
ranges, it is possible to allow the noble metal particles 22 to
adhere to the surface of the active material particles 21 in a
more reliable manner, or it is possible to allow the noble
metal particles 22 to be interposed between the active
material particles 21. As a result, the delivery of electrons
between the plurality of active material particles 21, and the
delivery of lithium ions between the active material particles
21, and the first solid electrolyte layer 3 and the second solid
electrolyte layer 5 can be smoothly performed, and can be
stably maintained over a long period of time.

[0235] For example, the active material molded body 2B
can be manufactured by adding the noble metal particles 22
in combination with the active material particles 21 in the
above-described method of manufacturing the lithium sec-
ondary battery.

[0236] According to the lithium secondary battery 100B of
the third embodiment, it is possible to obtain the same effect
as in the first embodiment.
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[0237] Hereinbefore, description has been given on the
basis of the embodiments in which the electrode composite
body, the method of manufacturing the electrode composite
body, and the lithium battery according to the invention are
described, but the invention is not limited thereto.

[0238] For example, an arbitrary configuration may be
added to the electrode composite body according to the
invention and the lithium battery according to the invention.
[0239] In addition, one or more arbitrary processes may be
added to the method of manufacturing the electrode com-
posite body according to the invention.

[0240] In addition, the lithium battery according to the
invention may have a configuration in which two or more
configurations of the lithium batteries of the respective
embodiments are combined in an arbitrary manner.

[0241] In addition, application of the invention can be
made in various manners in a range not departing from the
gist of the invention.

EXAMPLES

[0242] Next, description will be given of specific
examples of the invention.

1. Manufacturing of Lithium Secondary Battery

Example 1

[0243] <1> First, 100 parts by mass of powder-shaped
LiCoO, (manufactured by Sigma-Aldrich Co. LLC.) (here-
inafter, many be referred to as “LLCO”), and 3 parts by mass
of polyacrylic acid (PAA) (manufactured by Sigma-Aldrich
Co. LLC.) as a powder-shaped pore forming material were
mixed with each other while being crushed by using a
mortar.

[0244] <2> Next, 80 mg of the resultant mixed powder
was put into a dice having a diameter of 11 mm® and was
compressed to mold a disc-shaped pallet. The molded pallet
was sintered by performing a heat treatment in an alumina
crucible in which the LCO powder was placed on the bottom
at 1000° C. for 8 hours. During the heat treatment, a
temperature raising rate was set to 3° C./minute, and a
temperature lowering rate was set to 3° C./minute up to 500°
C. to prepare a porous active material molded body. The
thickness of the active material molded body that was
obtained was approximately 300 pm.

[0245] <3> Next, a propionic acid solution of lithium
acetate, a propionic acid solution of lanthanum acetate 1.5
hydrates, zirconium butoxide, and 2-butoxy ethanol solution
of niobium penta ethoxide were stirred while being heated at
90° C. for 30 minutes. Then, the resultant mixture was
slowly cooled down to room temperature to obtain a pre-
cursor solution of LigglasZr, (Nb,,0O,, (hereinafter,
referred to as LLZNDb). In addition, during preparation of the
precursor solution, raw materials were weighed so that
atoms of respective elements were contained in a composi-
tional ratio in accordance with a compositional formula of
LLZNb.

[0246] <4> Next, the precursor solution was impregnated
to the active material molded body that was obtained in the
process <2>, and drying was performed at 60° C. Then,
heating was performed at 200° C. to deposit the precursor of
LLZND onto the active material molded body. The opera-
tions from the impregnation of the precursor solution to the
active material molded body to heating at 200° C. were
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repeated before the mass of the precursor that was deposited
onto the active material molded body reached 15 mg that
was a setting amount.

[0247] The precursor in the setting amount was deposited
onto the active material molded body, and the entirety
thereof was heated at 700° C. and was baked, thereby
obtaining a composite body in which the first solid electro-
lyte layer was formed on the surface of the disc-shaped
active material molded body.

[0248] <5> Next, 20 mg of Li;BO; (hereinafter, referred
to as “LLBO”) powder, which was the second inorganic solid
electrolyte, was loaded on the surface of the composite body
that was obtained.

[0249] <6> Next, the composite body, on which the pow-
der was loaded, was heated at 900° C. for 10 minutes.
According to this, the powder was melted to impregnate the
resultant molten material into the composite body.

[0250] <7> Next, the molten material was solidified
through rapid cooling in accordance with compulsory heat
radiation. According to this, the molten material became
amorphous to form the second solid electrolyte layer,
thereby obtaining the electrode composite body.

[0251] <8> Next, mechanical polishing was performed
with respect to both opposite surfaces of the electrode
composite body that was obtained.

[0252] In addition, polishing on a positive electrode side
was performed until the active material molded body was
exposed from a polished surface in order for the active
material molded body and an electrode to come into elec-
trical contact with each other. In addition, on the assumption
of a second battery that includes an electrode composite
body, polishing was also performed on a negative electrode
side in consideration of packaging into a battery case.
[0253] <9> Next, an aluminum sheet as a current collector
was joined to a positive electrode side. On the other hand, a
lithium-resistant layer, lithium metal foil, and copper foil
were stacked on a negative electrode side in this order, and
these were compressed to form an electrode. According to
this, a lithium secondary battery was obtained. In addition,
the lithium-resistant layer was formed by a liquid compo-
sition composed of polymethyl methacrylate (PMMA)
(manufactured by

[0254] Soken Chemical&Engineering Co., Ltd.), LiCoO,,
ethylene carbonate (manufactured by Sigma-Aldrich Co.
LLC.), and dimethyl carbonate (Sigma-Aldrich Co. LLC.),
and by drying and solidifying the liquid composition.
[0255] A lithium secondary battery was obtained through
the above described processes.

Example 2

[0256] A lithium secondary battery was obtained in the
same manner as in Example 1 except that a third solid
electrolyte layer constituted by Li;BO; (hereinafter, referred
to as “LBO”), which is the third inorganic solid electrolyte,
was formed instead of the lithium-resistant layer.

[0257] In addition, the third solid electrolyte layer was
prepared by a sputtering method, and LBO was amorphous.

Example 3

[0258] A lithium secondary battery was obtained in the
same manner as in Example 2 except that Lig jLa,Zr, [Nb,
40, was used instead of LLZNb.
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Example 4

[0259] A lithium secondary battery was obtained in the
same manner as in Example 2 except that Lig jLasZr, (Nb,
00,, was used instead of LLZNb.

Example 5

[0260] A lithium secondary battery was obtained in the
same manner as in Example 2 except that Li,B,0O, was used
instead of LBO.

Example 6

[0261] A lithium secondary battery was obtained in the
same manner as in Example 2 except that LiB,Og was used
instead of LBO.

Example 7

[0262] A lithium secondary battery was obtained in the
same manner as in Example 2 except that Li, 55La, ssTiO;
(hereinafter, referred to as “LLT”) was used instead of
LLZND that is the first inorganic solid electrolyte.

Example 8

[0263] <1> First, an active material molded body was
prepared in the same manner as in Example 1.

[0264] <2> Next, powder-shaped LLZNb and powder-
shaped LBO were mixed with each other, and the resultant
mixed powder was loaded on the surface of the active
material molded body.

[0265] <3> Next, the active material molded body, on
which the mixed powder was loaded, was heated at 700° C.
for 10 minutes. According to this, the LBO powder in the
mixed powder was melted, and the molten material was
impregnated into the composite body.

[0266] <4> Next, the molten material was solidified
through natural heat radiation. According to this, the molten
material became amorphous to form the second solid elec-
trolyte layer and the first solid electrolyte layer, thereby
obtaining an electrode composite body.

[0267] <5> Next, polishing was performed in the same
manner as in Example 1, and the current collector and the
electrode were joined to the electrode composite body,
thereby obtaining a lithium secondary battery.

Comparative Example 1

[0268] A lithium secondary battery was obtained in the
same manner as in Example 1 except that formation of the
second solid electrolyte layer was omitted.

Comparative Example 2

[0269] A lithium secondary battery was obtained in the
same manner as in Example 8 except that formation of the
second solid electrolyte layer was omitted.

Reference Example 1

[0270] A lithium secondary battery was obtained in the
same manner as in Example 1 except that amorphous
Li,Si0; was used instead of LBO that is the second inor-
ganic solid electrolyte.
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Reference Example 2

[0271] A lithium secondary battery was obtained in the
same manner as in Example 8 except that amorphous
Li,Si0; was used instead of LBO that is the second inor-
ganic solid electrolyte.

2. Evaluation of Lithium Secondary Battery

[0272] Evaluation of charge and discharge characteristics
was performed with respect to the lithium secondary bat-
teries of respective Examples, respective Comparative
Examples and Reference Examples.

[0273] The charge and discharge characteristics were mea-
sured by using a multi-channel charge and discharge evalu-
ation apparatus (HIJ1001SD8, manufactured by Hokuto
Denko Corp.). The measurement was performed under con-
ditions of a current density of 0.1 mA/cm, a constant
current-constant voltage operation in which a charge upper
limit voltage was set to 4.2 V, and a constant current
operation in which a discharge lower limit voltage was set
to 3.0 V.

[0274] As a result, respective Examples exhibited more
satisfactory charge and discharge characteristics in compari-
son to respective Comparative Examples and respective
Reference Examples. In addition, even when undergoing
1000 or more times of charge and discharge cycles, satis-
factory charge and discharge characteristics could be main-
tained. Particularly, in Examples 1, 2, and 8, the tendency
was significant.

[0275] The reason for this is considered as follows. That
is, the second solid electrolyte layer, which includes the
second inorganic solid electrolyte that contains boron as a
constituent element and is amorphous, is formed, and thus
filling factor of the pores in the active material molded body
is improved, and thus an electrical interface increases. As a
result, improvement in the charge mobility is attained, and
durability of the electrode composite body is improved.
[0276] In addition, in respective Examples, it was con-
firmed that the capacity and output were greater than those
in respective Comparative Examples and Reference
Examples.

What is claimed is:

1. An electrode composite body, comprising:

an active material molded body including active material
particles which include a lithium composite oxide and
have a particle shape, and a communication hole that is
provided between the active material particles;

a first solid electrolyte layer that is provided on a surface
of the active material molded body, and includes a first
inorganic solid electrolyte; and

a second solid electrolyte layer that is provided on the
surface of the active material molded body, and
includes a second inorganic solid electrolyte of which
a composition is different from a composition of the
first inorganic solid electrolyte, and which contains
boron as a constituent element and is amorphous.

2. The electrode composite body according to claim 1,

wherein the lithium composite oxide is LiCoO,.

3. The electrode composite body according to claim 1,

wherein the first inorganic solid electrolyte is Li,_ La,
(Zr2—x5 Mx) 0125

in the formula, M represents at least one kind of element
selected from Nb, Sc, Ti, V, Y, Hf, Ta, Al, Si, Ga, Ge,
Sn, and Sb, and X represents a real number of O to 2].
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4. The electrode composite body according to claim 1,

wherein the second inorganic solid electrolyte is lithium
borate.

5. A method of manufacturing an electrode composite
body, comprising:

supplying a solution of a first inorganic solid electrolyte
to come into contact with an active material molded
body including active material particles which include
a lithium composite oxide and have a particle shape,
and a communication hole that is provided between the
active material particles so as to impregnate the solu-
tion into the communication hole;

heating the active material molded body that is impreg-
nated with the solution;

supplying a solid material of a second inorganic solid
electrolyte, of which a composition is different from a
composition of the first inorganic solid electrolyte and
contains boron as a constituent element, to come into
contact with the active material molded body;

melting the solid material of the second inorganic solid
electrolyte, and impregnating the resultant molten
material of the second inorganic solid electrolyte into
the communication hole; and

solidifying the molten material to be amorphous.

6. A method of manufacturing an electrode composite
body, comprising:

supplying a solid material of a first inorganic solid elec-
trolyte and a solid material of a second inorganic solid
electrolyte, of which a melting point is lower than a
melting point of the first inorganic solid electrolyte and
which contains boron as a constituent element, to come
into contact with an active material molded body
including active material particles which include a
lithium composite oxide and have a particle shape, and
a communication hole that is provided between the
active material particles;

melting the solid material of the second inorganic solid
electrolyte, and impregnating the resultant molten
material of the second inorganic solid electrolyte into
the communication hole in combination with the solid
material of the first inorganic solid electrolyte; and

solidifying the molten material to be amorphous.

7. A lithium battery, comprising:

the electrode composite body according to claim 1;

a current collector that is provided on one surface of the
electrode composite body to come into contact with the
active material molded body; and

an electrode that is provided on the other surface of the
electrode composite body to come into contact with the
first solid electrolyte layer or the second solid electro-
lyte layer.

8. A lithium battery, comprising:

the electrode composite body according to claim 2;

a current collector that is provided on one surface of the
electrode composite body to come into contact with the
active material molded body; and

an electrode that is provided on the other surface of the
electrode composite body to come into contact with the
first solid electrolyte layer or the second solid electro-
lyte layer.
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9. A lithium battery, comprising:

the electrode composite body according to claim 3;

a current collector that is provided on one surface of the
electrode composite body to come into contact with the
active material molded body; and

an electrode that is provided on the other surface of the
electrode composite body to come into contact with the
first solid electrolyte layer or the second solid electro-
lyte layer.

10. A lithium battery, comprising:

the electrode composite body according to claim 4;

a current collector that is provided on one surface of the
electrode composite body to come into contact with the
active material molded body; and

an electrode that is provided on the other surface of the
electrode composite body to come into contact with the
first solid electrolyte layer or the second solid electro-
lyte layer.

11. The lithium battery according to claim 7, further

comprising:

a third solid electrolyte layer that is provided between the
electrode composite body and the electrode, includes a
third inorganic solid electrolyte that contains boron as
a constituent element and is amorphous, and is formed
through a vapor phase film formation.
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