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(57) ABSTRACT

An all-solid battery includes a positive-electrode layer hav-
ing a positive-electrode current collector and a positive-
electrode mixture layer, a negative-electrode layer having a
negative-electrode current collector and a negative-electrode
mixture layer, and a solid electrolyte layer. The positive-
electrode mixture layer contains a positive-clectrode active
material and a solid electrolyte. The solid electrolyte layer is
disposed between the positive-electrode mixture layer and
the negative-electrode mixture layer. In the positive-elec-
trode mixture layer, the active material volume proportion is
larger and the porosity is smaller in a portion closer to the
positive-electrode current collector than in a portion far from
the positive-electrode current collector.
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ALL-SOLID BATTERY
BACKGROUND

1. Technical Field

[0001] The present disclosure relates to a positive-elec-
trode layer, a negative-clectrode layer, a solid electrolyte
layer, and an all-solid battery using the same.

2. Description of the Related Art

[0002] Inrecentyears, development of a secondary battery
that can be used repeatedly has been required due to light
weighted and cordless electronic devices such as personal
computers and mobile phones. Examples of secondary bat-
teries include nickel cadmium batteries, nickel hydrogen
batteries, lead storage batteries, and lithium ion batteries.
Among these batteries, lithium ion batteries are attracting
attention because of the features such as light weight, high
voltage, and high energy density.

[0003] A lithium ion battery is configured with a positive-
electrode layer, a negative-electrode layer, and an electrolyte
disposed therebetween. For example, an electrolytic solution
in which a supporting salt such as lithium hexafluorophos-
phate is dissolved in an organic solvent, or a solid electrolyte
is used as the electrolyte. At present, lithium ion batteries
widely used are flammable because an electrolyte containing
an organic solvent is used. Therefore, materials, structures,
and systems are needed to ensure the safety of lithium ion
batteries. On the other hand, by using a non-combustible
solid electrolyte as the electrolyte, it is expected that the
above-described materials, structure, and system can be
simplified, and it is considered that the increase of energy
density, the reduction of manufacturing cost, and the
improvement of productivity can be achieved. Hereinafter, a
lithium ion battery using a solid electrolyte is referred to as
an “all-solid battery”.

[0004] Solid electrolytes can be roughly divided into
organic solid electrolytes and inorganic solid electrolytes.
The organic solid electrolyte has an ion conductivity of
about 107¢ S/cm at 25° C., which is extremely lower than
that of an electrolyte solution of about 107> S/cm. Therefore,
it is difficult to operate an all-solid battery using an organic
solid electrolyte in an environment of 25° C. As the inor-
ganic solid electrolyte, there are an oxide-based solid elec-
trolyte and a sulfide-based solid electrolyte. The ion con-
ductivity of these electrolytes is about 10™* to 10~ S/cm,
and the ion conductivity is relatively high. Oxide-based
solid electrolytes have high grain-boundary resistance.
Therefore, although sintering and thinning of powder are
being studied as a means to lower the grain boundary
resistance, in a case where sintering is performed, it is
difficult to obtain sufficient battery characteristics because
the constituent element of the positive electrode or the
negative electrode and the constituent element of the solid
electrolyte mutually diffuse due to the treatment at high
temperature. Therefore, in the all-solid battery using an
oxide-based solid electrolyte, studies of thin film are the
mainstream. On the other hand, sulfide-based solid electro-
lytes have small grain boundary resistance compared with
oxide-based solid electrolytes, and therefore good charac-
teristics can be obtained only by powder compacting, and
research has been actively promoted in recent years.
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[0005] Under such circumstances, all-solid-state batteries
are required to have higher battery capacities, for example,
as vehicle-mounted batteries. As a means of high battery
capacity, the high concentration of the active material in an
electrode active material layer can be mentioned. However,
by this means, the occurrence of a crack due to expansion
and contraction accompanying charge and discharge
becomes remarkable. Therefore, there is a problem that the
durability of the all solid battery decreases.

[0006] On the other hand, Japanese Patent Unexamined
Publication No. 2012-104270 discloses all-solid battery 300
as shown in FIG. 5, in which in the thickness direction of
positive-electrode mixture layer 212, the active material
concentration in positive-electrode mixture layer 212 which
is an electrode active material layer, increases from the
interface side of solid electrolyte layer 240 of positive-
electrode mixture layer 212 toward the interface side of
positive-electrode current collector 211 and the porosity in
positive-electrode mixture layer 212 increases from the
boundary of solid electrolyte layer 240 toward the boundary
of positive-electrode current collector 211.

SUMMARY

[0007] An all-solid battery in the present disclosure
includes a positive-electrode layer, a negative-electrode
layer, and a solid-electrolyte layer. The positive-electrode
layer includes a positive-electrode current collector and a
positive-electrode mixture layer. The positive-electrode
mixture layer is disposed on the positive-electrode current
collector and contains at least a positive-electrode active
material and a solid electrolyte. The negative-electrode layer
includes a negative-electrode current collector and a nega-
tive-electrode mixture layer. The negative-electrode mixture
layer is disposed on the negative-electrode current collector
and contains at least a negative-clectrode active material and
a solid electrolyte. The solid electrolyte layer is disposed
between the positive-electrode mixture layer and the nega-
tive-electrode mixture layer and includes at least a solid
electrolyte having ion conductivity. When a proportion of a
volume of the positive-electrode active material to a sum of
the volume of the positive-electrode active material and a
volume of the solid electrolyte in the positive-electrode
mixture layer is defined as an active material volume pro-
portion, in a case where the positive-electrode mixture layer
is divided into divided portions by at least one plane
orthogonal to a stacking axis, the active material volume
proportion is larger and the porosity is smaller in a divided
portion closer to the positive-electrode current collector than
in a divided portion far from the positive-electrode current
collector.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG. 1 is a schematic cross-sectional view showing
an example of an all-solid battery in the present embodi-
ment;

[0009] FIG. 2 is a schematic view of a roll pressing
process of a positive-electrode mixture layer in a case where
an active material volume proportion is 0.5 or more in a
second positive-electrode mixture layer in the present
embodiment;

[0010] FIG. 3 is a schematic view of a roll pressing
process of the positive-electrode mixture layer in a case
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where the active material volume proportion is less than 0.5
in the second positive-electrode mixture layer in the present
embodiment;

[0011] FIG. 4 is a schematic cross-sectional view showing
an example of an all-solid-state battery in a modification
example of the present embodiment; and

[0012] FIG. 5 is a schematic cross-sectional view showing
an example of an all-solid-state battery of the related art.

DETAILED DESCRIPTION

[0013] In the configuration of an all-solid battery of the
related art, it is difficult to achieve both the high durability
and the high battery capacity of the all-solid battery. Thus,
the present disclosure provides an all-solid-state battery
having a high battery capacity and improved durability.
[0014] (Findings that LED to Present Disclosure)

[0015] In the technique of Japanese Patent Unexamined
Publication No. 2006-210003, an active material concentra-
tion in an electrode active material layer such as a positive-
electrode mixture layer is set to a composition larger than 0.7
in order to increase the battery capacity of an all-solid
battery. Therefore, the proportion of a solid electrolyte
having a function of maintaining the shape of the electrode
active material layer by connecting active materials and a
function of securing an ion conduction path is extremely
reduced. Furthermore, the porosity increases as the electrode
active material layer is close to the boundary of a current
collector containing more active material. The voids further
reduce the function of maintaining the shape of the electrode
active material layer and the function of securing the ion
conduction path. Therefore, there is a problem that durabil-
ity and battery capacity decrease.

[0016] The present disclosure has been made based on
such findings and provides an all-solid-state battery with
high battery capacity and improved durability.

[0017] The all-solid battery in one aspect of the present
disclosure includes a positive-electrode layer, a negative-
electrode layer, and a solid-electrolyte layer. The positive-
electrode layer has a positive-electrode current collector, and
a positive-electrode mixture layer formed on the positive-
electrode current collector and containing a positive-elec-
trode active material and a solid electrolyte. The negative-
electrode layer has a negative-electrode current collector,
and a negative-electrode mixture layer formed on the nega-
tive-electrode current collector and containing a negative-
electrode active material and a solid electrolyte. The solid
electrolyte layer is disposed between the positive-electrode
mixture layer and the negative-electrode mixture layer and
contains a solid electrolyte having ion conductivity. The
proportion of the volume of the positive-electrode active
material to the sum of the volume of the positive-electrode
active material and the volume of the solid electrolyte in the
positive-electrode mixture layer is defined as an active
material volume proportion. In a case where the positive-
electrode mixture layer is divided into divided portions by at
least one plane orthogonal to a stacking axis, the active
material volume proportion is larger and the porosity is
smaller in a divided portion closer to the positive-electrode
current collector than in a divided portion far from the
positive-clectrode current collector.

[0018] Also, for example, the active material volume
proportion may increase from the boundary of the solid
electrolyte layer of the positive-clectrode mixture layer
toward the boundary of the positive-electrode current col-
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lector in the thickness direction of the positive-electrode
mixture layer, and the porosity of the positive-electrode
mixture layer may decrease from the interface of the solid
electrolyte layer of the positive-clectrode mixture layer
toward the boundary of the positive-electrode current col-
lector in the thickness direction of the positive-electrode
mixture layer.

[0019] In the present disclosure, “the active material vol-
ume proportion may be larger from the boundary of the solid
electrolyte layer of the positive-clectrode mixture layer
toward the boundary of the positive-electrode current col-
lector, in the thickness direction of the positive-electrode
mixture layer” means that the above-described active mate-
rial volume proportion increases from the boundary of the
solid electrolyte layer of the positive-electrode mixture layer
toward the boundary of the positive-electrode current col-
lector. More specifically, when comparing the local active
material volume proportion of two different portions in the
positive-electrode mixture layer, this means that the local
active material volume proportion of the portion closer to
the positive-electrode current collector is larger than the
local active material volume proportion of the portion closer
to the solid electrolyte layer, in the positive-electrode mix-
ture layer. The increase in the active material volume
proportion in this case includes a continuous increase such
as a slope increase and a linear increase, and an intermittent
increase such as a stepwise increase.

[0020] In addition, “the porosity of the positive-electrode
mixture layer may be smaller from the interface of the solid
electrolyte layer of the positive-clectrode mixture layer
toward the boundary of the positive-electrode current col-
lector” means that the porosity of the positive-electrode
mixture layer decreases from the boundary of the solid
electrolyte layer of the positive-clectrode mixture layer
toward the boundary of the positive-electrode current col-
lector. More specifically, when comparing the local porosity
of two different portions in the positive-electrode mixture
layer, this means that the local porosity of the portion closer
to the positive-electrode current collector is smaller than the
local porosity of the portion closer to the solid electrolyte
layer, in the positive-electrode mixture layer. The decrease
in porosity in this case includes a continuous decrease such
as a slope decrease and a linear reduction, and an intermit-
tent decrease such as a stepwise decrease.

[0021] According to the present disclosure, the active
material volume proportion of the portion closer to the
positive-electrode current collector in the positive-electrode
mixture layer is larger than the active material volume
proportion of the portion closer to the solid electrolyte layer
(far from the positive-electrode current collector). In addi-
tion, the porosity of the portion closer to the solid electrolyte
layer in the positive-electrode mixture layer (far from the
positive-electrode current collector) is larger than the poros-
ity of the portion closer to the other positive-electrode
current collector. Thus, even in the positive-electrode mix-
ture layer having a composition for high battery capacity
having a large active material volume proportion of the
positive-electrode active material, in particular, in a portion
close to the positive-electrode current collector of the posi-
tive-electrode mixture layer where the volume proportion of
the active material is large, the positive-electrode active
materials are close to each other in the positive-electrode
mixture layer. Therefore, a binding force acts on the expan-
sion and contraction of each positive-electrode active mate-
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rial. Thus, the effect of suppressing damage such as cracks
in the positive-electrode mixture layer can be obtained. In
addition, the porosity is relatively high in the portion close
to the solid electrolyte layer of the positive-electrode mix-
ture layer in which the effect of expansion and contraction
of the positive-electrode active material are likely to be
apparent. Therefore, the effect of expansion and contraction
of the positive-electrode active material can be absorbed by
the voids.

[0022] Furthermore, the solid electrolyte has a function of
maintaining the shape as an electrode by connecting the
positive-clectrode active materials and securing the ion
conduction path. Even in the positive-electrode mixture
layer having a composition for high battery capacity having
a very small volume proportion of solid electrolyte, the
porosity is small particularly in the portion close to the
positive-electrode current collector of the positive-electrode
mixture layer where the volume proportion of solid electro-
Iyte is small. Therefore, the structural strength capable of
maintaining the shape of the positive-electrode mixture layer
is not lost by the influence of the voids, and the ion
conduction path can be secured. In addition, in the portion
close to the solid electrolyte layer of the positive-electrode
mixture layer, the volume proportion of the solid electrolyte
is relatively large. Therefore, the ion conduction path to the
solid electrolyte layer can be easily secured.

[0023] Therefore, even if the composition of the positive-
electrode mixture layer is a high battery capacity type, the
durability of the all-solid battery can be improved. That is,
the battery capacity of the all-solid battery can be increased,
and the durability can be improved.

[0024] In addition, for example, in the all-solid battery, in
at least one layer selected from a group consisting of the
positive-electrode mixture layer, the negative-electrode mix-
ture layer, and the solid electrolyte layer, the concentration
of a solvent may be O ppm or more and 50 ppm or less, and
the concentration of a binder may be 0 ppm or more and 100
ppm or less.

[0025] That is, at least one layer selected from the group
consisting of the positive-electrode mixture layer, the nega-
tive-electrode mixture layer, and the solid electrolyte layer
contains almost no solvent and no binder. Therefore, the
deterioration of the solid electrolyte due to the influence of
the solvent can be suppressed. Furthermore, the battery
capacity is improved by not containing the binder that does
not contribute to the battery characteristics. Therefore, the
battery capacity of the all-solid battery can be further
increased, and the durability can be further improved.
[0026] In addition, for example, in the positive-electrode
mixture layer, the active material volume proportion of the
divided portion closest to the positive-electrode current
collector may be larger than 0.7.

[0027] That is, the active material volume proportion of
the positive-electrode active material in the portion closest
to the positive-electrode current collector is high. Therefore,
the amount of lithium ions in the positive-electrode mixture
layer increases. As a result, the battery capacity of the
all-solid battery can be further increased.

[0028] In addition, for example, in the positive-electrode
mixture layer, the active material volume proportion of the
divided portion closest to the solid electrolyte layer may be
0.5 or more.

[0029] That is, the active material volume proportion of
the positive-electrode active material in the portion closest
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to the solid electrolyte layer is high. Therefore, the amount
of lithium ions in the positive-electrode mixture layer
increases. As a result, the battery capacity of the all-solid-
state battery can be further increased.

[0030] In addition, for example, the positive-electrode
mixture layer may include a first positive-electrode mixture
layer disposed on the positive-electrode current collector
side and a second positive-electrode mixture layer closer to
the solid electrolyte layer, and the material volume propor-
tion in the first positive-electrode mixture layer may be
larger than the active material volume proportion in the
second positive-electrode mixture layer, and the porosity of
the first positive-electrode mixture layer may be smaller than
the porosity of the second positive-electrode mixture layer.
[0031] That is, the positive-electrode mixture layer is
formed of a plurality of layers. Therefore, the active material
volume proportion and the porosity can be set for each layer.
Therefore, it is possible to easily manufacture an all-solid
battery having high battery capacity and high durability.
[0032] In addition, for example, the active material vol-
ume proportion in the first positive-electrode mixture layer
may be larger than 0.7.

[0033] That is, the active material volume proportion of
the positive-electrode active material in the first positive-
electrode mixture layer close to the positive-electrode cur-
rent collector is high. Therefore, the amount of lithium ions
in the positive-electrode mixture layer increases. Therefore,
the battery capacity of the all-solid battery can be increased.
[0034] In addition, for example, the porosity in the first
positive-electrode mixture layer may be 0.05% or more and
8% or less.

[0035] That is, the porosity of the first positive-electrode
mixture layer is small. Therefore, the electrical resistance
due to the voids in the positive-electrode mixture layer is
reduced. Therefore, the battery capacity of the all-solid
battery can be further increased.

[0036] In addition, for example, the active material vol-
ume proportion in the second positive-electrode mixture
layer may be 0.5 or more.

[0037] That is, the active material volume proportion of
the positive-electrode active material in the second positive-
electrode mixture layer close to the solid electrolyte layer is
high. Therefore, the amount of lithium ions in the positive-
electrode mixture layer increases. Therefore, the battery
capacity of the all-solid battery can be increased. In addition,
the second positive-electrode mixture layer has a larger
number of positive-electrode active materials having low
fluidity and high hardness. Therefore, in a case where the
positive-electrode mixture layer is pressed by a roll press or
the like, the shape of the second positive-electrode mixture
layer is maintained, whereby the force of the press is
transmitted to the entire positive-electrode mixture layer to
be compacted. Therefore, the solid electrolyte and the posi-
tive-electrode active material are more closely attached.
Therefore, since the ion conduction path is secured, the
battery characteristics of the all-solid battery are improved.
[0038] In addition, for example, in the all-solid battery, the
porosity of the second positive-electrode mixture layer may
be 5% or more and 35% or less.

[0039] That is, the porosity of the first positive-electrode
mixture layer is in an appropriate range. Therefore, the effect
of'expansion and contraction of the positive-electrode active
material can be absorbed by the voids while suppressing an
increase in the electrical resistance in the positive-electrode
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mixture layer due to the voids. Therefore, it is possible to
achieve both the high battery capacity and the improvement
of the durability of the all-solid battery.

[0040] In addition, for example, the all-solid battery may
further include a positive-electrode bonding layer in which
the positive-electrode layer is disposed between the positive-
electrode current collector and the positive-electrode mix-
ture layer and which contains at least a conductive agent.
[0041] That is, the positive-electrode current collector and
the positive-electrode mixture layer are bonded via the
positive-electrode bonding layer. The positive-electrode
mixture layer bites into a positive-electrode bonding layer
having lower hardness than the positive-electrode active
material. Therefore, the adhesive force between the positive-
electrode bonding layer and the positive-electrode mixture
layer is increased. In addition, in a case where a small
amount of binder is contained in the positive-electrode
bonding layer, the adhesive force between the positive-
electrode bonding layer and the positive-electrode current
collector is increased by the adhesive force of the binder.
Therefore, by bonding the positive-electrode current collec-
tor and the positive-electrode mixture layer via the positive-
electrode bonding layer, the adhesive force between the
positive-electrode current collector and the positive-elec-
trode mixture layer is increased without impairing the elec-
tron conductivity. Therefore, the durability of the all-solid
battery can be further improved.

[0042] Hereinafter, an all-solid battery according to an
embodiment of the present disclosure will be described with
reference to drawings. The following embodiments all show
one specific example of the present disclosure, and numeri-
cal values, shapes, materials, components, arrangement
positions and connection forms of the components, and the
like are examples, and the present disclosure is not limited
thereto. In addition, among components in the following
embodiments, components that are not described in inde-
pendent claims indicating the highest concept of the present
disclosure are described as optional components.

[0043] In addition, each drawing is a schematic view in
which emphasis, omission, or adjustment of proportion is
appropriately performed to show the present disclosure, and
is not necessarily strictly illustrated, and may be different
from the actual shape, positional relationship, and propor-
tion. In the drawings, substantially the same components are
denoted by the same reference numerals, and redundant
description may be omitted or simplified.

[0044] In addition, in the present specification, a term
indicating a relationship between elements such as parallel,
aterm indicating the shape of an element such as a rectangle,
and a numerical range are not limited to expressions repre-
senting only strict meanings, but are expressions that are
meant to include substantially equivalent ranges, for
example, differences of several % or so.

[0045] In addition, “in a plan view” in the present speci-
fication means a case where the all-solid battery is viewed
along the laminating direction of the all-solid battery, and
“thickness” in the present specification is the length in the
laminating direction of the all-solid battery and each layer.
Here, the laminating direction (thickness direction) indicates
the direction in which one member constituting the all-solid
battery is stacked on another member. In the present embodi-
ment, the laminating direction is the positive or negative
direction of a Z axis in FIGS. 1 to 4. In addition, it is
assumed that the axis along the laminating direction (Z axis
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in FIGS. 1 to 4) is the stacking axis. That is, in the present
embodiment, the plane orthogonal to the stacking axis is an
X-Y plane.

[0046] In addition, in the present specification, the terms
“upper” and “lower” in the configuration of the all-solid-
state battery do not refer to the upward direction (vertically
upward) and downward direction (vertically downward) in
absolute space recognition, but is used as terms defined by
the relative positional relationship based on the stacking
order in the layered configuration. Further, the terms “upper”
and “lower” are applied not only in a case where two
components are spaced apart from one another and another
component exists between the two components, but also in
a case where two components are placed in intimate contact
with each other to make the two components meet.

[0047] In addition, in the present specification, the cross-
sectional view is a view showing a cross-section when the
central portion of the all-solid battery is cut in the laminating
direction.

Embodiment
[0048] [A. All-Solid Battery]
[0049] FIG. 1 is a schematic cross-sectional view showing

an example of an all-solid battery in the present embodi-
ment. All-solid battery 100 in FIG. 1 includes positive-
electrode layer 20, negative-electrode layer 30, and solid
electrolyte layer 40. Positive-electrode layer 20 has a posi-
tive-electrode current collector 11 and positive-electrode
mixture layer 12. Positive-electrode mixture layer 12 is
formed on positive-electrode current collector 11 and con-
tains at least positive-clectrode active material 1 and solid
electrolyte 2. Negative-electrode layer 30 includes negative-
electrode current collector 13 and negative-electrode mix-
ture layer 14. Negative-electrode mixture layer 14 is formed
on negative-electrode current collector 13 and contains at
least negative-electrode active material 3 and solid electro-
lyte 2. Solid electrolyte layer 40 is disposed between posi-
tive-electrode mixture layer 12 and negative-clectrode mix-
ture layer 14 and contains at least solid electrolyte 2 having
ion conductivity. Furthermore, positive-electrode layer 20 is
disposed between positive-electrode current collector 11 and
positive-electrode mixture layer 12 and includes positive-
electrode bonding layer 5 containing at least a conductive
agent.

[0050] Positive-electrode layer 20 may not include posi-
tive-electrode bonding layer 5 and may be formed in a state
in which positive-electrode mixture layer 12 and positive-
electrode current collector 11 are in contact with each other.
[0051] Here, the proportion of the volume of the positive-
electrode active material 1 in positive-electrode mixture
layer 12 to the sum of the volume of positive-electrode
active material 1 in positive-electrode mixture layer 12 and
the volume of solid electrolyte 2 is defined as an active
material volume proportion. The active material volume
proportion of positive-electrode mixture layer 12 increases
from the boundary between positive-electrode mixture layer
12 and solid electrolyte layer 40 toward the boundary
between positive-electrode mixture layer 12 and positive-
electrode current collector 11, in the thickness direction of
positive-electrode mixture layer 12. In addition, the porosity
of positive-electrode mixture layer 12 decreases from the
interface between positive-electrode mixture layer 12 and
solid electrolyte layer 40 toward the interface between
positive-electrode mixture layer 12 and positive-electrode
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current collector 11, in the thickness direction of positive-
electrode mixture layer 12. The active material volume
proportion is a value obtained by dividing the volume of
positive-electrode active material 1 in positive-electrode
mixture layer 12 by the total value of the volume of
positive-electrode active material 1 and the volume of solid
electrolyte 2 in positive-electrode mixture layer 12.

[0052] In other words, in a case where positive-electrode
mixture layer 12 is divided into divided portions by at least
one plane (X-Y plane) orthogonal to the stacking axis (Z
axis), the active material volume proportion is larger and the
porosity is smaller in a divided portion closer to positive-
electrode current collector 11 than in a divided portion far
from positive-clectrode current collector 11.

[0053] In FIG. 1, positive-electrode mixture layer 12 has
first positive-electrode mixture layer 12a and second posi-
tive-electrode mixture layer 12b. In positive-electrode mix-
ture layer 12, first positive-electrode mixture layer 12q is
disposed at a position closer to positive-clectrode current
collector 11 than second positive-electrode mixture layer
125 in positive-electrode mixture layer 12. Second positive-
electrode mixture layer 124 is disposed at a position closer
to solid electrolyte layer 40 than first positive-electrode
mixture layer 124 in positive-electrode mixture layer 12.
Each of first positive-electrode mixture layer 12a and second
positive-electrode mixture layer 1256 contains positive-elec-
trode active material 1 and solid electrolyte 2. It is assumed
that the active material volume proportion (positive-elec-
trode active material volume/|[positive-electrode active
material volume+solid electrolyte volume]) of first positive-
electrode mixture layer 124 is al, the porosity (proportion of
voids 4 in positive-electrode mixture layer 12) of first
positive-electrode mixture layer 12« is bl, and the active
material volume proportion of second positive-electrode
mixture layer 125 is a2, and the porosity of second positive-
electrode mixture layer 125 is b2. At this time, the relation-
ships al>a2 and bl<b2 are satisfied. That is, the active
material volume proportion of positive-electrode active
material 1 in first positive-electrode mixture layer 12a is
larger than the active material volume proportion of posi-
tive-electrode active material 1 in second positive-electrode
mixture layer 125, and the porosity of first positive-electrode
mixture layer 12¢ is smaller than the porosity of second
positive-electrode mixture layer 124.

[0054] According to the present embodiment, solid elec-
trolyte 2 maintains the shape of positive-electrode mixture
layer 12 by connecting positive-electrode active materials 1
and exhibits a function of securing an ion conduction path.
In positive-electrode mixture layer 12 having a composition
of a high battery capacity type in which the volume propor-
tion of solid electrolyte 2 is very small, the porosity is small
particularly in the portion close to positive-electrode current
collector 11 where the volume proportion of solid electrolyte
2 is small. Therefore, the ion conduction path in positive-
electrode mixture layer 12 can be secured without losing the
structural strength capable of maintaining the shape of
positive-electrode mixture layer 12 by the influence of the
voids.

[0055] In addition, in the case of a high battery capacity
type all-solid battery having positive-electrode mixture layer
12 having a composition in which the volume proportion of
positive-electrode active material 1 is very large, positive-
electrode active materials 1 are close to each other in
positive-electrode mixture layer 12. Therefore, a mutual
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restraining force acts on expansion and contraction of posi-
tive-electrode active material 1. Therefore, in the inside of
positive-electrode mixture layer 12, an effect of suppressing
damage due to a crack or the like can be obtained. The
influence of the expansion and contraction of positive-
electrode active material 1 is noticeable at the interface
between positive-electrode mixture layer 12 and solid elec-
trolyte layer 40. According to the present embodiment, in the
thickness direction of positive-electrode mixture layer 12,
the porosity in positive-electrode mixture layer 12 is larger
as positive-electrode mixture layer 12 is closer to the bound-
ary of solid electrolyte layer 40 from the boundary of
positive-electrode current collector 11. Therefore, the effect
of expansion and contraction of positive-electrode active
material 1 which is noticeable at the interface between
positive-electrode mixture layer 12 and solid electrolyte
layer 40 can be absorbed by the presence of the voids.
Therefore, the durability of all-solid battery 100 can be
improved.

[0056] In addition, in all-solid battery 100, the concentra-
tion of the solvent may be O ppm or more and 50 ppm or less
in at least one layer selected from the group consisting of
positive-electrode mixture layer 12, negative-electrode mix-
ture layer 14, and solid electrolyte layer 40. In addition, in
at least one layer selected from the group consisting of
positive-electrode mixture layer 12, negative-electrode mix-
ture layer 14, and solid electrolyte layer 40, the concentra-
tion of the binder may be O ppm or more and 100 ppm or
less.

[0057] Hereinafter, all-solid battery 100 according to the
present embodiment will be described for each configura-
tion.

[0058] [B. Positive-Electrode Layer]

[0059] First, positive-clectrode layer 20 in the present
embodiment will be described. Positive-clectrode layer 20 in
the present embodiment includes positive-electrode current
collector 11 and positive-electrode mixture layer 12 formed
on positive-electrode current collector 11 and containing
positive-electrode active material 1 and solid electrolyte 2.
[0060] Furthermore, positive-clectrode layer 20 is dis-
posed between positive-electrode current collector 11 and
positive-electrode mixture layer 12 and includes positive-
electrode bonding layer 5 containing at least a conductive
agent.

[0061] [B-1. Positive-Electrode Mixture Layer]

[0062] Positive-electrode mixture layer 12 in the present
embodiment is a layer containing at least positive-electrode
active material 1 and solid electrolyte 2, and may further
contain a conductive assistant as required.

[0063] [B-1-2. Positive-Electrode Active Material]
[0064] In positive-electrode active material 1 in the pres-
ent embodiment, metal ions such as lithium (i) are inserted
or separated in the crystal structure at a potential higher than
that of negative-electrode layer 30. In addition, positive-
electrode active material 1 is a material that undergoes
oxidation or reduction along with the insertion or separation
of' metal ions such as lithium. The type of positive-electrode
active material 1 may be appropriately selected according to
the type of all-solid battery 100, and examples thereof
include an oxide active material and a sulfide active mate-
rial.

[0065] For example, an oxide active material (lithium-
containing transition metal oxide) is used as positive-elec-
trode active material 1 in the present embodiment. Examples
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of the oxide active material include LiCoO,, LiNiO,,
LiMn,O,, LiCoPO,, LiNiPO,, LiFePO,, LiMnPO,, and
compounds obtained by substituting the transition metal of
these compounds with one or two different elements.
Examples of the compound obtained by substituting the
transition metal of the above-described compounds with one
or two different elements include known materials such as
LiNi, 5Co,3Mn, 505, LiNij 3C0p 15Al, 050;, LiNig sMn,
50, and the like. The positive-electrode active material may
be a single compound or a combination of two or more
compounds.

[0066] Examples of the shape of the positive-electrode
active material include particulate and thin film shapes. In a
case where the positive-electrode active material is particu-
late, the average particle diameter (Ds,) of the positive-
electrode active material is, for example, preferably in the
range of 50 nm to 50 um inclusive, and more preferably in
the range of 1 pm to 15 pm inclusive. When the average
particle diameter of the positive-electrode active material is
50 nm or more, the handling property is easily improved. On
the other hand, by setting the average particle diameter to 50
um or less, a flat positive-electrode layer is easily obtained,
and therefore the above range is preferable. The “average
particle diameter” in the present specification is a volume-
based average diameter measured by a laser analysis and
scattering particle density distribution measuring device.
[0067] The surface of the positive-clectrode active mate-
rial may be coated with a coat layer. The reason for provid-
ing the coating layer is that the reaction between the posi-
tive-electrode active material (for example, the oxide active
material) and the solid electrolyte (for example, the sulfide-
based solid electrolyte) can be suppressed. As a material of
a coating layer, Li ion conductive oxides, such as LiNbO;,
Li;PO,, and LiPON, can be mentioned, for example. The
average thickness of the coating layer is preferably, for
example, in the range of 1 nm to 10 nm inclusive.

[0068] [B-1-2. Solid Electrolyte]

[0069] Hereinafter, the solid electrolyte in the present
embodiment will be described.

[0070] As shown in FIG. 1, positive-electrode mixture
layer 12 in the present embodiment contains positive-elec-
trode active material 1 and solid electrolyte 2. Solid elec-
trolyte 2 may be appropriately selected depending on the
type of conductive ion (for example, lithium ion) and can be
roughly divided into, for example, a sulfide-based solid
electrolyte and an oxide-based solid electrolyte.

[0071] The type of the sulfide-based solid electrolyte in
the present embodiment is not particularly limited. For
example, as the sulfide-based solid electrolyte, for example,
Li,S—SiS,, Lil—1i,S—SiS,, Lil—Li,S—P,S;, Lil—
Li,S—P,0s, Lil—Li,PO,—P,S;, Li,S—P,S,, and the like
can be mentioned. In particular, since the conductivity of a
lithium ion is excellent, it is preferable to include Li, P, and
S. The sulfide-based solid electrolyte may be a single
substance or a combination of two or more substances. In
addition, the sulfide-based solid electrolyte may be crystal-
line, amorphous or glass-ceramic. The description of
“Li,S—P,S;” means a sulfide-based solid electrolyte
formed using a raw material composition containing Li,S
and P,S,, and the same applies to other descriptions.
[0072] Inthe present embodiment, one form of the sulfide-
based solid electrolyte is a sulfide glass-ceramic containing
Li,S and P,S5. The ratio of Li,S to P,S; in terms of molar
conversion is preferably in the range of 70:30 to 80:20 and
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more preferably in the range of 75:25 to 80:20. The range of
the ratio is preferable for obtaining a crystal structure having
high ion conductivity while maintaining the lithium concen-
tration which affects the battery characteristics.

[0073] Examples of the shape of the sulfide-based solid
electrolyte in the present embodiment include particle
shapes such as spherical and elliptical shapes, and thin film
shapes. When the sulfide-based solid electrolyte material is
in the form of particles, the average particle diameter (Ds)
of the sulfide-based solid electrolyte is not particularly
limited, but 10 um or less is preferred because the density in
the positive-electrode layer can be easily improved.

[0074] The oxide-based solid electrolyte in the present
embodiment will be described. The type of the oxide-based
solid electrolyte is not particularly limited, but LiPON,
Li,PO,, Li,SiO,, Li,Si0O,, LigsLa,sTiO;, Li; 3Aly 5Tig 5
(POy4)s, LagsiLiy 541100 74, Liy sAly sGey s(PO,); and the
like can be mentioned. The oxide-based solid electrolyte
may be a single substance or a combination of two or more
substances.

[0075] In addition, the type and particle diameter of the
solid electrolyte contained in each layer of positive-elec-
trode mixture layer 12, negative-electrode mixture layer 14,
and solid electrolyte layer 40 may be different depending on
each layer.

[0076] [B-1-3. Binder]

[0077] Hereinafter, the binder in the present embodiment
will be described.

[0078] The binder plays a role of binding between posi-
tive-electrode active materials 1 in positive-electrode mix-
ture layer 12, between positive-electrode active material 1
and solid electrolyte 2, between solid electrolytes 2, between
positive-electrode mixture layer 12 and positive-electrode
current collector 11, and between positive-electrode mixture
layer 12 and solid electrolyte layer 40. The binder does not
directly contribute to the battery characteristics. Therefore,
the concentration of the binder contained in positive-elec-
trode mixture layer 12 is desirably 100 ppm or less. In
addition, positive-electrode mixture layer 12 may not con-
tain a binder (the concentration of the binder is 0 ppm). By
setting the concentration of the binder to 100 ppm or less, it
is possible to contain more positive-electrode active material
1 in positive-electrode mixture layer 12, which leads to high
battery capacity. In addition, it is possible to prevent an
increase in the internal electrical resistance of all-solid
battery 100 due to the binder interfering with the ion
conduction path and the electron conduction path. Thus, the
charge and discharge characteristics of all-solid battery 100
are improved.

[0079] In the present specification, concentration refers to
concentration by weight unless otherwise noted.

[0080] Specifically, examples of the binder include syn-
thetic rubber such as butadiene rubber, isoprene rubber,
styrene-butadiene rubber (SBR), styrene-butadiene-styrene
copolymer (SBS), styrene-ethylene-butadiene-styrene copo-
lymer (SEBS), ethylene-propylene rubber, butyl rubber,
chloroprene rubber, acrylonitrile-butadiene rubber, acrylic
rubber, silicone rubber, fluorine rubber and urethane rubber,
and the like, and polyvinylidene fluoride (PVDF), polyvi-
nylidene fluoride-hexafluoropropylene copolymer (PVDEF-
HFP), polyimide, polyamide, polyamide imide, polyvinyl
alcohol and chlorinated polyethylene (CPE), and the like.
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[0081] [B-1-4. Conducting Assistant]

[0082] Hereinafter, the conductive assistant in the present
embodiment will be described.

[0083] In all-solid battery 100 according to the present
embodiment, positive-electrode mixture layer 12 may con-
tain a conductive assistant.

[0084] The electron conductivity in positive-electrode
mixture layer 12 can be increased by adding a conductive
assistant. Therefore, the electron conduction path in posi-
tive-electrode mixture layer 12 can be secured. Thus, the
internal resistance of all-solid battery 100 can be reduced. As
a result, the amount of current that can be conducted through
the electron conduction path is increased, and the charge and
discharge characteristics of all-solid battery 100 are
improved.

[0085] The conductive assistant in the present embodi-
ment is not particularly limited as long as the conductive
assistant improves the electron conductivity of positive-
electrode mixture layer 12, but, for example, acetylene
black, ketjen black, carbon black, graphite, carbon fiber, and
the like can be mentioned. The conductive assistant may be
a single substance or a combination of two or more sub-
stances.

[0086] [B-2. Positive-Electrode Current Collector]

[0087] For positive-electrode current collector 11, for
example, a foil-like body, a plate-like body, a mesh-like
body, or the like made of aluminum, gold, platinum, zinc,
copper, SUS, nickel, tin, titanium, or an alloy of two or more
thereof is used.

[0088] In addition, the thickness and shape of positive-
electrode current collector 11 may be appropriately selected
according to the application of the all-solid battery.

[0089] In addition, about adhesion between positive-elec-
trode mixture layer 12 and positive-electrode current col-
lector 11 in which the concentration of the binder is 0 ppm
or more and 100 ppm or less, in the manufacturing process
described later, positive-electrode mixture layer 12 bites into
positive-electrode current collector 11 to obtain adhesive
force by being pressed after positive-electrode mixture layer
12 is formed. Here, although the details of the manufactur-
ing process will be described later, in order to further
increase the adhesive force between positive-electrode mix-
ture layer 12 and positive-electrode current collector 11, as
shown in FIGS. 1 and 2A, it is desirable to form positive-
electrode bonding layer 5 on positive-electrode current
collector 11 on the side where positive-electrode mixture
layer 12 is formed. Positive-electrode bonding layer 5 has a
conductive agent of a conductive carbon material such as
carbon having conductivity and lower hardness than posi-
tive-electrode active material 1, as a main component.
Thereby, as shown in FIG. 2B, when positive-electrode
mixture layer 12 is pressed by roll 7, it is promoted that
positive-electrode mixture layer 12 bites into positive-elec-
trode bonding layer 5, and the adhesive force between
positive-electrode bonding layer 5 and positive-electrode
mixture layer 12 becomes high. In addition, since positive-
electrode bonding layer 5 contains a small amount of binder,
the adhesive force between positive-electrode bonding layer
5 and positive-electrode current collector 11 is increased by
the adhesive force of the binder. Therefore, by bonding
positive-electrode current collector 11 and positive-elec-
trode mixture layer 12 via positive-electrode bonding layer
5, the adhesive force between positive-electrode current
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collector 11 and positive-electrode mixture layer 12 can be
increased without impairing the electron conductivity.
[0090] [B-3. Positive-Electrode Bonding Layer]

[0091] Positive-electrode bonding layer 5 has a conduc-
tive agent as a main component and also contains a binder.
The role of positive-electrode bonding layer 5 is to bond
positive-electrode current collector 11 and positive-elec-
trode mixture layer 12 via positive-electrode bonding layer
5.

[0092] Examples of the conductive agent include conduc-
tive carbon materials such as acetylene black, ketjen black,
carbon black, graphite, carbon fiber, and the like. The
conductive agent may be a single substance or a combina-
tion of two or more substances.

[0093] As the binder described above may be used as the
binder, the description here is omitted.

[0094] [C. Negative-Electrode Layer] Negative-electrode
layer 30 in the present embodiment will be described with
reference to FIG. 1.

[0095] Negative-electrode layer 30 in the present embodi-
ment includes, for example, negative-electrode current col-
lector 13 made of metal foil, and negative-electrode mixture
layer 14 formed on negative-electrode current collector 13.
[0096] [C-1. Negative-Electrode Mixture Layer|

[0097] Negative-electrode mixture layer 14 is a film
including at least negative-electrode active material 3 and
solid electrolyte 2.

[0098] The concentration of the binder contained in nega-
tive-electrode mixture layer 14 is preferably 100 ppm or less
in negative-electrode mixture layer 14. Negative-electrode
mixture layer 14 may not contain a binder (the concentration
of the binder is 0 ppm). In addition, negative-electrode
mixture layer 14 may contain a conductive assistant. The
details of the binder and the conductive assistant are the
same as in the positive-electrode mixture layer.

[0099] [C-1-1. Negative-Electrode Active Material]

[0100] Hereinafter, negative-electrode active material 3 in
the present embodiment will be described.

[0101] The negative-electrode active material is a material
in which metal ions such as lithium is inserted or separated
in the crystal structure at a potential lower than that of
positive-electrode mixture layer 12 and undergoes oxidation
or reduction along with the insertion or separation of metal
ions such as lithium.

[0102] As negative-electrode active material 3 in the pres-
ent embodiment, for example, a metal that is easily alloyed
with lithium such as lithium, indium, tin, and silicon, hard
carbon, carbon materials such as graphite, or known mate-
rials including oxide active materials such as Li, Ti;O,, and
SiOx may be used. In addition, as negative-clectrode active
material 3, a composite obtained by appropriately mixing
the above-described negative-electrode active materials may
be used.

[0103] The ratio of the negative-electrode active material
to the solid electrolyte contained in negative-clectrode mix-
ture layer 14 is preferably such that the weight ratio is in the
range of 40/60 or more and 19 or less and more preferably
in the range of 1 or more and 85/15 or less when the weight
ratio is a value obtained by dividing the negative-electrode
active material by the solid electrolyte in weight conversion.
The weight ratio range is preferable for securing both of the
ion conduction path and the electron conduction path in
negative-electrode mixture layer 14.
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[0104] [C-1-2. Solid Electrolyte] As the solid electrolyte,
the solid electrolyte described above in the section of [B.
Positive-Electrode Layer| may be used, and the description
thereof is omitted here.

[0105] [C-1-3. Binder]

[0106] As for the binder, the binder described above in the
section [B. Positive-Electrode Layer| may be used, and thus
the description thereof is omitted here.

[0107] [C-1-4. Conducting Assistant]

[0108] As for the conductive assistant, the conductive
assistant described above in the section of [B. Positive-
Electrode Layer] may be used, and thus the description
thereof is omitted here.

[0109] [C-2. Negative-Electrode Current Collector|
[0110] As negative-electrode current collector 13, for
example, a foil-like body, a plate-like body, or a mesh-like
body made of SUS, gold, platinum, zinc, copper, nickel,
titanium, tin, or an alloy of two or more thereof are used.
[0111] In addition, the thickness and shape of negative-
electrode current collector 13 may be appropriately selected
according to the application of the all-solid battery.

[0112] [D. Solid Electrolyte Layer]

[0113] Solid electrolyte layer 40 in the present embodi-
ment will be described with reference to FIG. 1.

[0114] Solid electrolyte layer 40 in the present embodi-
ment includes at least solid electrolyte 2 having ion con-
ductivity. The binder does not directly contribute to the
battery characteristics. Therefore, the concentration of the
binder contained in solid electrolyte layer 40 is desirably
100 ppm or less. In addition, solid electrolyte layer 40 may
not contain a binder (the concentration of the binder is 0
ppm). As a result, the increase in internal electrical resis-
tance of all-solid battery 100 due to the binder interfering
with the ion conduction path can be prevented, and the
charge and discharge characteristics of all-solid battery 100
are improved.

[0115] [D-1. Solid Electrolyte]

[0116] As the solid electrolyte, the solid electrolyte
described above in the section of [B. Positive-Electrode
Layer] may be used, and the description thereof is omitted
here.

[0117] [D-2. Binder]

[0118] As the binder, the binder described above in the
section [B. Positive-Electrode Layer| may be used, and thus
the description thereof is omitted here.

[0119] [E. Other Configuration]

[0120] Although not shown, in all-solid battery 100
according to the present embodiment, a terminal (metal
positive-electrode lead) may be attached by welding on the
surface of positive-electrode current collector 11 opposite to
positive-electrode mixture layer 12 or a terminal (metal
negative-electrode lead) may be attached by welding on the
surface of negative-electrode current collector 13 opposite to
negative-electrode mixture layer 14. The all-solid battery to
which the terminal is attached or the all-solid-state battery
group obtained by connecting a plurality of the all-solid
batteries may be housed in a battery case. In the all-solid
battery or all-solid battery group housed in the battery case,
the positive-electrode lead and the negative-electrode lead
may be led out of the battery case, and the battery case may
be sealed.

[0121] The above is the description of all-solid battery 100
in the present embodiment.
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[0122] [F. Manufacturing Method]

[0123] [F-1. Manufacturing Method of All-Solid Battery]
The method of manufacturing all-solid battery 100 accord-
ing to the present embodiment includes, for example, a film
forming process, a laminating process, and a pressing pro-
cess. The film forming process is a process of preparing
positive-electrode layer 20 having positive-electrode mix-
ture layer 12, negative-electrode layer 30 having negative-
electrode mixture layer 14, and solid electrolyte layer 40.
The laminating process is a process of obtaining a laminated
structure by combining or laminating prepared positive-
electrode layer 20, negative-electrode layer 30, and solid
electrolyte layer 40 such that solid electrolyte layer 40 is
disposed between positive-electrode mixture layer 12 and
negative-electrode mixture layer 14. The pressing process is
a process of pressing the obtained laminated structure from
above and below in the laminating direction.

[0124] [F-2. Film Formation Process of Positive-Electrode
Layer]
[0125] The film forming process of positive-electrode

layer 20 in the present embodiment is a process of forming
positive-electrode mixture layer 12 on positive-electrode
current collector 11. The film forming process of positive-
electrode layer 20 includes, for example, a powder laminat-
ing process and a powder pressing process. The powder
laminating process is a process of uniformly laminating a
positive-electrode mixture prepared by mixing solid elec-
trolyte 2 in a powder state (non-slurry), positive-electrode
active material 1, and, if necessary, a conductive assistant on
positive-electrode current collector 11. The powder pressing
process is a process of pressing the laminated body obtained
by the powder laminating process.

[0126] On the other hand, as another manufacturing
method of positive-electrode layer 20, there is a film forming
process including a coating process, a drying and baking
process, and a coating film pressing process. In the coating
process, positive-electrode active material 1, solid electro-
Iyte 2, and, if necessary, the binder and the conductive
assistant are dispersed in an organic solvent to make slurry,
and the obtained slurry is applied to the surface of positive-
electrode current collector 11. In the drying and baking
process, the resulting coating is dried by heating to remove
the organic solvent. In the coating film pressing process, the
dried coating film formed on positive-electrode current
collector 11 is pressed. Since the binder does not directly
contribute to the battery characteristics, it is desirable that
the positive-electrode mixture does not contain the binder.
Alternatively, the concentration of the binder contained in
positive-electrode mixture is desirably 100 ppm or less.
[0127] In addition, in the case of making slurry with an
organic solvent, the ion conductivity of the solid electrolyte
decreases due to the influence of the organic solvent remain-
ing in positive-electrode mixture layer 12, or huge drying
equipment is required to remove the organic solvent. This
makes the initial investment cost of the drying equipment
and the running cost of energy consumption very high.
Therefore, it is preferable to use a method of forming a film
by using a method of forming a film without using an
organic solvent by using a non-slurry powdery material, or
a method of forming a film by using a minute amount of
solvent so that the concentration of the solvent contained in
positive-electrode mixture layer 12 is 50 ppm or less.
[0128] In addition, a method of forming a positive-elec-
trode mixture layer having a composition distribution in
which the local active material volume proportion increases
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intermittently from the boundary of the solid electrolyte
layer of the positive-electrode mixture layer toward the
boundary of the positive-electrode current collector will be
described. For example, there is a method of forming a
plurality of positive-electrode mixture layers by press-form-
ing a positive-electrode mixture containing positive-elec-
trode active material 1 and solid electrolyte 2 at different
volume proportions and bonding and integrating the plural-
ity of obtained positive-electrode mixture layers. In addition,
a method of overcoating ink may be used for forming a
positive-electrode mixture containing positive-electrode
active material 1 and solid electrolyte 2 at different volume
proportions. Furthermore, a positive-electrode mixture con-
taining positive-electrode active material 1 and solid elec-
trolyte 2 at different volume proportions may be formed by
overlapping by CVD deposition, PVD deposition or the like.
At this time, as the ink for forming a positive-electrode
mixture layer, slurry obtained by dispersing the positive-
electrode mixture in a solvent may be used. However, as
described above, in order to avoid the deterioration of the
battery characteristics due to the influence of the organic
solvent and the cost increase due to the drying equipment, it
is preferable to use a method of forming a film without using
an organic solvent, or a method of forming a film with a
positive-electrode mixture containing a minute amount of
solvent so that the concentration of the solvent contained in
positive-electrode mixture layer 12 is 50 ppm or less.

[0129] In addition, a method of forming a positive-elec-
trode mixture layer having a composition distribution in
which the local active material volume proportion continu-
ously increases from the boundary of the solid electrolyte
layer of the positive-electrode mixture layer toward the
boundary of the positive-electrode current collector will be
described. For example, there is a method of forming a
positive-electrode mixture layer by a sputtering method, an
inkjet method, or the like so that the volume proportion of
positive-electrode active material 1 and solid electrolyte 2
has a continuous gradient. In addition, a method may be used
in which a positive-electrode mixture in which positive-
electrode active material 1 and solid electrolyte 2 are uni-
formly mixed is applied to a positive-electrode current
collector (for example, aluminum foil and the like) and a
magnetic force is applied to move positive-electrode active
material 1 and form a composition having a large amount of
positive-electrode active material 1 in the interface where
the positive-electrode mixture is applied. At this time, in the
case of using slurry obtained by dispersing the positive-
electrode mixture in a solvent, it is preferable to use a
method of forming a film without using an organic solvent,
or a method of forming a film with a positive-electrode
mixture containing a minute amount of solvent so that the
concentration of the solvent contained in positive-electrode
mixture layer is 50 ppm or less. This is to avoid the
deterioration of the battery characteristics due to the influ-
ence of the organic solvent and the cost increase due to the
drying equipment as described above.

[0130] Here, the method of measuring the organic solvent
is not particularly limited, and for example, gas chromatog-
raphy, mass change method, and the like can be mentioned.
[0131] Inaddition, in a case where positive-electrode layer
20 includes positive-electrode bonding layer 5, before form-
ing positive-electrode mixture layer 12, a paste containing a
conductive agent and a binder is applied on positive-elec-
trode current collector 11 and dried to form positive-elec-
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trode bonding layer 5. Then, positive-clectrode mixture
layer 12 is formed on positive-electrode bonding layer 5
formed on positive-electrode current collector 11 by the
method described above.

[0132] After forming positive-electrode mixture layer 12,
in order to improve the density of positive-electrode mixture
layer 12 and to improve the adhesion between positive-
electrode mixture layer 12 and positive-electrode current
collector 11, positive-electrode mixture layer 12 may be
pressed from above and below in the laminating direction.
[0133] Positive-electrode mixture layer 12 in the present
embodiment may have a single-layer structure consisting of
a single layer or may have a multilayer structure consisting
of two or more layers as shown in FIG. 1. In addition, the
thickness of positive-electrode mixture layer 12 is, for
example, preferably in the range of 1 um to 300 um
inclusive, and more preferably in the range of 20 um to 200
um inclusive. By setting the thickness of positive-electrode
mixture layer 12 to 1 um or more, sufficient electric capacity
can be easily obtained. In addition, by setting the thickness
of positive-electrode mixture layer 12 to 300 um or less, the
electrical resistance is less likely to increase, and the output
characteristics of the battery are less likely to decrease. The
thickness of positive-electrode mixture layer 12 is the total
thickness of the respective positive-electrode mixture layers
in a case where positive-electrode mixture layer 12 includes
a plurality of layers.

[0134] In a case where positive-clectrode mixture layer 12
in the present embodiment has a two-layer structure, for
example, as shown in FIG. 1, positive-electrode mixture
layer 12 including first positive-electrode mixture layer 12a
disposed closer to positive-electrode current collector 11 and
second positive-electrode mixture layer 125 disposed closer
to solid electrolyte layer 40 is used.

[0135] Ratio (value obtained by dividing thickness of first
positive-electrode mixture layer 12a by thickness of posi-
tive-electrode mixture layer 12) of thickness (length on
stacking axis) of first positive-electrode mixture layer 124 to
thickness of positive-electrode mixture layer 12 is, for
example, in the range of 0.3 to 0.9. By setting the ratio of the
thickness of first positive-electrode mixture layer 12a to the
thickness of positive-electrode mixture layer 12 to 0.3 or
more, the thickness of first positive-electrode mixture layer
12a having a large proportion of positive-electrode active
material 1 is secured. Therefore, sufficient capacity can be
obtained. By setting the ratio of the thickness of first
positive-electrode mixture layer 12a to the thickness of
positive-electrode mixture layer 12 to 0.9 or less (that is,
setting the ratio of the thickness of second positive-electrode
mixture layer 126 to the thickness of positive-electrode
mixture layer 12 to 0.1 or more), the thickness of second
positive-electrode mixture layer 125 having a relatively a
large proportion of solid electrolyte 2 is secured. Therefore,
a sufficient ion conduction path by solid electrolyte 2 can be
secured.

[0136] Regarding the content of positive-clectrode active
material 1 in first positive-electrode mixture layer 124, the
total volume of positive-electrode active material 1 con-
tained in first positive-electrode mixture layer 12q is pref-
erably larger than the total volume of solid electrolyte 2
contained in first positive-electrode mixture layer 12a. That
is, the active material volume proportion (positive-electrode
active material volume/[positive-electrode active material
volume+solid electrolyte volume]) is preferably larger than
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0.5, and more preferably larger than 0.7. The reason why the
total volume of the positive-electrode active material 1
contained in the first positive-electrode mixture layer 12q is
preferably larger than the total volume of solid electrolyte 2
contained in first positive-electrode mixture layer 12a is as
follows: This is because the amount of lithium ions in
positive-electrode mixture layer 12 can be increased, and an
all-solid-state battery having a high battery capacity can be
realized.

[0137] In addition, also in second positive-electrode mix-
ture layer 126 facingsolid electrolyte layer 40, the total
volume of positive-electrode active material 1 contained in
second positive-electrode mixture layer 125 is preferably
larger than the total volume of solid electrolyte 2 contained
in second positive-electrode mixture layer 124. That is, the
active material volume proportion (positive-electrode active
material volume/[positive-electrode active material vol-
ume+solid electrolyte volume]) is preferably 0.5 or more,
and more preferably more than 0.5. In addition, in second
positive-electrode mixture layer 125, in order to secure an
ion conduction path by solid electrolyte 2, the active mate-
rial volume proportion is preferably 0.85 or less.

[0138] Solid electrolyte 2 maintains the shape of positive-
electrode mixture layer 12 by connecting positive-electrode
active materials 1 and exhibits a function of securing an ion
conduction path. In positive-electrode mixture layer 12
having a high battery capacity type composition in which the
concentration of the binder contained in positive-electrode
mixture layer 12 and not directly contributing to the battery
characteristics is 100 ppm or less and the active material
volume proportion is greater than 0.7, the volume proportion
of the solid electrolyte is very small. In positive-electrode
mixture layer 12 in which the volume proportion of the solid
electrolyte is very small, it is desirable to press positive-
electrode mixture layer 12 after positive-electrode mixture
layer 12 is formed. By pressing solid electrolyte 2 softer than
positive-electrode active material 1 onto positive-electrode
active material 1 and promoting the sintering of solid
electrolyte 2, it is possible to compact positive-electrode
mixture layer 12. Therefore, the shape of positive-electrode
mixture layer 12 can be maintained.

[0139] For the powder pressing process and the coating
film pressing process, for example, a roll press capable of
continuous processing is desirable in consideration of pro-
ductivity.

[0140] FIGS. 2 and 3 are schematic views showing a
process of roll-pressing positive-clectrode mixture layer 12
formed on positive-electrode current collector 11. FIG. 2
shows the case where the active material volume proportion
is 0.5 or more in second positive-electrode mixture layer
1256, and

[0141] FIG. 3 shows the case the active material volume
proportion is less than 0.5 in second positive-electrode
mixture layer 126.

[0142] FIG. 2A shows a cross section showing a state in
which positive-electrode mixture layer 12 is laminated on
positive-electrode current collector 11 with the positive-
electrode bonding layer 5 interposed therebetween. FIG. 2B
shows a cross section in the roll press of the laminated body
of FIG. 2A. In addition, FIG. 3A shows a cross section of the
laminated body in which positive-electrode mixture layer 12
is laminated on positive-electrode current collector 11 at the
start of roll pressing. FIG. 3B shows a cross section in the
roll press of the laminated body of FIG. 3A.
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[0143] Inthe example shown in FIG. 2, the active material
volume proportion of second positive-electrode mixture
layer 1254 directly pressed by roll 7 is 0.5 or more. As shown
in FIG. 2B, in second positive-electrode mixture layer 125,
a large number of positive-electrode active materials 1
having low fluidity and high hardness do not diffuse the
force applied by the roll press. Therefore, the force is
sufficiently transmitted to first positive-electrode mixture
layer 12a disposed closer to positive-electrode current col-
lector 11 in positive-electrode mixture layer 12. Thus, the
entire positive-electrode mixture layer 12 is uniformly
pressed so as to be compacted. Therefore, it is possible to
maintain the shape of positive-electrode mixture layer 12
having a high battery capacity type composition in which the
concentration of the binder is 100 ppm or less and the
volume proportion of solid electrolyte 2 is very small. That
is, as shown in FIGS. 2A and 2B, there is almost no change
in shape even if roll pressing is performed on positive-
electrode mixture layer 12. In addition, the force applied by
the roll press is sufficiently transmitted to first positive-
electrode mixture layer 12a disposed closer to positive-
electrode current collector 11 in positive-clectrode mixture
layer 12 without diffusion. Therefore, it is possible to
sufficiently push solid electrolyte 2 having fluidity into the
gap between positive-electrode active materials 1 in first
positive-electrode mixture layer 12a. Therefore, positive-
electrode active materials 1 can be sufficiently adhered to
each other with the minimum solid electrolyte 2 to secure the
ion conduction path, and it is possible to reduce the porosity
of first positive-electrode mixture layer 12a.

[0144] On the other hand, in the example shown in FIG. 3,
the active material volume proportion of second positive-
electrode mixture layer 12d directly pressed by roll 7 on
solid electrolyte layer 40 side is less than 0.5. In second
positive-electrode mixture layer 124, the volume proportion
of'solid electrolyte 2 having high fluidity is high. Therefore,
as shown in FIGS. 3A and 3B, the flow of solid electrolyte
2 causes second positive-electrode mixture layer 124 to
spread outward in the four directions (positive and negative
directions of X and Y axes). Thus, the force applied by the
roll press is diffused and is not sufficiently transmitted to first
positive-electrode mixture layer 12¢ disposed closer to posi-
tive-electrode current collector 11 in positive-electrode mix-
ture layer 12. Therefore, it is difficult to sufficiently push
solid electrolyte 2 in first positive-electrode mixture layer
12¢ into the gap between positive-electrode active materials
1, and solid electrolyte 2 in first positive-electrode mixture
layer 12¢ cannot be compacted. As a result, it is difficult to
maintain the shape of positive-electrode mixture layer 12.

[0145] In addition, it is more desirable to apply heat during
roll pressing. Thereby, the effect of the further fluid improve-
ment and sintering promotion of solid electrolyte 2 can be
obtained.

[0146] In addition, the porosity of positive-electrode mix-
ture layer 12 may be smaller as approaching from the
boundary of the solid electrolyte layer of positive-electrode
mixture layer 12 toward the boundary of the current collec-
tor. For example, in any place in positive-electrode mixture
layer 12, the porosity of positive-electrode mixture layer 12
is preferably in the range of 0.05% to 35% inclusive, and
more preferably in the range of 0.1% to 15% inclusive.

[0147] Here, regarding the porosity, the case of a two-
layer structure in which positive-electrode mixture layer 12
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in the present embodiment includes first positive-electrode
mixture layer 12a¢ and second positive-electrode mixture
layer 1256 will be described.

[0148] Generally, in a case where the porosity of the
positive-electrode mixture layer is too small, the voids
cannot sufficiently absorb mechanical displacement due to
expansion and contraction of the positive-electrode active
material. Therefore, there is a possibility that positive-
electrode mixture layer 12 may be warped, distorted,
cracked or the like. On the other hand, in a case where the
porosity of positive-electrode mixture layer 12 is too large,
the electrical resistance of positive-electrode mixture layer
12 may increase.

[0149] In first positive-electrode mixture layer 12a, the
concentration of the binder not directly contributing to the
battery characteristics is 100 ppm or less, and the active
material volume proportion is larger than 0.7. That is, first
positive-electrode mixture layer 12¢ has a high battery
capacity type composition with a very small volume pro-
portion of the solid electrolyte. Therefore, in first positive-
electrode mixture layer 124 facing positive-electrode current
collector 11, the function of connecting positive-electrode
active materials 1 is easily damaged by the voids. Therefore,
it tends to be difficult to maintain the shape of first positive-
electrode mixture layer 12a. Therefore, in such first positive-
electrode mixture layer 12a, it is desirable to reduce the
porosity. Here, in first positive-electrode mixture layer 12a,
positive-electrode active materials 1 are close to each other.
Therefore, a mutual restraining force acts on expansion and
contraction of positive-electrode active material 1. There-
fore, an effect of suppressing damage due to a crack or the
like in first positive-electrode mixture layer 12a can be
obtained. That is, in a case where the active material volume
proportion of first positive-electrode mixture layer 12a is
larger than 0.7, as compared with the case where the active
material volume proportion of first positive-electrode mix-
ture layer 12a is 0.7 or less, since the number of voids for
absorbing displacement due to expansion and contraction of
positive-electrode active material 1 may be small, the poros-
ity may be set small.

[0150] On the other hand, the influence of expansion and
contraction of positive-electrode active material 1 is notice-
able at the boundary of positive-electrode mixture layer 12
facing solid electrolyte layer 40, the boundary having a
relatively small active material volume proportion. There-
fore, second positive-electrode mixture layer 125 facing
solid electrolyte layer 40 in positive-electrode mixture layer
12 needs to have sufficient voids to absorb mechanical
displacement due to expansion and contraction of positive-
electrode active material 1.

[0151] Therefore, according to the present embodiment,
first positive-electrode mixture layer 12a facing positive-
electrode current collector 11 has composition for a high
battery capacity that contains a large amount of positive-
electrode active material 1 and the volume proportion of
solid electrolyte 2 is very small, the porosity may be
decreased. In addition, it is desirable to provide second
positive-electrode mixture layer 126 having a larger porosity
than first positive-electrode mixture layer 12a facing solid
electrolyte layer 40 rather than first positive-electrode mix-
ture layer 12a. Thereby, also in positive-clectrode mixture
layer 12 having a composition for a high battery capacity,
which contains a large amount of positive-clectrode active
material 1 and in which the volume proportion of solid
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electrolyte 2 is very small, a sufficient ion conduction path
can be secured without losing the structural strength capable
of maintaining the shape of positive-electrode mixture layer
12 by the influence of the voids. Furthermore, the effect of
expansion and contraction of positive-electrode active mate-
rial 1 which is noticeable at the interface between positive-
electrode mixture layer 12 and solid electrolyte layer 40 can
be absorbed by the voids of second positive-electrode mix-
ture layer 125. Therefore, since a large amount of positive-
electrode active material 1 is contained in positive-electrode
mixture layer 12, it is possible to improve the durability of
all-solid battery 100, which has a high battery capacity. The
porosity of first positive-electrode mixture layer 12q is, for
example, preferably in the range of 0.05% to 8% inclusive,
and more preferably in the range of 0.1% to 5% inclusive.
The porosity of second positive-electrode mixture layer 125
is preferably in the range of 5% to 35% inclusive, for
example, within the range where the porosity is larger than
that of first positive-electrode mixture layer 12a, and more
preferably in the range of 8% to 15% inclusive.

[0152] The porosity of positive-clectrode mixture layer 12
is the proportion of the volume occupied by the voids in
positive-electrode mixture layer 12 with respect to the
apparent volume of positive-electrode mixture layer 12.
Specifically, the total volume of each material contained in
positive-electrode mixture layer 12 is calculated from the
weight and density of each material contained in positive-
electrode mixture layer 12. The porosity can be determined
by calculation from the total volume of each material and the
actual apparent volume of positive-electrode mixture layer
12. That is, the porosity (%) is a value obtained by dividing
the difference between the apparent volume and the sum of
the volumes of the respective materials by the apparent
volume and multiplying by 100.

[0153] In addition, the porosity of positive-electrode mix-
ture layer 12 can be adjusted when forming positive-elec-
trode mixture layer 12. Specifically, the porosity can be
adjusted by changing the press pressure and press tempera-
ture at the time of press-molding the material constituting
positive-electrode mixture layer 12, the degree of dispersion
of the material constituting positive-electrode mixture layer
12.

[0154] [F-3. Film Forming Process of Negative-Electrode
Layer]
[0155] Since the film forming process of negative-elec-

trode layer 30 in the present embodiment is basically the
same as the film forming process of positive-electrode layer
20 except that the active material to be used is changed to
negative-electrode active material 3, the description thereof
is omitted here.

[0156] [F-4. Film Forming Process of Solid Electrolyte
Layer]
[0157] Since the film forming process of solid electrolyte

layer 40 in the present embodiment is basically the same as
the film forming process of positive-electrode layer 20
except that the material to be used is changed to a solid
electrolyte without using an active material or conductive
assistant and solid electrolyte layer 40 is formed on at least
one of positive-electrode layer 20, negative-clectrode layer
30, and another substrate, the description thereof is omitted
here.

[0158] [F-5. Laminating Process and Pressing Process]
[0159] In the laminating process, positive-clectrode layer
20, negative-electrode layer 30, and solid electrolyte layer
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40 obtained by the film forming process are laminated such
that solid electrolyte layer 40 is disposed between positive-
electrode mixture layer 12 and negative-electrode mixture
layer 14 to obtain a laminated structure. In the press process,
the laminated structure obtained in the laminating process is
pressed in the laminating direction from the outside of
positive-electrode current collector 11 and negative-elec-
trode current collector 13 to obtain all-solid battery 100.
[0160] The purpose of the pressing process is to increase
the density (filling ratio) of positive-electrode mixture layer
12, negative-electrode mixture layer 14, and solid electrolyte
layer 40. By increasing the density (filling ratio), lithium ion
conductivity and electron conductivity can be improved in
positive-electrode mixture layer 12, negative-electrode mix-
ture layer 14, and solid electrolyte layer 40, and good battery
characteristics can be obtained.

Modification Example

[0161] Below, a modification example of the embodiment
is described by using FIG. 4. In the following description of
the modification example, differences from the embodiment
will be mainly described, and the description of the common
points will be omitted or simplified.

[0162] FIG. 4 is a schematic cross-sectional view of
all-solid battery 200 according to a modification example of
the embodiment. FIG. 4 shows the case where positive-
electrode mixture layer 112 is a single layer in positive-
electrode layer 120. In a case where positive-electrode
mixture layer 112 is a single layer, it is preferable that the
active material volume proportion in the portion close to
positive-electrode current collector 11 in positive-electrode
mixture layer 112 is, for example, 0.7 or more. In addition,
the porosity of the portion close to positive-electrode current
collector 11 in positive-electrode mixture layer 112 is, for
example, preferably in the range of 0.05% to 8% inclusive,
and more preferably in the range of 0.1% to 5% inclusive.
Here, “the portion close to positive-electrode current col-
lector 11 in positive-electrode mixture layer 112” refers to a
region (region indicated by A in FIG. 4) in which the
distance from the interface between positive-electrode mix-
ture layer 112 and positive-electrode bonding layer 5 (posi-
tive-electrode current collector 11 in a case where positive-
electrode bonding layer 5 is not provided) is within Y10 of the
thickness of positive-electrode mixture layer 112 in the
laminating direction.

[0163] In addition, the active material volume proportion
of the portion close to solid electrolyte layer 40 in positive-
electrode mixture layer 112 is preferably, for example, 0.5 or
more, in a range in which the active material volume
proportion is smaller than that of the portion close to
positive-electrode current collector 11 in positive-electrode
mixture layer 112. In addition, the porosity of the portion of
positive-electrode mixture layer 112 close to solid electro-
lyte layer 40 is preferably, for example, in the range of 5%
to 35% inclusive, and more preferably in the range of 8% to
15% inclusive, in a range in which the porosity is larger than
the portion close to positive-clectrode current collector 11 in
positive-electrode mixture layer 112. Here, “the portion
close to solid electrolyte layer 40 in positive-electrode
mixture layer 112” refers to a region (region indicated by B
in FIG. 4) in which the distance from the interface between
positive-electrode mixture layer 112 and solid electrolyte
layer 40 is within Y10 of the thickness of positive-electrode
mixture layer 12 in the laminating direction.
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[0164] In other words, in a case where positive-electrode
mixture layer 112 is divided into divided portions by at least
one plane (X-Y plane) orthogonal to the stacking axis (Z
axis), the active material volume proportion is larger and the
porosity is smaller in a divided portion closer to positive-
electrode current collector 11 than in a divided portion far
from positive-electrode current collector 11. In addition, in
positive-electrode mixture layer 112, the active material
volume proportion of the divided portion closest to positive-
electrode current collector 11 may be larger than 0.7. In
addition, in positive-electrode mixture layer 112, the active
material volume proportion of the divided portion closest to
solid electrolyte layer 40 may be 0.5 or more.

OTHER EMBODIMENTS

[0165] As described above, the all-solid battery according
to the present disclosure has been described based on the
embodiments, but the present disclosure is not limited to
these embodiments. Without departing from the gist of the
present disclosure, various modifications made to the
embodiments by those skilled in the art or another form
constructed by combining some components in the embodi-
ments is also within the scope of the present disclosure.
[0166] For example, in the above-described embodiment,
the all-solid battery including the positive-electrode mixture
layer including two layers of the first positive-electrode
mixture layer and the second positive-electrode mixture
layer is not limited thereto, and the positive-electrode mix-
ture layer may have three or more positive-electrode mixture
layers of different compositions. Also, to the extent that the
effects of the present disclosure are not impeded, locally,
there may be a portion in which the active material volume
proportion of the positive-electrode mixture layer does not
increase from the boundary of the solid electrolyte layer of
the positive-electrode mixture layer toward the boundary of
the current collector interface or there may be a portion in
which the porosity of the positive-electrode mixture layer
does not decrease from the boundary of the solid electrolyte
layer of the positive-electrode mixture layer toward the
boundary of the current collector.

[0167] The positive-electrode layer, the negative-electrode
layer, the solid electrolyte layer, and the all-solid battery
using the same according to the present disclosure are
expected to be applied to various batteries such as power
supplies for portable electronic devices and in-vehicle bat-
teries.

What is claimed is:

1. An all-solid battery comprising:

a positive-electrode layer that includes a positive-elec-
trode current collector and a positive-electrode mixture
layer, the positive-electrode mixture layer being dis-
posed on the positive-clectrode current collector and
containing a positive-electrode active material and a
solid electrolyte;

a negative-electrode layer that includes a negative-elec-
trode current collector and a negative-electrode mixture
layer, the negative-electrode mixture layer being dis-
posed on the negative-electrode current collector and
containing a negative-electrode active material and a
solid electrolyte; and

a solid electrolyte layer that is disposed between the
positive-electrode mixture layer and the negative-elec-
trode mixture layer and contains a solid electrolyte
having ion conductivity;
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wherein, when a proportion of a volume of the positive-
electrode active material to a sum of the volume of the
positive-electrode active material and a volume of the
solid electrolyte in the positive-electrode mixture layer
is defined as an active material volume proportion,

in a case where the positive-electrode mixture layer is
divided into divided portions by at least one plane
orthogonal to a stacking axis, the active material vol-
ume proportion is larger and porosity is smaller in a
divided portion closer to the positive-electrode current
collector than in a divided portion far from the positive-
electrode current collector.

2. The all-solid battery of claim 1,

wherein in at least one layer selected from the group
consisting of the positive-electrode mixture layer, the
negative-electrode mixture layer, and the solid electro-
lyte layer, a concentration of a solvent is 0 ppm or more
and 50 ppm or less, and a concentration of a binder is
0 ppm or more and 100 ppm or less.

3. The all-solid battery of claim 1,

wherein in the positive-electrode mixture layer, the active
material volume proportion of the divided portion
closest to the positive-clectrode current collector is
larger than 0.7.

4. The all-solid battery of claim 1,

wherein in the positive-electrode mixture layer, the active
material volume proportion of the divided portion
closest to the solid electrolyte layer is 0.5 or more.

5. The all-solid battery of claim 1,

wherein the positive-electrode mixture layer includes a
first positive-electrode mixture layer closer to the posi-

13
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tive-electrode current collector and a second positive-
electrode mixture layer closer to the solid electrolyte
layer,

the active material volume proportion in the first positive-
electrode mixture layer is larger than the active material
volume proportion in the second positive-electrode
mixture layer, and

porosity of the first positive-electrode mixture layer is
smaller than porosity of the second positive-electrode
mixture layer.

6. The all-solid battery of claim 5,

wherein the active material volume proportion in the first
positive-electrode mixture layer is larger than 0.7.

7. The all-solid battery of claim 5,

wherein the porosity of the first positive-electrode mixture
layer is 0.05% or more and 8% or less.

8. The all-solid battery of claim 5,

wherein the active material volume proportion in the
second positive-electrode mixture layer is 0.5 or more.

9. The all-solid battery of claim 5,

wherein the porosity of the second positive-electrode
mixture layer is 5% or more and 35% or less.

10. The all-solid battery of claim 1,

wherein the positive-electrode layer further includes a
positive-electrode bonding layer disposed between the
positive-electrode current collector and the positive-
electrode mixture layer and containing at least a con-
ductive agent.



