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(57) ABSTRACT

Conventional 1on rechargeable batteries having an electrode
layer on an electrolyte layer suffer from an impurity layer
formed at the interface, degrading performance. Conven-
tional batteries with no such impurity layer have a problem of
weak interface bonding. In the present invention, 1n a baking
process step after an electrode layer 1s laminated on an elec-
trolyte layer, materials for an electrode layer and an electro-
lyte layer are selected such that an intermediate layer formed
of areaction product contributing to charging and discharging
reactions 1s formed at the interface of the electrode layer and
the electrolyte layer. In addition, a paste that an active mate-
rial 1s mixed with a conductive material at a predetermined
mixing ratio 1s used to form a positive electrode layer and a
negative electrode layer. Reductions in electrode resistance
and interface resistance and improvement of charging and
discharging cycle characteristics are made possible.
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LITHIUM ION RECHARGEABLE BATTERY
AND PROCESS FOR PRODUCING THE
LITHIUM ION RECHARGEABLE BATTERY

TECHNICAL FIELD

[0001] Thepresent invention relates to amultilayer all solid
state lithium 10n rechargeable battery including a multilay-
ered product formed of a positive electrode layer, an electro-
lyte layer, and a negative electrode layer, and a method of
manufacture of the same.

BACKGROUND ART
[0002] Patent Document 1: JP 2007-35279 A
[0003] Patent Document 2: JP 2000-164252 A
[0004] Patent Document 3: JP 2004-281316 A
[0005] Patent Document 4: JP H06-9141 B
[0006] Patent Document 5: JP 2001-210360 A
[0007] Patent Document 6: JP 2001-351615 A
[0008] Non-Patent Document 1: J. Power Sources, 81-82,
(1999), 853
[0009] Non-Patent Document 2: J. Flectrochem. Soc., 124,

(1977), 1240-1242

[0010] In recent vyears, the development of electronics
appliances are being reduced in size, weight, and thickness,
and are provided with multiple functions. With these trends,
batteries, which are power supplies of electronic appliances,
are strongly demanded to reduce 1n size and weight and to
improve reliability. In order to meet these demands, a multi-
layer lithium 1on rechargeable battery was proposed, 1n which
multiple positive electrode layers and negative electrode lay-
ers are laminated thorough an electrolyte layer. Because the
multilayer lithium 1on rechargeable battery 1s assembled by
laminating a battery cell having a thickness of a few um,
reductions 1n size, weight, and thickness of the battery can be
readily realized. The all solid state lithtum 10n rechargeable
battery using a solid electrolyte instead of a liquid electrolyte
1s iree from the leakage and exhaustion of the electrolyte, and
highly reliable. Moreover, because the battery uses lithium,
the battery can obtain high voltage and high energy density.

[0011] An all solid state lithium battery using an inorganic
solid electrolyte for the electrolyte layer 1s prepared by in turn
laminating the positive active material layer and the negative
active matenal layer through the electrolyte layer to form a
multilayered product. In this all solid state lithium battery,
various problems have been reported in the past.

[0012] For example, in Non-Patent Document 1, it 1s
reported that when L1CoQO.,,, which 1s a positive active mate-
rial, and Li1T1,(PO,),, which 1s a solid electrolyte, are lami-
nated and baked, both react with each other in the baking
process to produce an impurity layer formed of a compound
such as CaT10,, CO,T10,, or L1CaPO,,, which 1s not contrib-
ute to charging and discharging reactions, at the interface of
the positive electrode layer and the electrolyte layer. This
impurity layer i1s formed to cause a problem that energy loss
1s large, or the product does not function as a battery, because
the 1interface resistance 1s high.

[0013] In Patent Document 1, a technique is disclosed 1n
which specific matenals are used for an active material and a
solid electrolyte, whereby the above-described formation of
the impurity layer 1s suppressed, an active material/solid elec-
trolyte interface 1s formed, which is electrochemically active,
and an all solid lithium 10n rechargeable battery having a
small mternal resistance and high capacitance 1s provided.
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Preferably, the following materials are used as materials for
the active material and the solid electrolyte:

[0014]

(where M 1s at least one kind selected from a group formed of
Mn, Fe, Co, and Ni)

[0015] solid electrolyte: Li, . M™ Ti'",__(PO,),

(where M™ is at least one kind selected from a group formed
of Al,Y, Ga, In, and La, 0=X=0.6)

[0016] negative active material: FePO,, L1 Fe,(PO,),, and
LiFeP,O..

Patent Document 1 describes that when a multilayered prod-
uct having the positive active material layer, the electrolyte
layer, and the negative active material layer formed of these
materials laminated 1s analyzed by X-ray diffractometry, any

components other than the components forming the active
maternal layer and the electrolyte layer are not detected.

[0017] FIG. 12 1s a cross section depicting a lithium 1on
rechargeable battery before described 1n Patent Document 1,
showing an interface of a positive electrode layer and an
clectrolyte layer. The battery shown 1n FIG. 12 1s produced
according to a process described below. A positive active
materal powder formed of L1CoPO, and a solid electrolyte
powder formedofL1, ;Al, ;T1, ,(PO,), are prepared, they are
separately mixed with a binder, a solvent, and a plasticizer to
form slurries to prepare green sheets. After the prepared posi-
tive active material green sheet and the solid electrolyte green
sheet are laminated, the sheets are baked at a temperature of
900° C. to form a multilayered product formed of an electro-
lyte layer 103 and a positive electrode layer 102, and gold 1s
sputtered onto the surface of the positive electrode layer 102
to form a metal layer 101.

[0018] In the lithium i1on rechargeable battery produced
according to Patent Document 1, no impurity layer interfering
with the charging and discharging reactions of the battery 1s
formed at the interface of the positive electrode layer 102 and
the electrolyte layer 103. In addition, also at an interface of a
negative electrode layer and an electrolyte layer, not shown,
no impurity layer i1s formed. Moreover, including the impu-
rity layers interfering with charging and discharging reac-
tions, an area formed of a reaction product 1s not formed at the
interface of the electrode layer and the electrolyte layer. On
this account, the interface bonding between the electrode
layer and the electrolyte layer 1s not strong, and it 1s incapable
of providing a sufliciently large contact area at the interface of
the electrode layer and the electrolyte layer. Therefore, there
1s a problem that excellent charging and discharging cycle
characteristics cannot be obtained because of the occurrence
of delamination caused by long time use of the battery to
increase internal resistance.

positive active material: LiIMPO,,

DISCLOSURE OF THE PRESENT INVENTION

Problems that the Present Invention 1s to Solve

[0019] It 1s an object of the present invention to provide a
multilayer all solid state lithium 10n rechargeable battery
having a positive electrode layer, an electrolyte layer, and a
negative electrode layer laminated on each other, the lithium
ion rechargeable battery capable of reducing the internal
resistance and improving charging and discharging cycle
characteristics of the battery by strengthening the interface
bonding of a multilayered product and reducing electrode
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resistance and interface resistance at the same time, and a
method of manufacture of the same.

Means for Solving the Problems

[0020] An mvention (1) 1s a multilayer all solid state
lithium 10n rechargeable battery characterized by including: a
multilayered product having a positive electrode layer con-
taining a positive active material laminated on a negative
clectrode layer containing a negative active material through
an electrolyte layer containing a solid electrolyte, wherein an
intermediate layer formed of a substance that functions as an
active material or an electrolyte 1s included at an interface of
the positive electrode layer and/or the negative electrode layer
and the electrolyte layer and the intermediate layer 1s a layer
formed from a reaction and/or diffusion between the positive
active material and/or the negative active material and the
solid electrolyte.

[0021] An invention (2) 1s the lithium 10on rechargeable
battery according to the mvention (1), characterized in that
the positive electrode layer and/or the negative electrode layer
has a structure 1n which an active material 1s supported 1n a
conductive matrix formed of a conductive material.

[0022] An mvention (3) 1s the lithium 1on rechargeable
battery according to the invention (2), characterized 1n that an
area ratio between the positive active material and/or the
negative active material and the conductive material 1n a cross
section of the positive electrode layer and/or the negative
clectrode layer 1s within a range of 20:80 to 65:35.

[0023] An invention (4) 1s the lithium 10n rechargeable
battery according to any one of the mventions (1) to (3),
characterized 1n that the intermediate layer 1s a layer formed
from a reaction between the positive active material and/or
the negative active material and the solid electrolyte.

[0024] An imvention (35) 1s a multilayer all solid state
lithium 10on rechargeable battery characterized by including: a
multilayered product having a positive electrode layer con-
taining a positive active material laminated on a negative
clectrode layer containing a negative active material through
an electrolyte layer containing a solid electrolyte, wherein a
part or all of the positive electrode layer 1s formed of a
sintered compact produced from a reaction and/or diffusion
between a starting material for the positive active material
contained 1n the positive electrode layer before baked and a
starting material for the solid electrolyte contained in the
clectrolyte layer before baked.

[0025] An mvention (6) 1s a multilayer all solid state
lithium 10on rechargeable battery characterized by including: a
multilayered product having a positive electrode layer con-
taining a positive active material laminated on a negative
clectrode layer containing a negative active material through
an electrolyte layer containing a solid electrolyte, wherein a
part or all of the negative electrode layer 1s formed of a
sintered compact produced from a reaction and/or diffusion
between a starting material for the positive active material
contained in the positive electrode layer before baked and a
starting material for the solid electrolyte contained in the
clectrolyte layer before baked.

[0026] An imnvention (7) 1s a multilayer all solid state
lithium 10on rechargeable battery characterized by including: a
multilayered product having a positive electrode layer con-
taining a positive active material laminated on a negative
clectrode layer containing a negative active material through
an electrolyte layer containing a solid electrolyte, wherein a
part or all of the electrolyte layer 1s formed of a sintered
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compact produced from a reaction and/or diffusion between a
starting material for the positive active material contained 1n
the positive electrode layer before baked and a starting mate-
rial for the solid electrolyte contained in the electrolyte layer
betore baked, and/or formed of a sintered compact produced
from a reaction and/or diffusion between a starting material
for the negative active material contained in the negative
clectrode layer before baked and a starting material for the
solid electrolyte contained in the electrolyte layer before
baked.

[0027] An invention (8) 1s the lithium 1on rechargeable
battery according to any one of the inventions (5) to (7),
characterized in that the positive electrode layer and/or the
negative electrode layer has a structure 1n which an active
maternial 1s supported 1n a conductive matrix formed of a
conductive material.

[0028] An invention (9) 1s the lithium 1on rechargeable
battery according to the invention (8), characterized 1n that an
area ratio between the positive active material and/or the
negative active material and the conductive material 1n a cross
section of the positive electrode layer and/or the negative
clectrode layer 1s within a range of 20:80 to 65:33.

[0029] An mvention (10) 1s the lithium 10on rechargeable
battery according to any one of the inventions (1) to (9),
characterized 1n that the positive electrode layer, the negative
clectrode layer, and/or the electrolyte layer 1s formed of a
substance that functions as an active material or an electrolyte
formed from a reaction between a starting material for the
positive active material and/or a starting material for the
negative active material and a starting material for the solid
clectrolyte.

[0030] An mvention (11) i1s the lithium 10n rechargeable
battery according to any one of the mventions (1) to (10),
characterized in that an oxide containing no lithium 1s not
included 1n a substance forming the intermediate layer or the
sintered compact.

[0031] An mvention (12) i1s the lithtum 10n rechargeable
battery according to any one of the mventions (1) to (11),
characterized 1n that a starting material for the solid electro-
lyte contains at least a complex oxide of lithium and a IV
group element.

[0032] An mvention (13) i1s the lithium 10n rechargeable
battery according to any one of the mventions (1) to (12),
characterized 1n that a starting material for the solid electro-
lyte contains at least a lithium silicate.

[0033] An mvention (14) i1s the lithtum 10n rechargeable
battery according to any one of the mventions (1) to (13),
characterized 1n that a starting material for the solid electro-
lyte contains at least a lithitum silicate and a lithium phos-
phate.

[0034] An mvention (15) i1s the lithium 10n rechargeable
battery according to the invention (14), characterized in that a
mixing ratio between the lithium silicate and the lithium
phosphate 1s within a range of 4:6 to 6:4.

[0035] An mvention (16) i1s the lithium 10on rechargeable
battery according to any one of the inventions (1) to (15),
characterized 1n that the thickness of the electrolyte layer 1s 30
um or below.

[0036] An mnvention (17) 1s the lithium 10n rechargeable
battery according to any one of the mventions (1) to (16),
characterized in that a starting material for the positive active
material or the negative active material contains a substance
or aplurality of substances selected from a substance group of
a lithium manganese oxide, lithium nickel oxide, lithium
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cobalt oxide, lithium vanadium oxide, lithium titanium oxide,
manganese dioxide, titanium oxide, mobium oxide, vana-
dium oxide, and tungsten oxide.

[0037] An mvention (18) 1s the lithtum 10on rechargeable
battery according to the invention (17), characterized in that a
starting material for the positive active material contains a
lithium manganese oxide.

[0038] An mvention (19) i1s the lithium 1on rechargeable
battery according to the invention (18), characterized in that a
starting material for the positive active material contains
L1, Mn O, (where x=1 to 2, y=1 to 2, and z=2 to 4).

[0039] An mvention (20) 1s the lithium 1on rechargeable
battery according to the invention (17), characterized in that a
starting material for the negative active material contains a
lithium titanium oxide.

[0040] An mvention (21) 1s the lithium 1on rechargeable
battery according to the invention (20), characterized in that a

starting material for the positive active material contains L1 _-
11,0, (where x=1 to 2, y=1 to %3, and z=2 to0 4).

[0041] An invention (22) 1s a method of manufacture of a
lithium 10n rechargeable battery characterized by including
the steps of: alternately laminating a positive electrode layer
green sheet and a negative electrode layer green sheet through
at least an electrolyte layer green sheet to form a multilayered
product; and collectively baking the multilayered product to
form a sintered multilayered product, wherein a starting
material for the electrolyte layer contains at least a complex
oxide of lithium and a IV group element.

[0042] An invention (23) 1s a method of manufacture of a
lithium 10on rechargeable battery characterized by including
the steps of: dispersing at least a solid electrolyte material in
a binder and a solvent to form a solid electrolyte layer paste;
coating and drying the solid electrolyte layer paste to form a
solid electrolyte layer green sheet; mixing an active material
with a conductive material, and dispersing the materials 1n a
binder and a solvent to form a positive electrode layer paste
and/or anegative electrode layer paste; coating and drying the
positive electrode layer paste and/or the negative electrode
layer paste to form a positive electrode layer green sheet
and/or a negative electrode layer green sheet; alternately
laminating the positive electrode layer green sheet and the
negative electrode layer green sheet through the solid elec-
trolyte layer green sheet to form a multilayered product; and
collectively baking the multilayered product to form a sin-
tered multilayered product, wherein a starting material for the
clectrolyte layer contains at least a complex oxide of lithium
and a IV group element.

[0043] Aninvention (24)1s the method of manufacture of a
lithium 10n rechargeable battery according to the invention
(23), characterized 1n that a mixing ratio of mixing the active
material with the conductive material 1s within a range of

20:80 to 65:35 1n a volume ratio.

[0044] Aninvention (25)1s the method of manufacture of a
lithium 10n rechargeable battery according to any one of the
inventions (22) to (24), characterized in that a baking tem-
perature in the baking step ranges from temperatures of 600°
C. or greater to 1100° C. or below.

[0045] Aninvention (26)1s the method of manufacture of a
lithium 10n rechargeable battery according to any one of the
inventions (22) to (24), characterized in that a baking tem-
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perature in the baking step ranges from temperatures of 800°
C. or greater to 1050° C. or below.

ADVANTAGE OF THE PRESENT INVENTION

[0046] According to the present mnvention (1), or (5) to (7),
or (10), and (22), the interface bonding of the multilayered
product of the lithium 10n rechargeable battery is strength-
ened, and the interface resistance 1s reduced at the same time,
whereby battery internal resistance can be reduced, and
charging and discharging cycle characteristics can be
improved.

[0047] According to the invention (2), (3), (8), (9), (23), or
(24), the following advantages are exerted.

1. The mixing ratio between the active material and the con-
ductive material 1s within a range of 20:80 to 65:35 1n the area
ratio, whereby the electrode structure 1s the structure 1n which
the active matenal 1s supported 1n the conductive matrix, and
the conductive matrix assists the active material of a low
clectric conductivity to carry current. Thus, the present inven-
tion 1s advantageous 1n improving battery performance such
as a reduction i 1impedance and an increase 1n ampere-hour
capacity.

2. Because the electrode layer functions as the active material
layer and the current collector layer before 1n a single layer,
no current collector layer 1s necessary, and the present inven-

tion 1s advantageous 1n a simplified process steps, reductions
in manufacture costs, prevention of sheet attack, and the like.

3. The electrode 1s formed 1n the structure in which the active
material 1s supported in the conductive matrix, whereby the
active material and the conductive material are entangled with
cach other. Thus, expansion caused by charging and discharg-
ing and the removal of the active material and the conductive
material because of contraction can be suppressed, and the
present invention 1s advantageous in improving charging and
discharging cycle characteristics.

4. The active material, which 1s difficult to be adopted 1n the
past because of its too small electric conductivity, 1s sup-
ported 1n the conductive matrix, whereby the active material
can be adopted as an excellent active material for the elec-
trode material of the lithium 1on rechargeable battery.

[0048] According to the inventions (11)to (13), at the inter-
face of the electrode layer and the electrolyte layer, the for-
mation of a useful reaction product that functions as the active
material or the electrolyte can be promoted.

[0049] According to the mvention (14), the 10nic conduc-
tance 1n the electrolyte layer can be improved.

[0050] According to the mvention (15), the 1onic conduc-
tance 1n the electrolyte layer can be made optimum.

[0051] According to the ivention (16), a small-sized
lithium 10n rechargeable battery of large capacity with low
internal resistance and high performance can be produced.

[0052] According to the mventions (17) to (21), a useful
intermediate layer contributing to the charging and discharg-
ing reactions of the battery can be formed at the interface of
the electrode layer and the electrolyte layer.

[0053] According to the invention (25), a usetul intermedi-
ate layer can be formed, and problems such as the melting of
the solid electrolyte, structural changes 1n the positive active
material and the negative active material, and the deformation
of the multilayered product can be prevented.
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[0054] According to the mnvention (26), the present mven-
tion 1s ellective for compacting the electrode layer and the
clectrolyte layer and a reduction 1n battery internal resistance.

BRIEF DESCRIPTION OF THE DRAWINGS

[0055] FIGS. 1(a) and 1(b) are cross sections depicting a
lithium 10n rechargeable battery according to according to a
specific embodiment of the present ivention before baked
and after baked:;
[0056] FIG. 2 shows cross sectional SEM photographs of a
lithium 10n rechargeable battery;

[0057] FIG. 3 1s awork flowchart depicting a study experi-
ment to study reactions between an electrolyte material and
an active material;

[0058] FIG. 4 shows XRD patterns of samples prepared 1n
which a solid electrolyte was mixed with a positive active
material and then baked;

[0059] FIG. 5 shows XRD patterns of samples prepared 1n
which a solid electrolyte was mixed with a negative active
material and then baked;

[0060] FIG. 6 1s a graph depicting the dependency of 10ni1c
conductivity of lithium silicophosphate on electrolyte mate-
rial compositions;

[0061] FIGS. 7(a) to 7(e) are cross sections depicting the
lithium 10n rechargeable battery according to a specific
embodiment of the present invention and graphs depicting
concentration distributions;

[0062] FIG. 8 shows graphs depicting the dependencies of
clectric conductivity and ampere-hour capacity on the posi-
tive active material volume ratio;

[0063] FIG. 9 shows graphs depicting the dependencies of
clectric conductivity and ampere-hour capacity on the nega-
tive active material volume ratio;

[0064] FIG.10shows XRD patterns of samples prepared 1n
which a solid electrolyte was mixed with an active material
and then baked;

[0065] FIG. 11 shows XRD patterns of samples prepared in
which a solid electrolyte was mixed with an active material
and then baked; and

[0066] FIG. 12 1s a cross section depicting a lithium 1on
rechargeable battery before.

DESCRIPTION OF REFERENCE NUMERALS

AND SIGNS
[0067] 1: positive electrode layer
[0068] 2: electrolyte layer
[0069] 3: negative electrode layer
[0070] 4: intermediate layer formed at a positive electrode

layer/electrolyte layer interface
[0071] 5: intermediate layer formed at a negative electrode
layer/electrolyte layer interface

[0072] 6, 9: electrolyte layer

[0073] 7, 10: intermediate layer

[0074] 8, 11: negative electrode layer

[0075] 21: positive electrode layer

[0076] 22: electrolyte layer

[0077] 23: negative electrode layer

[0078] 24:intermediate layer formed at a positive electrode

layer/electrolyte layer interface

[0079] 25: intermediate layer formed at a negative elec-
trode layer/electrolyte layer interface

[0080] 26: positive active maternal concentration
[0081] 27: electrolyte the concentration
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[0082] 28: negative active material concentration

[0083] 29, 32: reaction product layer that functions as a
positive electrode

[0084] 30, 34: reaction product layer that functions as a
negative electrode

[0085] 31, 33: reaction product layer that functions as an
clectrolyte
[0086] 101: metal layer
[0087] 102: positive electrode layer
[0088] 103: clectrolyte layer
BEST MODE FOR CARRYING OUT THE
PRESENT INVENTION
[0089] Hereinatter, the best mode of the present invention

will be described. A lithium 10n rechargeable battery accord-
ing to the present mvention 1s a lithium 1on rechargeable
battery formed of a multilayered product having a positive
clectrode layer and a negative electrode layer alternately
laminated through an electrolyte layer 1n which an interme-
diate layer formed from reactions by baking the multilayered
product 1s provided at an interface of the electrolyte layer and
any one of the positive electrode layer and the negative elec-
trode layer, or both at an interface of the positive electrode
layer and the electrolyte layer and an interface of the negative
clectrode layer and the electrolyte layer. Moreover, a material
for the electrolyte layer 1s properly selected to allow the
intermediate layer to function as an active material or an
clectrolyte.

[0090] The present inventors used a plurality of active
materials and a plurality of solid electrolyte materials to pro-
duce lithium 10n rechargeable batteries, and compared and
studied the batteries. As the result, they found that when a
starting material containing a complex oxide of lithtum and a
IV group element such as a lithium silicate and a lithium
germanium oxide 1s used, no impurity layer 1s formed at the
interface of the electrode layer and the electrolyte layer (here-
iafter, a layer formed of a reaction product that does not
function as either an active material or an electrolyte 1s
referred to as “an impurity layer™) in the baking process, and
the active material and the solid electrolyte react with each
other to produce a layer formed of a useful reaction product
contributing to charging and discharging reactions (hereinat-
ter, such a layer formed of a useful reaction product that
functions as an active material or an electrolyte 1s referred to
as “an intermediate layer). Methods of preparing individual
layers of the positive electrode layer, the electrolyte layer, and
the negative electrode layer were conducted 1n which pow-
ders for the individual layers were each dispersed 1n a solvent
and a binder to form pastes, each of the pastes was coated and
dried on a sheet to form a green sheet, and the sheets were
laminated and then baked. It was found that substances form-
ing the intermediate layer do not include an oxide containing
no lithium and only substances that function as the active
material or the electrolyte 1n the lithium 1on rechargeable
battery are produced.

[0091] Inaddition, 1t was found that when only a phospho-
ric acid material such as a lithium phosphate widely used 1s
used for a solid electrolyte of a lithtum 1on rechargeable
battery, no reaction product 1s produced at the interface. It can
be considered that this 1s because a phosphate such as a
lithium phosphate 1s a single salt and 1t 1s hard to react with the
active material. In contrast to this, 1t 1s estimated that lithium
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silicate 1,510, for example, 1s a complex oxide of L1,0 and
S10,, and highly reactive Li1,0, 1solated by baking, reacts
with the active matenal.

[0092] Moreover, the present inventors found that a mate-
rial having an active material mixed with a conductive mate-
rial 1s used for the material forming the positive electrode
layer and/or the negative electrode layer, whereby the imped-
ance of the electrode can be reduced. In addition, they found
that the mixing ratio between an active material and a con-
ductive maternial forming the electrode 1s changed to produce
and evaluate batteries, and as the result, when both of the
mixing ratio between a positive active material and a conduc-
tive material, which are materials for a paste, and the mixing
ratio between a negative active material and a conductive
material range from 20:80 to 65:35, such batteries having
excellent characteristics of high electric conductivity and
large ampere-hour capacity can be produced. It was found
from the results of observing the cross sections of batteries
produced under the optimum conditions by SEM and EDS
that the area ratio between the active material and the con-
ductive material in the electrode cross section ranges from
20:80 to 65:35 as similar to the volume ratio. In addition, it
was found that when the mixing ratio of the conductive mate-
rial 1s 35% or greater 1n the volume ratio, the conductive
material continues 1n a matrix 1n the cross section and the
active material 1s supported in the matrix-like conductive
material. It was also found that in order to form such a matrix
structure, it 1s necessary to bake a multilayered product at a
high temperature of 600° C. or greater.

[0093] Here, 1n the present application, the term “conduc-
tive matrix”, or “matrix-like conductive material” means a
structure that conductive material particles three-dimension-
ally continue and contact with one another. When the con-
ductive material 1s a metal, the term “metal matrix” 1s some-
times used. In addition, the expression “a structure that an
active material 1s supported 1n a conductive matrix” means a
structure that active maternial particles are distributed among
conductive matenal particles, which are three-dimensionally
continue and contact with one another. The active material
particles may be continuously distributed, or may be discon-
tinuously distributed. However, preferably, the active mate-
rial particles are uniformly distributed 1n the electrode. In
addition, the expression “to be three-dimensionally continu-
ous” means that even though a partially discontinuing portion
ex1sts on a two-dimensional cross section, it 1s considered to
be three-dimensionally continuous when a continuing area
exi1sts at least 1n the other cross sections.

[0094] In addition, even though a slight amount of an addi-
tive 1s added as an electrode material 1n addition to an active
material and a conductive material, the mixing ratio between
the active material and the conductive maternial to be a paste
material 1s set in the range of 20:80 to 65:35 to form the
clectrode structure 1nto a conductive matrix in which an active
maternal 1s supported, and excellent batteries having a low
impedance and a large ampere-hour capacity can be pro-
duced, as long as the amount of the additional additive does
not greatly reduce an amount of the active maternial or the
conductive material.

[0095] The lithium 10n rechargeable battery according to
the present imvention 1s highly advantageous 1n producing,
batteries of high performance even though the positive elec-
trode layer and/or the negative electrode layer 1s unnecessar-
1ly formed 1n the structure in which an active material 1s
supported 1n a conductive matrix as long as a usetul reaction
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layer 1s formed from a reaction between the positive electrode
layer and/or the negative electrode layer and the solid elec-
trolyte layer. In addition, the positive electrode layer and/or
the negative electrode layer are formed 1n the structure in
which an active material 1s supported 1n a conductive matrix,
whereby batteries of higher performance can be prepared.
[0096] [Structure of a Battery]

[0097] FIGS. 1(a) and 1(d) are cross sections depicting a
lithium 10n rechargeable battery according to a speciiic
embodiment of the present invention before baked and after
baked. In addition, FIGS. 1(a) and 1(b) are cross sections
depicting a secondary battery having the most basic structure
of a multilayered product. The multilayered product has a
structure 1n which a positive electrode layer 1 1s laminated on

a negative electrode layer 3 through an electrolyte layer 2.

[0098] For a positive active material forming the positive
electrode layer 1, LiMn,O,,, for example, 1s used. For a solid
clectrolyte forming the electrolyte layer 2, L1, <S1, P, O,
for example, 1s used. For a negative active material forming
the negative electrode layer 3, Li,,,11,,,0,, for example, 1s
used.

[0099] Although L1, .S1, P, O, used for the solid electro-
lyte 1s a solid solution of L1,PO, and L1,S10,, it was found
from experimental results that 1,510, greatly contributes to
reactions with the active material in L1,PO, and L1,510,
forming the electrolyte. When the multilayered product
shown 1n FIG. 1(a) 1s baked at a temperature of 600° C. or
greater, as shown 1n FIG. 1(b), an intermediate layer 4 1s
tformed at the interface of the positive electrode layer 1 and the
clectrolyte layer 2, and an intermediate layer 5 1s formed at the
interface of the negative electrode layer 3 and the electrolyte
layer 2. The mtermediate layer 4 contains substances such as
LiMnO,, Li,MnO;, and Li, ;,Mn, ,O,. LiMnO, and L1,
4Mn, O, function as active materials, and L1,MnO, func-
tions as an electrolyte. The intermediate layer 5 contains
substances such as L1110, and L1, T10,. L1T10, functions as
an active material, and L1, 110, functions as an electrolyte.

[0100] For example, 1t 1s considered that the formation of
the mtermediate layer at the negative electrode side interface
occurs by the reactions below.

2L13_5 Si{]jp{]j 04 — Li45104 + L13P04 —
21,0 + 510, + L13PO4S105, + 21.1,0 — Li451046Li4f3Ti5f3 O, +L1,O -

10L1T1C)2 +35 / 202T 3Li4fr3TiSf.f3 04 + 3L120 — 5L12T103

[0101] Moreover, it was found that as the baking tempera-
ture 1s increased, the reaction product at the positive electrode
side interface changes from LiMn,O, to more Li-rich com-
pounds, L1, ,Mn,-0O,, Li, Mn, O, LiMnO,, and
L1,MnQO;, and the reaction product at the negative electrode
side interface changes from L1, ,,115,,O, to more Li-rich com-
pounds, L.1T10,, and L1,T10,

[0102] FIG. 2 shows cross sectional SEM photographs of a
lithium 10n rechargeable battery. The photographs shown 1n
FIG. 2 show the interface of the negative electrode layer and
the electrolyte layer of the battery shown in FI1G. 1(a), and the
battery was produced 1n which the temperature was increased
to a temperature of 870° C. at a rate of temperature rise of
200° C./hr, and then the battery was held for two hours and
allowed to stand to cool. It1s seen from the photograph shown
in the lett that an intermediate layer 7 1s formed between an
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clectrolyte layer 6 and a negative electrode layer 8. It 1s seen
from the photograph that the thickness of the intermediate
layer 1s about 10 um. The photograph shown on the right 1s a
photograph that partially enlarges the areas of the individual
layers in the photograph shown 1n the left, showing an elec-
trolyte layer 9, an intermediate layer 10, and a negative elec-
trode layer 11. It 1s seen that the intermediate layer 10 exists,
which 1s clearly different from the electrolyte layer 9 and the
negative electrode layer 11, the electrolyte layer 6 1s strongly
bonded to the intermediate layer 7, and the intermediate layer
7 1s strongly bonded to the negative electrode layer 8. In
across sectional photograph of a battery using matenals to
form no ntermediate layers, such strong bonding 1s not con-
formed. It was found from the analysis results that substances
forming the intermediate layer include substances such as
L1110, and L1,T10, as described above. It 1s known that
L1110, functions as an active material, and L1, 110, functions
as an electrolyte.

[0103] Similar SEM observations were made to the inter-
face of the electrolyte layer and the negative electrode layer as
well as to the interface of the electrolyte layer and the positive
clectrode layer, and 1t was found that an intermediate layer
existed. The positive electrode layer was strongly bonded to
the electrode layer through the intermediate layer also at the
positive electrode side interface. In addition, 1t was found
from the analysis results that the positive electrode side inter-
mediate layer contained substances such as LiMnQO.,,
L1,MnO,, and L1, ,Mn, O, as described above. It 1s known
that LiMnO, and L1, ,Mn, O, functions as active matenials,
and [.1,MnQO, functions as an electrolyte.

[0104] In addition, 1t was confirmed from the analysis
results that the intermediate layer had no impurities that do no
function as either an active material or an electrolyte. Because
the intermediate layer formed in the baking process strength-
ened bonding between the positive electrode layer, the nega-
tive electrode layer and the electrolyte layer and the contact
arca between the active material and the electrolyte was dra-
matically increased 1n the intermediate layer at the same time,
a substantial reduction 1n interface resistance was imple-
mented. Because the bonding strength of the interface was
strong even though charging and discharging are repeated for
a long time, the intermediate layer was also advantageous 1n
improving charging and discharging cycle characteristics.

[0105] When the thicknesses of the layers forming the bat-

tery become thinner, the battery internal resistance 1s more
alffected from the 1on conductance at the interface of the
clectrode layer and the electrolyte layer than the electronic
conductivity 1n the electrode layer and the 10nic conductance
in the electrolyte layer. The development of the lithium 10n
rechargeable battery 1s being advanced for further reductions
in size and provisions of larger capacity and high output
voltage, and the thicknesses of the electrode layer and the
clectrolyte layer tend to be much thinner. Because the tech-
nique according to the present invention can substantially
decrease interface resistance, significant advantages can be
particularly obtained when the technique 1s adapted to a bat-
tery having a thickness of 1ts electrolyte layer being 30 um or
below.

[0106] In the battery according to the specific embodiment
shown 1 FIGS. 1(a) and 1(b), a battery formed of a single
battery cell 1s shown 1n which a single positive electrode layer
1s laminated on a single negative electrode layer as a single
clectrolyte layer 1s sandwiched between these layers. How-
ever, batteries are generally produced as a large number of
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battery cells are laminated on each other. In other words, a
battery has a multilayered product in which a plurality of
positive electrode layers and a plurality of negative electrode
layers are alternately laminated through an electrolyte layer.
It 1s without saying that the technique according to the present
invention 1s also applicable to such batteries and exerts excel-
lent advantages. When the number of the battery cells 1s
increased and the number of the interfaces 1s grown, the
advantages of the present invention are more significantly
exerted. In order to fully enjoy the merits of the technique
according to the present invention, preferably, the number of
battery cells ranges from 2 to 500 cells, and more preferably,
5 to 500 cells. In addition, the structure of the lithium i1on
rechargeable battery according to the present invention may
be a structure in which a current collector layer 1s not lami-
nated on the electrode layer, or may be a structure 1n which a
current collector layer 1s laminated on the electrode layer.

[0107] [Materials of the Battery]
[0108] (Materials for the Active Material)
[0109] For the active material forming the electrode layer

of the lithium 1on rechargeable battery according to the
present 1nvention, preferably, materials that efliciently
release and attract lithium 1ons are used. For example, pret-
erably, transition metal oxides and transition metal complex
oxides are used. More specifically, preferably, lithium man-
ganese complex oxides, lithium mickel complex oxides,
lithium cobalt complex oxides, lithium vanadium complex
oxides, lithium titantum complex oxides, manganese diox-
ides, titanium oxides, niobium oxides, vanadium oxides,
tungsten oxides, and the like are used. Moreover, because
lithium manganese complex oxides and lithium titanium
complex oxides particularly have small changes 1n the vol-
ume caused by the attraction and release of lithtum 10ns and
hardly cause fine powders and removal of electrodes, these
oxides can be more preferably used for the active material.

[0110] Here, there 1s no clear distinction between the posi-
tive active material and the negative active material. The
potentials of two kinds of compounds are compared, the
compound showing higher potential can be used for the posi-
tive active material, and the compound showing lower poten-
tial can be used for the negative active material. For the
positive active material, lithium manganese oxides are par-
ticularly preferably used. For the negative active material,
lithium titantum oxides are particularly preferably used.

[0111] In addition, for supplementary explanations, the
term “complex oxide” means an oxide contaiming two kinds
of elements or greater in addition to oxygen, and the term
“lithhum manganese oxide”, for example, 1s referred to as
“lithrum manganese complex oxide”. Oxides containing only
a single element 1n addition to oxygen are simply referred to
as “oxides”. However, the term “oxide’” means a higher-level
concept including the term “complex oxide”. Therefore, the
term “lithium manganese complex oxide” means the same
substance as “lithium manganese oxide™.

[0112] (Matenrials for the Conductive Material)

[0113] The structure of the lithium 1on rechargeable battery
according to the present invention may be a structure in which
a current collector layer formed of a conductive matenal 1s
laminated on an electrode layer. In addition, the positive
clectrode layer and/or the negative electrode layer may be
formed 1n a structure in which an active material 1s supported
in a conductive matrix formed of a conductive material. For
such conductive materials, preferably, a material having a
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large electric conductivity 1s used. For example, preferably, a
metal or an alloy of high oxidation resistance 1s used.

[0114] Here, ametal or an alloy of high oxidation resistance
is a metal or an alloy having an electric conductivity of 1x10"
S/cm or greater aiter baked under atmosphere. More specifi-
cally, for the metal, silver, palladium, gold, platinum, alumi-
num, or the like 1s preferably used. For the alloy, an alloy
formed of two kinds of metals or greater selected from silver,
palladium, gold, platinum, copper, and aluminum is prefer-
ably used. For example, AgPd is preferably used. For AgPd, a
powder mixture of Ag powder and Pd powder or AgPd alloy
powder 1s preferably used.

[0115] A conductive material that 1s mixed with an active
material for preparing an electrode layer may be the same in
the positive electrode and the negative electrode, or may be
different. In other words, preferably, the material, mixing
ratio, and manufacture conditions of the conductive material
are suitably individually selected for the positive electrode
and the negative electrode.

[0116] (Matenals for the Solid Electrolyte)

[0117] For the solid electrolyte forming the electrolyte
layer of the lithium 10n rechargeable battery according to the
present invention, materials having a small electronic con-
ductivity and a high lithium ion conductance are preferably
used. In addition, preferably, materials are imnorganic materi-
als that can be baked 1n atmosphere. In addition, preferably, a
complex oxide of lithium and a IV group element such as a
lithium silicate 1s used for forming a reaction product con-
tributing to charging and discharging. For example, prefer-
ably, at least one kind of material selected from a group
tormed of lithium silicophosphate (L1, -S1, P, O,), phos-
phoric acid germanium lithhum Li, (Ge, P, O, L1,0—
S10,, L1,0—V,0.—810,,, and L1,0—GeO, 1s used. Par-
ticularly, preferably, a lithium silicophosphate 1s used. A
lithium silicophosphate 1s a complex oxide of a lithium phos-
phate and a lithium silicate, which 1s sometimes expressed by
L1,PO,—1.1,S10,. A lithium silicate having effect on gener-
ating a substance useful for charging and discharging reac-
tions 1s mixed with a lithium phosphate having high 1onic
conductivity, whereby the 1onic conductivity of the electro-
lyte layer 1s advantageously improved. FIG. 6 1s a graph
depicting the dependency of the 10nic conductivity of lithium
silicophosphate on the composition (mixing ratio) of L1,PO,
and 1,510, plotted based on data described 1n Non-Patent
Document 2. It 1s seen that the 10n1c conductivity becomes the
highest when the mixing ratio between L1,PO,, and 1,510, 1s
in the range of 4:6 to 6:4 1n a mol ratio.

[0118] For the solid electrolyte material, such materials
may be used that these materials are doped with different
kinds of elements, L1,PO,,, L1PO,, L1,510,, L1,510,, L1BO,,
or the like. In addition, the material for the electrolyte layer
may be any of crystalline substances, amorphous substances,
and vitreous substances.

[0119] [Method of Manufacture of the Battery]

[0120] The multilayered product configuring the multi-
layer all solid state lithium 1on rechargeable battery according
to the present invention 1s fabricated in which materials for
the positive electrode layer, the electrolyte layer, and the
negative electrode layer forming the multilayered product
and a given protective layer are individually formed into
pastes, the pastes are coated and dried to prepare green sheets,
these green sheets are laminated on each other, and a prepared
multilayered product 1s collectively compressed for baking.
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[0121] Here, for the materials individually used to form the
pastes ol the positive active material, the negative active
maternal, and the solid electrolyte, calcined inorganic salts
and the like, which are raw materials for these materials, can
be used. For the matenals for the solid electrolyte, preferably,
materials containing a complex oxide of a IV group element
and lithium such as a lithium silicate are used. From the
viewpolint that calcination advances the chemical reactions
between the raw materials to suificiently exert their functions
after the multilayered product 1s collectively baked, prefer-
ably, the calcination temperatures of all of the positive active
material, the negative active material, and the solid electrolyte
are temperatures of 600° C. or greater.

[0122] Although pasting methods are not restricted particu-
larly, for example, a powder of each material 1s mixed with an
organic solvent and a binder carrier to obtain a paste. For
example, LiMn,O, powder, the positive active material, 1s
dispersed 1nto a solvent and a carrier to prepare a positive
clectrode paste. By the similar methods, an electrolyte layer
paste and a negative electrode paste are prepared.

[0123] In addition, for example, when an electrode formed
ol a material having an active material mixed with a conduc-
tive material, a powder of each of the materials 1s mixed with
an organic solvent and a binder carrier to obtain a paste. For
example, LiMn,O, powder, the positive active material, 1s
mixed with a mixture of a metal powder of Ag and Pd, the
conductive material, at a predetermined volume ratio, and the
resulting mixture 1s dispersed mto a solvent and a carrier to
prepare a positive electrode paste.

[0124] Preferably, the particle diameters (particle size) of
the active material powder and the conductive material pow-
der are 3 um or below for any of the positive active matenal,
the negative active material, and the conductive matenal. In
addition, for the particle size ratio between the active material
powder and the conductive material powder, preferably, the
ratio between the active material and the conductive material
1s 1n the range of 1:50 to 30:1 for both of the positive active
material and the negative active material. Because a conduc-
tive matrix 1s properly formed in the electrode by baking and
the active material 1s properly supported 1n the matrix as long
as the particle size and the particle size ratio are 1n the above-
described ranges, 1t 1s effective to improve battery pertor-
mance such as a reduction in 1mpedance and an increase in
ampere-hour capacity. Preferably, the volume ratio of mixing
the active material powder with the conductive material pow-
der ranges from 20:80 to 65:35. When AgPd 1s used for the
conductive material, in addition to a metal powder mixture of
Ag and Pd, a composite powder prepared by Ag—Pd copre-
cipitation process, or Ag—Pd alloy powder can be used. By
this method, the positive electrode layer paste, the solid elec-
trolyte layer paste, and the negative electrode paste are pre-
pared.

[0125] The prepared pastes are coated on a base material
such as PET 1n desired order and dried as necessary, and then
the base material 1s removed to prepare a green sheet. Paste
coating methods are not limited particularly, and publicly
known methods such as screen printing, coating, transfer, and
doctor blading can be adopted.

[0126] The prepared green sheets for the positive electrode
layer the electrolyte layer, and the negative electrode layer are
laminated on each other in desired order and the desired
number of layers, aligned as necessary, and cut to prepare a
multilayered product.
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[0127] The prepared multilayered product 1s collectively
compressed. Although the prepared multilayered product 1s
compressed while heated, the heating temperature 1s at tem-
peratures of 40 to 70° C., for example. The compressed mul-
tilayered product 1s heated and baked under atmosphere, for
example. Here, the term “baking” referred to as heat treat-
ment for the purpose of sintering. The term “sintering’” 1s
referred to as a phenomenon that when a solid powder aggre-
gate 1s heated at a temperature lower than the melting point,
the solid powder aggregate 1s compacted to be a dense product
called a sintered compact.

[0128] In manufacture of the lithium 10n rechargeable bat-
tery according to the present invention, preferably, the baking,
temperature ranges from temperatures of 600 to 1100° C.
This 1s because such problems arise that when the tempera-
ture 1s below a temperature of 600° C., no intermediate layer
1s formed at the 1nterface of the electrode layer and the elec-
trolyte layer, whereas when the temperature exceeds a tem-
perature of 1100° C., the solid electrolyte 1s melt, the struc-
tures of the positive active material and the negative active
material are changed, and the multilayered product 1s
deformed. Moreover, preferably, the baking temperature
ranges from temperatures of 800 to 1050° C. This 1s because
the electrode layer and the electrolyte layer become more
compact 1n the range ol temperatures of 800 to 1030° C.,
which 1s effective to reduce battery internal resistance.

[0129] For the rate of temperature rise and holding time 1n
the baking process, preferably, conditions suited for compact-
ing the electrode layer and the electrolyte layer and forming
the intermediate layer are selected and set depending on bak-
ing temperatures. In addition, preferably, the rate of tempera-
ture rise ranges from 60° C./hr to 600° C./hr, for example, in
consideration of a faster rate of temperature rise and a shorter
holding time are advantageous to productivity. In addition,
preferably, the holding time ranges from 30 minutes to 10
hours.

[0130] As afirstspecific embodiment of a method of manu-
facture, a method of manufacture of a multilayer all solid state
lithium 10n rechargeable battery including process steps (1) to
(5) described below 1s provided.

Process step (1): A positive electrode paste containing a metal
powder and a positive active matenial, a negative electrode
paste contaiming a metal powder and a negative active mate-
rial, and a solid electrolyte paste containing a solid electrolyte
powder are prepared.

Process step (2): The solid electrolyte paste 1s coated and
dried on a PET base material to prepare a solid electrolyte
sheet. Hereinatter, the green sheet 1s simply called a sheet.
Subsequently, the positive electrode paste 1s coated and dried
on the solid electrolyte sheet to prepare a positive electrode
sheet. In addition, the negative electrode paste 1s coated and
dried on a solid electrolyte sheet to prepare a negative elec-
trode sheet.

Process step (3): A positive electrode unit having the positive
clectrode sheet laminated on the solid electrolyte sheet 1s
removed from the PET base matenal. In addition, a negative
clectrode unit having the negative electrode sheet laminated
on the solid electrolyte sheet 1s removed from the PET base
material. Subsequently, the positive electrode unit and the
negative electrode unit are alternately laminated on each
other to prepare a multilayered product in which the positive
clectrode sheet and the negative electrode sheet are alter-
nately laminated on each other through the sol 1d electrolyte
sheet. At this time, the positive electrode unit and the negative

Aug. 26, 2010

clectrode unit are aligned and laminated on each other such
that the negative electrode sheet 1s not exposed 1n one side
surface of the multilayered product and the positive electrode
sheet 1s not exposed 1n the other side surface, as necessary.
Process step (4): The multilayered product 1s compressed and
baked to prepare a sintered multilayered product.

Process step (5): On the side surfaces of the multilayered
product, a positive electrode terminal 1s formed to connect to
the positive electrode layer, and a negative electrode terminal
1s formed to connect to the negative electrode layer. The
clectrode terminal (lead electrode) can be formed and pro-
vided 1 such a way that a lead electrode paste 1s coated on the
both side surfaces of the battery and then baked at tempera-
tures of 500 to 900° C., for example. A protective layer, not
shown 1n the drawing, 1s formed on the outermost part of the
multilayered product as necessary, and then the battery 1s
completed.

[0131] When a battery having a structure 1n which a current
collector layer 1s laminated on an electrode layer 1s produced,
as a method of manufacture of a second specific embodiment,
a method of manufacture of a multilayer all solid state lithium
ion rechargeable battery including process steps (1') to (35')
described below 1s provided.

Process step (1'): A positive electrode paste containing a
positive active material, a negative electrode paste containing,
a negative active material, and a solid electrolyte paste con-
taining a solid electrolyte powder are prepared.

Process step (2'): The pastes are coated on a PET base mate-
rial 1n order of the solid electrolyte paste, the positive elec-
trode paste, a positive current collector paste, and the positive
clectrode paste, and dried as the case may be, and the base
material 1s removed to prepare a positive electrode unit. The
pastes are coated on a base matenal 1n order of the solid
clectrolyte paste, the negative electrode paste, a negative cur-
rent collector paste, and the negative electrode paste, and
dried as the case may be, and then the base matenal 1s
removed to prepare a negative electrode unit.

Process step (3'): The positive electrode unit and the negative
clectrode unit are alternately laminated on each other to pre-
pare a multilayered product in which a positive electrode
sheet and a negative electrode sheet are alternately laminated
on each other through a solid electrolyte sheet. At this time,
the positive electrode unit and the negative electrode unit are
aligned and laminated on each other such that the negative
clectrode sheet 1s not exposed in one side surface of the
multilayered product and the positive electrode sheet 1s not
exposed 1n the other side surface, as necessary.

Process step (4'): The multilayered product 1s compressed and
baked to prepare a sintered multilayered product.

Process step (5'): On the side surfaces of the multilayered
product, a positive electrode terminal 1s formed to connect to
the positive electrode layer, and a negative electrode terminal
1s formed to connect to the negative electrode layer. The
clectrode terminal (lead electrode) can be formed and pre-
pared 1n such a way that a lead electrode paste 1s coated on the
both side surfaces of the battery and then baked at tempera-
tures of 500 to 900° C., for example. A protective layer, not
shown 1n the drawing, 1s formed on the outermost part of the
multilayered product as necessary, and then the battery 1s
completed.

[0132] In addition, as a third specific embodiment of a
method of manufacture, a method of manufacture of a mul-
tilayer all solid state lithium 1on rechargeable battery includ-
ing process steps (1) to (111) described below 1s also provided.
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Process step (1): A positive electrode paste containing a metal
powder and a positive active maternal, a negative electrode
paste contaiming a metal powder and a negative active mate-
rial, and a solid electrolyte paste containing a lithium ion
conductive 1norganic powder are prepared.

Process step (11): The pastes are coated in order of the positive
clectrode paste, the solid electrolyte paste, the negative elec-
trode paste, and the solid electrolyte paste, and the pastes are
dried to prepare a multilayered product formed of green
sheets. At this time, the sheets are aligned and laminated such
that the negative electrode sheet 1s not exposed 1n one side
surface of the multilayered product and the positive electrode
sheet 1s not exposed 1n the other side surface, as necessary.

Process step (111): A base material used for preparing the green
sheet 1s removed as necessary, and the multilayered productis
compressed and baked to prepare a sintered multilayered
product.

Process step (1v): On the side surfaces of the multilayered
product, a positive electrode terminal 1s formed to connect to
the positive electrode layer, and a negative electrode terminal
1s formed to connect to the negative electrode layer. A pro-
tective layer 1s formed on the outermost part of the multilay-
ered product as necessary, and then the battery 1s completed.

[0133] [Mixing Ratio of the Flectrode Matenals]
[0134] (Electric Conductivity and Ampere-Hour Capacity)
[0135] Themixingratio between the active material and the

conductive material forming the electrode was changed to

produce and evaluate batteries. The detail will be described
below.

[0136] For the electrode layer forming pastes of the pre-
pared battery, an active material powder was mixed with a
conductive material powder at a predetermined volume ratio,
and the powders were dispersed 1n a solvent and a binder to
prepare the pastes. For the positive active material to be the
material for the electrode layer, LiMn,O, was used. For the
negative active matenal, L1,,,T1.,,0O, was used. For the con-
ductive material to be mixed, AgPd at a weight ratio 85/15
was used. On the other hand, the solid electrolyte layer form-
ing paste was prepared by dispersing Li, S1, P, O, 1n a
solvent and a binder.

[0137] First, the evaluation results of the electric conduc-
tivity and ampere-hour capacity of the battery will be

described.

[0138] FIG. 8 1s a graph depicting the dependencies of
clectric conductivity and ampere-hour capacity on a positive
active material volume ratio. Evaluations were made that the
volume ratio was a parameter because the volume ratio was
considered to contribute to electric conductivity more than a
weilght ratio did. As the results of varying the mixing ratio
between the positive active material and the conductive par-
ticles ranging from 0:100 to 100:0, 1t was found that when the
volume ratio of the positive active material was in the range of
20 vol % or greater to 65 vol % or below, the electric conduc-
tivity was sulliciently high, the battery impedance was eflfec-
tively reduced, and the ampere-hour capacity was also suifi-
ciently increased. At the volume ratios of these optimum
conditions, the electric conductivity was 1x101 S/cm or
greater. When the volume ratio of the active material was
below 20 vol %, the electric conductivity became high, but the
ampere-hour capacity was decreased because of a small
amount of the active material. In addition, 1t was found that
when the volume ratio of the active material exceeded 65 vol
%, the electric conductivity was suddenly dropped.
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[0139] FIG. 9 1s a graph depicting the dependencies of
clectric conductivity and ampere-hour capacity on a negative
active material volume ratio. As the result of varying the
mixing ratio between the negative active material and the
conductive particles ranging from 0:100 to 100:0, as similar
to the cases of the positive active material, when the volume
ratio of the negative active material was 1n the range o1 20 vol
% or greater to 65 vol % or below, 1t was found that the electric
conductivity was suiliciently high, the battery impedance was
elfectively reduced, and the ampere-hour capacity was also
suificiently increased. In the volume ratios of these optimum
conditions, the electric conductivity was 1x101 S/cm or
greater as well.

10140}

[0141] Patent Document 2 discloses a technique *““a solid
clectrolyte battery having a solid electrolyte between a pair of
clectrodes, 1in which an intermediate layer having a reaction
interface of the solid electrolyte with an electrode active
material 1s provided between the electrode and the solid elec-
trolyte”. An object of this technique 1s to reduce battery
internal resistance.

[0142] In the techmique disclosed in Patent Document 2, a
paste formed of a matenal that the active material and the
solid electrolyte are mixed, baked and synthesized is coated
and dried on an electrode layer to form the intermediate layer.
Moreover, a solid electrolyte layer i1s coated, dried, and
formed on the intermediate layer to prepare the battery. No
baking 1s conducted after the electrode layer and the electro-
lyte layer are laminated. This method 1s different from the
method according to the present invention in which pastes for
forming the positive electrode layer, the electrolyte layer, and
the negative electrode layer are coated and dried to form green
sheets, and the green sheets are laminated and then baked.

[0143] Moreover, Patent Document 2 has no descriptions
that a complex oxide formed of a IV group element and
lithium 1s preferable for an electrolyte material. Therefore, 1t
cannot be said that a useful reaction product 1s not always
formed on the intermediate layer. In addition, even though
interface resistance between the active material and the elec-
trolyte 1s reduced 1nside the intermediate layer, 1t cannot be
said that because the product is not baked after laminated, the
interface resistance or adhesion between the intermediate
layer and the electrode layer or the intermediate layer and the
clectrolyte layer 1s not improved, and the overall electric
characteristics and mechanical characteristics of the battery
are not improved. In addition, because of the necessities of
conducting process steps of coating and drying the interme-
diate layer, problems arise that process steps are complicated
and manufacture costs are expensive.

[0144] Therefore, the patentability of the present invention
1s not rejected over the technique disclosed 1n Patent Docu-
ment 2.

[0145] Patent Document 3 discloses a technique “a battery
using a solid electrolyte, 1n which at an interface of at least
one of electrodes and an electrolyte, an area 1s formed, 1n
which one element of the electrode and one element of the
clectrolyte form a compound”. An objet of this technique 1s to
reduce internal resistance and to suppress the occurrence of
delamination at the 1nterface.

[0146] The technique disclosed in Patent Document 3
describes a method having a scheme of forming the area layer
in which a film 1s deposited and then allowed to stand 1n a
moisture containing Ar atmosphere, for example. Although 1t

|Comparisons to Similar Prior Art Techniques]
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1s also described that 1t 1s possible to form the area layer by
heat treatment, there are no detailed descriptions of the
method.

[0147] Itis described that the area layer 1s an oxide, nitride,
or hydroxide, the thickness of the area layer ranges from 0.01
to 300 nm, and charging and discharging are inhibited when
the thickness 1s greater than 300 nm. Therefore, 1t 1s estimated
that the substance forming the area layer does not function as
the active material or the electrolyte. Moreover, no descrip-
tion 1s made that a complex oxide formed of a IV group
clement and lithtum 1s preferable for the electrolyte material.

[0148] Theretore, the patentability of the present invention
1s not rejected over the technique disclosed 1n Patent Docu-
ment 3.

[0149] Patent Document 4 discloses a technique 1n which
“an electrolyte material uses an electrolyte material having a
v’-lithtum phosphate crystal structure and a positive elec-
trode and an electrolyte are laminated and then collectively
baked”. An object of this technique 1s to reduce contact resis-
tance at the interface.

[0150] In the technique disclosed in Patent Document 4,
clectrolyte pellets formed by pressurizing and molding pow-
der are sintered, and the pellets and an active material are put
in a mold, pressurized, molded, and then collectively baked to
form a battery. This method 1s different from the present
invention in which the positive electrode layer, the electrolyte
layer, and the negative electrode layer are laminated in the
state of green sheets before baked, and then baked to form the
intermediate layer formed of a usetul reaction product. More-
over, an object of the technique disclosed 1n Patent Document
4 1s to reduce contact resistance between active material and
clectrolyte particles, not for reducing resistance by forming a
novel useful reaction product like the present invention.

[0151] Therefore, the patentability of the present invention
1s not rejected over the technique disclosed 1n Patent Docu-
ment 4.

[0152] Patent Document 5 discloses an all solid secondary
battery using [.1,0—B,0,—S10,—7n0O as an option for a
solid electrolyte matenal. In the technique disclosed in Patent
Document 5, a product having an electrode layer laminated
on an electrolyte layer 1s microwave heated and baked. The
product 1s baked for a short time, whereby the filling factors of
the electrode and the solid electrolyte are increased to
improve 1onic conductance, while reactions between indi-
vidual particles 1n the electrode and the solid electrolyte are
suppressed. In other words, 1t 1s not a technique to form a
reaction layer. The technique 1s different from the technique
according to the present invention in which materials for the
clectrodes and the electrolyte are selected to constructively
form a usetul intermediate layer by baking, whereby bonding
strength 1s improved and interface resistance 1s reduced.

[0153] Theretore, the patentability of the present invention
1s not rejected over the technique disclosed 1n Patent Docu-
ment 5.

[0154] Patent Document 6 discloses a lithium secondary
battery using [.1,S10, as an option for a solid electrolyte
material. In the technique disclosed in Patent Document 6, a
battery 1s produced 1in which an 1norganic solid electrolyte
f1lm 1s formed on a lithium metal fo1l to be a negative elec-
trode by sputtering, and a positive electrode formed by coat-
ing a mixture of a positive active material and carbon on an
aluminum foil 1s bonded on the electrolyte film. The electrode
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layer and the electrolyte layer are not baked after laminated.
In other words, it 1s not the technique to form a useful 1nter-
mediate layer by baking.

[0155] Therelore, the patentability of the present invention
1s not rejected over the technique disclosed 1n Patent Docu-
ment 6.

10156]

[0157] FIGS. 7(a) to 7(e) are cross sections depicting
lithium 10n rechargeable batteries according to specific
embodiments of the present invention, and graphs depicting
concentration distributions.

[0158] In FIG. 7(a), in an intermediate layer 24 formed at
the interface of a positive electrode layer 21 and an electrolyte
layer 22, the positive active material and the electrolyte exist
in concentration distributions with slopes. Similarly, 1n an
intermediate layer 25 formed at the interface of a negative
clectrode layer 23 and the electrolyte layer 22, the negative
active material and the electrolyte exist 1n concentration dis-
tributions with slopes.

[0159] It may be possible that the film thickness before
baked and the baking conditions are controlled to allow the
positive electrode layer, the electrolyte layer, and/or the nega-
tive electrode layer to partially react as well as allow the
layers to entirely react after baked, and then a reaction prod-
uct layer 1s formed. Also 1n this case, these layers are formed
such that the concentration distributions of the positive active
material, the electrolyte, and the negative active material
become 1n turn dominant, whereby an excellent battery of
high bonding strength and small internal resistance can be
produced.

[0160] FIG. 7(b) 1s a cross section depicting the case 1n
which a positive electrode layer was all turned 1nto a reaction
product layer by baking. In a reaction product layer 29, the
positive active material 1s dominant 1n the composition after

baked.

[0161] FIG. 7(c) 1s a cross section depicting the case 1n
which a negative electrode layer was all turned into a reaction
product layer by baking. In a reaction product layer 30, the
negative active material 1s dominant 1n the composition after

baked.

[0162] FIG. 7(d) 1s a cross section depicting the case 1n
which an electrolyte layer was all turned 1nto a reaction prod-
uct layer by baking. In a reaction product layer 31, the elec-
trolyte 1s dominant 1n the composition after baked.

[0163] FIG. 7(e) 1s a cross section depicting the case 1n
which a positive electrode layer, an electrolyte layer, and a
negative electrode layer were all turned into reaction product
layers by baking. In a reaction product layer 32, the positive
active material 1s dominant in the composition after baked, 1in
a reaction product layer 33, the electrolyte 1s dominant 1n the
composition aiter baked, and 1n a reaction product layer 34,

the negative active material 1s dominant 1n the composition
alter baked.

[0164] As described above, a specific embodiment of the
lithium 10n rechargeable battery according to the present
invention 1s a multilayer all solid state lithium 10n recharge-
able battery characterized by including: a multilayered prod-
uct having a positive electrode layer containing a positive
active material laminated on a negative electrode layer con-
taining a negative active material through an electrolyte layer
containing a solid electrolyte, wherein a part or all of the
positive electrode layer 1s formed of a sintered compact pro-

| Specific Embodiments of the Battery Structure]
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duced from a reaction between a starting material for the
positive active material and a starting maternial for the solid
clectrolyte.

[0165] In addition, another specific embodiment of the
lithium 10n rechargeable battery according to the present
invention 1s a multilayer all solid state lithium 10n recharge-
able battery characterized by including: a multilayered prod-
uct having a positive electrode layer contaiming a positive
active material laminated on a negative electrode layer con-
taining a negative active material through an electrolyte layer
containing a solid electrolyte, wherein a part or all of the
negative electrode layer 1s formed of a sintered compact pro-
duced from a reaction between a starting material for the
negative active material and a starting material for the solid
clectrolyte.

[0166] Moreover, still another specific embodiment of the
lithium 10on rechargeable battery according to the present
invention 1s a multilayer all solid state lithium 1on recharge-
able battery characterized by including: a multilayered prod-
uct having a positive electrode layer contaiming a positive
active material laminated on a negative electrode layer con-
taining a negative active material through an electrolyte layer
containing a solid electrolyte, wherein a part or all of the
clectrolyte layer 1s formed of a sintered compact produced by
a reaction between a starting material for the electrolyte sub-
stance and a starting material for the negative active material
and/or a starting material for the positive active material.

[0167] As defined above, the term “sintered compact”
means a dense product (solid) formed by baking (sintering) a
solid powder aggregate at a temperature lower than the melt-
ing point. The states before and after sintered can be distin-
guished by observing a cross section of a solid. In the cross
sectional structure before sintered, solid powder particles are
gathered as separated in almost uniform forms, whereas after
sintered, (1) a neck (joining part) 1s formed between particles,
(2) the neck between particles grows, (3) a reduction in voids

(pores) caused by grain growth (growth of particles and a
reduction 1n the number of particles) and compacting are
observed, and individual particles take various forms depend-
ing on the degree of sintering. The size of particles and the
presence of voids are observed to determine the presence of
sintering and the degree of progress of sintering.

[0168] In addition, the ratio of the sintered compact can be
controlled by controlling baking conditions (the baking tem-
perature, rate of temperature rise, holding time, and baking,
atmosphere). Particularly, control of the baking temperature
1s effective.

[0169] The ratio of the sintered compact can be evaluated
from the equation:

(density of sintered compact)/(true density, which is
inherent density of sintered compact material )x100

Alternatively, the voidage 1s evaluated from the observation
of cross sections, whereby the ratio of the sintered compact
can be evaluated. For the voidage, preferably, in the solid
clectrolyte, 1ons more tend to pass as the number of voids 1s
small, and 1n the active material, energy density becomes
higher as the number of voids 1s small. More specifically,
preferably, 1n the solid electrolyte, the voidage ranges from
0% or greater to 10% or below. Preferably, in the active
material, the voidage ranges from 0% or greater to 10% or
below. For example, the baking temperature 1s set to a tem-
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perature of 1000° C., whereby a sintered compact of high
density with few voids can be obtained.

EXAMPLES

Example 1

[0170] Hereinafter, examples are used to describe the
present invention in detail. In addition, the expression “parts™
means parts by weight, unless otherwise specified.

[0171] (Preparation of a Positive Electrode Paste)

[0172] For the positive active material, LiMn,O, prepared
by a method described below was used.

[0173] L1,CO; and MnCO, were used as starting materials,
and weighted to be at a mol ratio 1:4, water was used as a
solvent to conduct wet blending 1n a ball mill for 16 hours, and
then the mixture was dewatered and drnied. The resulting
powder was calcined in the air for two hours at a temperature
of 800° C. The calcined product was roughly crushed, water
was used as a solvent to conduct wet blending in a ball mill for
16 hours, and then the mixture was dewatered and dried to
obtain a positive active material powder. The BET value of
this powder was 13.4 m*/g. An X-ray diffraction device was
used to confirm that the composition of the prepared powder
was LiMn,O,.

[0174] For apositive electrode paste, 100 parts of a mixture
that Ag/Pd powder at a weight ratio 85/15 used as metal
powders 1n advance was mixed with LiMn,O, used as the
positive active material powder at a volume ratio 60:40, 15
parts of ethylcellulose as a binder, and 65 parts of dihydrot-
erpinenol as a solvent were added, mixed, and dispersed by a
triple roll mill, and then a positive electrode paste was pre-
pared. Here, for Ag/Pd powder at a weight ratio 85/13, a
mixture of Ag powder (average particle size 1s 0.3 um) and Pd
powder (average particle size 1s 1.0 um) was used.

[0175] (Preparation of a Negative Electrode Paste)

[0176] Foranegative active matenial, L1,,,T1.,,0,, prepared
by a method described below was used.

[0177] Li1,CO, and T10, were used as starting materials,
and weighted to be at a mol ratio 2:5, water was used as a
solvent to conduct wet blending 1n a ball mill for 16 hours, and
then the mixture was dewatered and dried. The resulting
powder was calcined in the air for two hours at a temperature
of 800° C. The calcined product was roughly crushed, water
was used as a solvent to conduct wet blending in a ball mill for
16 hours, and then the mixture was dewatered and dried to
obtain a negative active material powder. The BET value of
this powder was 6.3 m*/g. An X-ray diffraction device was
used to confirm that the composition of the prepared powder
was Li,,,11.,,0,

[0178] Foranegativeelectrode paste, 100 parts of a mixture
that Ag/Pd powder at a weight ratio 85/15 used as metal
powders 1n advance was mixed with Li,,;T15,,0, used as a
negative active material powder at a volume ratio 60:40, 15
parts of ethylcellulose as a binder, and 635 parts of dihydrot-
erpinenol as a solvent were added, mixed, and dispersed by a
triple roll mill, and then a negative electrode paste was pre-
pared. Here, for Ag/Pd powder at a weight ratio 85/13, a
mixture ol Ag powder (average particle size1s 0.3 um) and Pd
powder (average particle size 1s 1.0 um) was used.

[0179] (Preparation of a Solid Electrolyte Sheet)

[0180] For asolid electrolyte, Li; <S1, P, O, prepared by
a method described below was used.

[0181] Li1,CO,, S10, and L1,PO, were used as starting
materials, and weighted to be at a mol ratio 2:1:1, water was
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used as a solvent to conduct wet blending 1n a ball mill for 16
hours, and then the mixture was dewatered and dried. The
resulting powder was calcined in the air for two hours at a
temperature of 950° C. The calcined product was roughly
crushed, water was used as a solvent to conduct wet blending
in a ball mill for 16 hours, and then the mixture was dewatered
and dried to obtain a lithium 10n conductive morganic pow-
der. The BET value of this powder was 14.0 m*/g. An X-ray
diffraction device was used to confirm that the composition of
the prepared powder was Li; <S1, P, <O..

[0182] Subsequently, 100 parts of ethanol and 200 parts of
toluene were added to 100 parts of this powder 1n a ball mall
for wet blending. After that, 16 parts of a polyvinyl butyral
binder and 4.8 parts of benzylbutylphthalate are further
added, and mixed to prepare a lithtum 10n conductive 1nor-
ganic paste. This lithtum 10n conductive inorganic paste was
shaped into a sheet by doctor blading as a PET film was used
for a base material, and then a lithium 10on conductive 1nor-
ganic sheet having a thickness of 13 um was obtained.

[0183]

[0184] 100 parts of Ag powder was mixed with 5 parts of a
glass Irit, 10 parts of ethylcellulose as a binder and 60 parts of
dihydroterpinenol as a solvent were added, mixed, and dis-
persed by a triple roll mill, and then a lead electrode paste was
prepared.

[0185]

[0186] On the opposite surface of the PET film of the
above-described lithium 1on conductive morganic sheet hav-
ing a thickness of 13 um, the positive electrode paste was
printed by screen printing in a thickness of 8 um. Subse-
quently, the printed positive electrode paste was dried for 5 to
10 minutes at temperatures of 80 to 100° C. As described
above, a sheet of a positive electrode unit having the positive
clectrode paste printed on the lithium 10n conductive 1nor-
ganic sheet was obtained.

[0187] (Preparation of a Negative Electrode Unit)

[0188] On the opposite side of the PET film of the above-
described lithium 10n conductive morganic sheet having a
thickness of 13 um, the negative electrode paste was printed
by printing in a thickness of 8 um. As described above, a sheet
of a negative electrode unit having the negative electrode
paste printed on the lithium 1on conductive inorganic sheet
was obtained.

[0189]

[0190] ThePET film was removed from each of the positive
clectrode unit and the negative electrode unit, and then these
two units were alternately laminated through the lithium 1on
conductive mnorganic substance. At this time, the positive
clectrode unit was displaced from the negative electrode unit,
and laminated such that the positive current collector was
extended only on one end surface and the negative current
collector was extended only on the other end surface. After
that, this product was shaped at a temperature of 80° C. at
pressure of 1000 kgf/cm?, and then cut to prepare a multilay-
ered block. After that, the multilayered block was baked to
obtain a multilayered product. For baking, the temperature
was increased 1n the air to atemperature of 1000° C. at the rate
of temperature rise of 200° C./hour, the temperature was kept
at the temperature for two hours, and the product was natu-
rally cooled aifter baked. In the multilayered product after
sintered thus obtained, the thickness of the lithium 10n con-
ductive inorganic substance was 7 um, the thickness of a unit
of the positive electrode was 5 um, and the thickness of a unit

(Preparation of a Lead Electrode Paste)

(Preparation of a Positive Electrode Unit)

(Preparation of a Multilayered Product)
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of the negative electrode was 6 um. In addition, the length,
width, and height of the multilayered product were 8 mmx8
mmx0.1 mm, respectively.

[0191] (Formation of a Lead Electrode)

[0192] The lead electrode paste was coated on the end
surfaces of the multilayered product and baked at a tempera-
ture of 800° C. to form a pair of lead electrodes, and then an
all solid lithium 1on rechargeable battery was obtained.

Example 2

[0193] XRD analysis was used to study reactions between
the solid electrolyte, the positive active material, and the
negative active material by baking and to identify the reaction
product.

[0194] FIG. 3 1s a work flowchart depicting a study experi-
ment to study reactions between the solid electrolyte material
and the active material.

[0195] A study method was conducted according to the
process steps shown below.

(1) The solid electrolyte, the positive active material, and the
negative active material were mixed 1n a mortar.

(2) The mixed powders were shaped 1n a mold to prepare a

disk.

(3) The temperature of the prepared disk was increased to a set
temperature at the rate of temperature rise of 200° C./hr, kept
for two hours, and then allowed to stand to cool. The set
temperature was temperatures of 500, 600, 700, 800, 900,
960, 1000, and 1050° C.

(4) The baked disk was crushed 1n a mortar to form a sample.
(5) Substances were 1dentified by XRD.

[0196] FIG. 4 shows XRD patterns of samples that the solid
clectrolyte and the positive active material were mixed and
then baked. It 1s seen that 1n the pattern before baked and the
pattern of baking at a temperature of 500° C., only the peak of
LiMn,O, used as the positive active material 1s observed,
whereas 1n the patterns of baking at temperatures of 600° C.
or greater, the peaks of LiMnO,, L1,MnO,, and L1, ,Mn,
70,, which are reaction products, are observed.

[0197] FIG. S shows XRD patterns of samples that the solid
clectrolyte and the negative active material were mixed and
then baked. It 1s seen that 1n the pattern before baked and the
pattern of baking at a temperature of 500° C., only the peak of
L1,,,11;,,0, used as the negative active material 1s observed,
whereas 1n the patterns of baking at temperatures of 600° C.
or greater, the peaks of L1110, and 1,110, which are reac-
tion products, are observed.

Example 3

[0198] XRD analysis was conducted by a method similar to
that of Example 2, reactions between the solid electrolyte and
the active material by baking were studied, and reaction prod-
ucts were 1dentified.

[0199] FIG. 10 shows XRD patterns of samples that a solid
clectrolyte Li, <S1, P, 0, and an active maternial LiMn,
5Co, 0O, were mixed and then baked. It 1s seen that 1n the
pattern before baked and the pattern of baking at a tempera-
ture of 600° C., only the peaks of the solid electrolyte Li;
581, P, O, and the active material [iMn, .Co, O, are
observed, whereas 1n the patterns of baking at temperatures of
700° C. or greater, the peak of LiIMnCoQ,,, which 1s a reaction
product, 1s observed. LiMnCoQ, 1s a substance that functions
as the active matenal.
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[0200] FIG. 11 shows XRD patterns of samples that a solid
clectrolyte L1, <S1, P, 0, and an active material LiMn,
sN1, O, were mixed and then baked. It 1s seen that in the
pattern before baked and the patterns of baking at tempera-
tures of 600° C. and 700° C., only the peaks of the solid
electrolyte L1, .S1, P, O, and the active material LiMn,
sN1, O, are observed, whereas 1n the patterns of baking at
temperatures of 800° C. or greater, the peak of LiMn, ,Ni,
180),, which 1s a reaction product, 1s observed. LiMn, o,Ni,
180, 1s a substance that functions as the active matenal.

INDUSTRIAL APPLICABILITY

[0201] As discussed above, the lithium 1on rechargeable
battery according to the present invention and the method of
manufacture of the same are advantageous 1n a reduction in
the internal resistance of the lithium 10n rechargeable battery
and improvement of the charging and discharging cycle char-
acteristics. A small-sized battery of high performance and
large capacity 1s provided to make significant contributions 1n
the field of electronics 1n particular.

1-26. (canceled)

27. A multilayer all solid state lithium 1on rechargeable

battery characterized by comprising:

a multilayered product having a positive electrode layer
containing a positive active material laminated on a
negative electrode layer containing a negative active
material through an electrolyte layer contaiming a solid
clectrolyte,

wherein an mtermediate layer formed of a substance that
functions as an active material or an electrolyte 1is
included at an interface of the positive electrode layer
and/or the negative electrode layer and the electrolyte
layer, the intermediate layer 1s a layer formed from a
reaction and/or diffusion between the positive active
material and/or the negative active material and the solid
clectrolyte.

28. The lithtum 1on rechargeable battery according to claim
277, characterized in that the positive electrode layer and/or the
negative electrode layer has a structure in which an active
material 1s supported 1n a conductive matrix formed of a
conductive material.

29. The lithium 10n rechargeable battery according to claim
28, characterized 1n that an area ratio between the positive
active material and/or the negative active material and the
conductive material in a cross section of the positive electrode

layer and/or the negative electrode layer 1s within a range of
20:80 to 65:335.

30. The lithium 10n rechargeable battery according to claim
277, characterized in that the intermediate layer 1s a layer
formed from a reaction between the positive active matenal
and/or the negative active material and the solid electrolyte.

31. A multilayer all solid state lithtum 10n rechargeable
battery characterized by comprising:

a multilayered product having a positive electrode layer
containing a positive active material laminated on a
negative electrode layer containing a negative active
material through an electrolyte layer contaiming a solid
clectrolyte,

wherein a part or all of the positive electrode layer 1s
formed of a sintered compact produced from a reaction
and/or diffusion between a starting material for the posi-
tive active material contained in the positive electrode
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layer before baked and a starting material for the solid
clectrolyte contained in the electrolyte layer before

baked.

32. A multilayer all solid state lithium 10on rechargeable
battery characterized by comprising;:

a multilayered product having a positive electrode layer
containing a positive active material laminated on a
negative electrode layer contaiming a negative active
material through an electrolyte layer contaiming a solid
clectrolyte,

wherein a part or all of the negative electrode layer 1s
formed of a sintered compact produced from a reaction
and/or diffusion between a starting material for the nega-
tive active material contained 1n the negative electrode
layer before baked and a starting material for the solid
clectrolyte contained in the electrolyte layer before

baked.

33. A multilayer all solid state lithium 10on rechargeable
battery characterized by comprising:

a multilayered product having a positive electrode layer
containing a positive active material laminated on a
negative electrode layer contaiming a negative active
material through an electrolyte layer containing a solid
clectrolyte,

wherein a part or all of the electrolyte layer 1s formed of a
sintered compact produced from a reaction and/or dif-
fusion between a starting material for the positive active
material contained 1n the positive electrode layer before
baked a starting material for the solid electrolyte con-
tamed in the electrolyte layer before baked, and/or
formed of a sintered compact produced from a reaction
and/or diffusion between a starting material for the nega-
tive active matenial contained 1n the negative electrode
layer before baked and a starting material for the solid
clectrolyte contained 1n the electrolyte layer before

baked.

34. The lithium 10on rechargeable battery according to claim
31, characterized 1n that the positive electrode layer and/or the
negative electrode layer has a structure in which an active
material 1s supported 1n a conductive matrix formed of a
conductive material.

35. The lithium 10n rechargeable battery according to claim
34, characterized 1n that an area ratio between the positive
active material and/or the negative active material and the
conductive material in a cross section of the positive electrode
layer and/or the negative electrode layer 1s within a range of

20:80 to 65:35.

36. The lithium 10n rechargeable battery according to claim
277, characterized 1n that the positive electrode layer, the nega-
tive electrode layer, and/or the electrolyte layer 1s formed of a
substance that functions as an active material or an electrolyte
formed from a reaction between a starting material for the
positive active material and/or a starting material for the
negative active material and a starting material for the solid
clectrolyte.

377. The lithium 10n rechargeable battery according to claim
277, characterized in that an oxide containing no lithium 1s not
included 1n a substance forming the intermediate layer or the
sintered compact.

38. The lithium 10n rechargeable battery according to claim
277, characterized 1n that a starting material for the solid elec-
trolyte contains at least a complex oxide of lithtum and a IV
group element.
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39. The lithium 1on rechargeable battery according to claim
277, characterized 1n that a starting material for the solid elec-

trolyte contains at least a lithium silicate.

40. The lithium 10n rechargeable battery according to claim
277, characterized 1n that a starting material for the solid elec-
trolyte contains at least a lithium silicate and a lithium phos-
phate.

41. The lithitum 1on rechargeable battery according to claim
40, characterized in that a mixing ratio between the lithium
silicate and the lithium phosphate 1s within a range of 4:6 to
6:4.

42. The lithtum 1on rechargeable battery according to claim
277, characterized 1n that the thickness of the electrolyte layer
1s 30 um or below.

43. The lithium 1on rechargeable battery according to claim
277, characterized 1n that a starting material for the positive
active material or the negative active material contains a
substance or a plurality of substances selected from a sub-
stance group of a lithium manganese oxide, lithium nickel
oxide, lithium cobalt oxide, lithium vanadium oxide, lithium
titanium oxide, manganese dioxide, titanium oxide, niobium
oxide, vanadium oxide, and tungsten oxide.

44. The lithtum 1on rechargeable battery according to claim
43, characterized 1n that a starting material for the positive
active material contains a lithium manganese oxide.

45. The lithtum 1on rechargeable battery according to claim
44, characterized 1n that a starting material for the positive
active material contains L1, Mn O, (where x=1to 2, y=1to 2,
and z=2 to 4).

46. The lithium 10n rechargeable battery according to claim
43, characterized 1n that a starting maternial for the negative
active material contains a lithium titanium oxide.

47. The lithium 10n rechargeable battery according to claim
46, characterized 1n that a starting material for the positive
active material contains L1, 11,0, (where x=1 to 2, y=1 to %5,
and z=2 to 4).

48. A method of manufacture of a lithium 1on rechargeable
battery characterized by comprising the steps of:

alternately laminating a positive electrode layer green

sheet and a negative electrode layer green sheet through
at least an electrolyte layer green sheet to form a multi-
layered product; and
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collectively baking the multilayered product to form a sin-

tered multilayered product,

wherein a starting material for the electrolyte layer con-

tains at least a complex oxide of lithtum and a IV group
clement.

49. A method of manufacture of a lithium 10n rechargeable
battery characterized by comprising the steps of:

dispersing at least a solid electrolyte material 1n a binder

and a solvent to form a solid electrolyte layer paste;
coating and drying the solid electrolyte layer paste to form
a solid electrolyte layer green sheet;
mixing an active material with a conductive material, and
dispersing the materials 1n a binder and a solvent to form
a positive electrode layer paste and/or a negative elec-
trode layer paste;
coating and drying the positive electrode layer paste and/or
the negative electrode layer paste to form a positive
clectrode layer green sheet and/or a negative electrode
layer green sheet;

alternately laminating the positive electrode layer green

sheet and the negative electrode layer green sheet
through the solid electrolyte layer green sheet to form a
multilayered product; and

collectively baking the multilayered product to form a sin-

tered multilayered product,

wherein a starting material for the electrolyte layer con-

tains at least a complex oxide of lithtum and a IV group
clement.

50. The method of manufacture of a lithtum 10n recharge-
able battery according to claim 49, characterized in that a
mixing ratio of mixing the active material with the conductive
material 1s within a range of 20:80 to 65:35 1n a volume ratio.

51. The method of manufacture of a lithtum 10n recharge-
able battery according to claim 48, characterized in that a
baking temperature in the baking step ranges from tempera-
tures of 600° C. or greater to 1100° C. or below.

52. The method of manufacture of a lithtum 10n recharge-
able battery according to claim 48, characterized in that a

baking temperature in the baking step ranges from tempera-
tures of 800° C. or greater to 1050° C. or below.
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