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1
COMPOSITE POSITIVE ELECTRODE ACTIVE MATERIAL, ALL SOLID-STATE

BATTERY, AND METHODS FOR MANUFACTURE THEREOF
BACKGROUND OF THE INVENTION

L. Field of the Invention

[0001) The invention relates to a composite positive electrode active material
which, when used in an all solid-state battery, is able to reduce the interfacial resistance
with a solid electrolyte material. The invention further relates to an all solid-state
battery which uses such a composite positive electrode active material, and to methods of
manufacturing the composite positive electrode active material and the all solid-state

battery.

2. Description of Related Art

[0002] Among the wide variety of batteries that exist, lithium batteries have the
special advantage of being lightweight while having a high output and high energy
density. For this reason, they are widely used as a power supply for small, portable
electronic devices and Personal Digital Assistances (PDAs), and help support today’s
information-driven society. Lithium batteries are also being considered as a power
supply for electric cars and hybrid vehicles. Hence, there exists a desire for even higher
energy density, improved safety and larger sizes in lithium batteries.

[00603] Because lithium batteries now on the market use organic electrolytes
which contain flammable organic solvents, such batteries require safety devices to
suppress a rise in temperature at the time of a short circuit and improvements in
construction and materials to prevent short circuits, By contrast, all solid-state batteries
in which the liquid clectrolyte has been replaced with a solid electrolvte layer, making the
battery entirely solid state, do not use a flammable organic solvent within the battery,
As a result, the safety devices can be simplified, helping to hold down production costs

and ensure excellent productivity.

CONFIRMATION COPY



Wn

| (O
wn

WO 2011/132065 PCT/1IB2011/000866
2.

[0004] In the field of such all solid-state batteries, efforts are being made to
improve the performance of the all solid-state battery by focusing attention on the
interface between the positive electrode active material and the solid electrolyte material.
For example, a material composed of LiCoO; (positive electrode active material) which
is coated on the surface timereof with LiNbO; is disclosed in “Narumi Ohta et al.
“LiNbOs-coated LiCoQO; as cathode material for all solid-state lithium secondary
batteries,” Electrochemistry Communications 9 (2007), 1486-1490”. This technology
attempts to provide the battery with a higher output by coating LiNbO; onto the surf?lce
of LiCoO; and thereby lowering the interfacial resistance of LiCo0; and the solid
electrolyvte material.  Also, WO 2007004590 discloses a solid-state battery which uses a
positive electrode active material that has been swiface-coated with a lithium
ion-conductive oxide. This attempts to increase the battery output by covering the
surface of the positive electrode active material with a lithium ion-conducting oxide and
thereby suppressing the formation of a high-resistance layer at the interface between the
positive electrode active material and a sulfide solid electrolyte material.

{0005] As mentioned in “Narumi Ohta et al. “LiNbOa-coated LiCoO: as cathode
material for all solid-state lithium secondary batteries,” Electrochemistry
Communications 9 (2007), 1486-1490”, by coating LiNbO; onto the surface of LiCoOy, it
is possible at an initial stage to reduce the interfacial resistance between the positive
electrode active material and the solid electrolyte material. However, the interface
resistance ultimately rises with the passage of time.

[0006]  The inventor, upon investigating this, has found that the rise over time in
the interfacial resistance is caused by the fact that the LINbO; reacts with the positive
electrode active material and the solid electrolyte material with which it is in contact,
giving rise to reaction products that end up acting as a high-resistance layer. This is
believed to be the reason why LiNbO; has a relatively low clectrochemical stability.
The inventor then discovered that, when a compound having a polyanion structural
moiety with covalent bonds is used instead of LINbOj;, such a compound substantially

does not react with the positive electrode active material and the solid electrolyte
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material.

[0007] However, even in cases where a compound having such a polyanion
structural moiety is used, if the positive electrode active material contains a transition
metal, the interfacial resistance sometimes rises. In WO 2007:004590, a solid battery
which uses LiMnOy as the positive electrode active material and LiTi;(POa)s as the
lithium ion-conducting oxide is disclosed (see Example 2 of WO 2007,004590).
However, because the positive clectrode active material includes a transition metal, there

is a possibility that the interfacial resistance will rise.

SUMMARY OF THE INVENTION

[0008]) Accordingly, one object of the invention is to provide a composite
positive electrode active material which, when used in an all solid-state battery, is able to
reduce the interfacial resistance with the solid electrolyte material. A further object of
the invention is to provide an all solid-state battery which uses such a composite positive
electrode active material.  Still further objects of the invention are to provide a method
for manufacturing such a composite positive electrode active material and a method for
manufacturing such an all solid-state battery. .

[0009]  This invention was conceived based on the discovery by the inventor that,
when the polvanion structural moiety and the transition metal at the surface of the
positive electrode active material come into mutual contact at an elevated temperature,
compared with the valence of the transition metal at the interior (bulk portion) of the
positive electrode active material interior, the valence of the transition metal at the
surface of the positive electrode active material decreases, and that the interfacial
resistance rises due to the presence of a region where the transition metal has a decreased
valence (transition metal-reducing layer).

[0010] In a first aspect, the invention provides a composite positive electrode
active material having: a positive electrode active material which includes a transition
metal; and a reaction suppressor which is formed so as to cover a surface of the positive

clectrode active material, and which is made of a polyanion structure-containing
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compound having a cation moiety composed of a metal atom that becomes a conducting
jon and having a polyanion structural moiety composed of a center atom that is
covalently bonded to a plurality of oxygen atoms. In the composite positive electrode
active material, a transition metal-reducing layer which has self-assembled on the surface
of the positive electrode active material in contact with the reaction suppressor owing to
reaction of the transition metal with the polyanion structure-containing compound, has a
thickness of 10 nm or less.

[0011] In the composite positive clectrode active ma_terial according to this
aspect of the invention, because the transition meltal-reducing layer formed on the surface
of the positive electrode active material in contact with the reaction suppressor has been
made thin to a predetermined thickness or less, the interfacial resistance between the
reaction suppressor and the positive electrode active material can be decreased.  When
such a composite positive electrode active material is used in an all solid-state battery, the
interfacial resistance between the composite positive electrode active material and the
solid electrolyte material can be decreased. Moreover, because the reaction suppressor
that has been formed so as to cover the surface of the positive electrode active material is
composed of a polvanion structure-containing compound having a high electrochemical
stability, the reaction suppressor is able to suppress the reaction of the positive electrode
active aterial with the high-resistance layer-forming solid electrolyte material which
reacts with the positive electrode active material to form a high-resistance layer. By
thus using the composite positive electrode active material of this aspect of the invention
in an all solid-state battery, it is possible to suppress an increase over time in the
interfacial resistance belween the positive electrode active material and the solid
electrolyte  material. The polyanion structural moijety of the polyanion
structure-containing compound is thought to have an increased electrochemical stability~
because it has a center atom which is covalently bonded \\"ith a plurality of oxygen atoms.

(0012] In the composite positive electrode active material according to this
aspect of the invention, the positive electrode active material may be an oxide positive

electrode active material. This makes it possible to obtain an all solid-state battery
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having a high energy density.

[0013] In the composite positive electrode active material according to this
aspect of the invention, the center atom of the polyanion structural moiety may have an
electronegativity of 1.74 or more. This makes it possible to form more stable covalent
bonds.

[0014] In the composite positive clectrode active material according to this
aspect of the invention, the polyanion structural moiety may be at least one selected from
the group consisting of POs”, Si0s", GeO," and BO_33'. Moreover, in the composite
positive electrode active material according 1o this aspect of the invention, the polyanion
structural moiety may be at least one selected from the group consisting of PO,* and
SiO.". This makes it possible to effectively suppress an increase in the interfacial
resistance over time.

[0015] In the composite positive electrode active material according to this
aspect of the invention, the reaction suppressor may be made of a non-crystalline
polyanion structure-containing compound, By using a non-crystalline polyvanion
structure-containing compound in the reaction suppressor, a thin, uniform reaction
suppressor can be formed, increasing the coverage and thus making it possible to fully
exhibit the effects according to the first aspect of the invention. Moreover, because the
non-crystalline polvanion structure-containing compound has a high ionic conductivity,
when the composite positive electrode active material according to this aspect of the
invention is used in an all solid-state battery, a higher battery output can be achieved.

[0016] In the composite positive electrode active material according to this
aspect of the invention, the cation moiety may be Li". This makes it possible to obtain
an all solid-state lithium battery useful in various applications.

[0017] In the composite positive electrode active material according to this
aspect of the invention, the reaction suppressor may have a thickness in a range of from 1
nm to 560 nm. When a composite positive electrode active material according to this
aspect of the invention is used in an all solid-state battery, if the thickness of the reaction

suppressor is too small, there is a possibility that the positive electrode active material
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will react with the solid electrolyte matcrial.  On the other hand, if the thickness of the
reaction suppressor is (oo large, there is a possibility that the ionic conductivity will
decrease. These problems can be overcome when the reaction suppressor has a
thickness in the above-indicated range.

[0018] In the composite positive electrode active material according to this
aspect of the invention, the reaction suppressor which covers the surface of the positive
electrode active material has a coverage of 509% or more. By covering most of the
surface of the positive electrode active material, the advantageous effects of the first
aspect of the invention can be fully achieved.

(0019] In a second aspect, the invention provides an all solid-state battery
having: a positive electrode active material layer; a negative electrode active material
layer; and a solid electrolyte layer formed between the positive electroede active material
laver and the negative electrode active material layer. The positive electrode active
material layer includes the composite positive electrode active material according to the
above-described first aspect of the invention, this composite positive electrode active
material being in contact with a high-resistance layer-forming solid electrolyte material
which reacts with the positive electrode active material so as to forn a high-resistance
laver.

[0020]  Because the all solid-state battery according to this aspect of the
invention uses the composite positive electrode active material according to the above
first aspect of the invention, the interfacial resistance betwecn the composite positive
electrode active material and the solid electrolyte material can be lowered, enabling a
high-output all solid-state battery to be obtained. Moreover, because the hattery has, at
the interface between the positive electrode active material and the high-resistance
laver-forming solid electrolyte material, a reaction suppressor composed of a polyanion
structure-containing compound having a high electrochemical stability, an increase over
time in the interfacial resistance between the positive electrode active material and the
solid electrolyte material can be suppressed, enabling an all solid-state battery having an

excellent durability to be obtained.
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[0021] In the all solid-state battery according to this aspect of the invention, the
high-resistance layer-forming solid electrolyte material may include a crosslinked
chalcogen.  In this way, the crosslinked chalcogen-containing high resistance
Jayer-forming solid electrolyte material has a high ionic conductivity, enabling a higher
battery output to be achieved.

[0022] In the all solid-state battery according to this aspect of the invention, the
crosslinked chalcogen may be crosslinked sulfur or crosslinked oxygen. This enables
the solid electrolyte material to be §nd0\\'cd with an excellent ionic conductivity.

[0023] In a third aspect, the invention provides a method for manufacturing a
composite positive electrode active material having a positive electrode active material
which includes a transition metal, and a reaction suppressor which is formed so as to
cover a surface of the positive electrode active material and which is made of a polyanion
structure-containing compound having a cation moijety composed of a metal atom that
becomes a conducting ion and having a polyanion structural moiety composed of a center
atom that is covalently bonded to a plurality of oxygen atoms. The method includes:
preparing a reaction suppressor-forming coating solution which includes a hydrolyzable
metal compound having the cation moiety and a compound having the polyanion
structural moiety: covering the surface of the positive electrode active material with the
reaction suppressor-forming coating solution; and heat-treating, at a temperature of
300°C or less, the positive electrode active material whose surface has been covered with
the reaction suppressor-forming coating solution so as to form the rcaction suppressor.

[0024] In the method for manufacturing a composite positive electrode active
material according to this aspect of the invention, by forming, through heat treatment at a
predetermined temperature, a reaction suppressor so as to cover the surface of the
positive electrode active material, the transition metal-reducing layer that has formed on
the surface of the positive electrode active material in contact with the reaction
suppressor can be made thin, making it possible to obrain a composite positive electrode
active material that can reduce the interfacial resistance between the reaction suppressor

and the positive electrode active material.  When the composite positive electrode active
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material obtained according to the first aspect of the invention is thus used in an all
solid-state battery, the interfacial resistance belween the composite positive electrode
active material and the solid electrolyte material can be reduced. Also, because the
surface of the positive electrode active material is covered by a reaction suppressor
composed of a polyanion structure-containing compound having a high electrochemical
stability, by using the composite positive electrode active material obtained according to
this aspect of the invention in an all solid-state battery, an increase over time in the
interfacial resistance between the positive electrode aclive material and the solid
electrolyte material can be suppressed.

[0025]  In a fourth aspect, the invention provides a method for manufacturing an
all solid-state battery having a positive electrode active material layer. a negative
electrode active material layer, and a solid electrolyte layer formed between the positive
electrode active material layer and the negative electrode active material layer. The
method includes: forming the positive electrode active material layer by using a
composition which includes the composite positive electrode active material produced by
the composite positive electrode active material manufacturing method according to the
above-described third aspect of the invention.

[0026] In the method for manufacturing an all solid-state battery according to
third aspect of the invention, by using a composite positive electrode active material
obtained by the method for manufacturing a composite positive electrode active material
according to the above-described third aspect of th‘e invention, the interfacial resistance
between the composite positive electrode active material and the solid electrolyte
material can be reduced, enabling a high-power all solid-state battery to be obtained.
Moreover, an increase over time in the interfacial resistance between the positive
electrode active material and the solid electrolyte material can be suppressed, enabling an
all solid-state battery having an excellent durability to be obtained.

[0027] In this invention, as described in the above {irst to fourth aspects. there
can be obtained a composite positive electrode active material which, when used in an all

solid-state battery, is able to reduce the interfacial resistance with a solid electrolyte

D4
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9
material; an all solid-state battery using such a composite positive electrode active

material; a method for manufacturing such a composite positive electrode active material;

and a method for manufacturing such an all solid-state battery.

BRIEF DESCRIPTION OF THE DRAWINGS

[0028] Features, advantages, and the technical and industrial significance of
exemplary embodiments of the invention will be described below with refercnce to the
accompanying drawings, in which like numerals denote like elements, and wherein:

FIG. 1 is a schematic cross-sectional view showing an embodiment of the composite
positive electrode active material according to the invention;

FIG 2 is an explanatory diagram showing an embodiment of the all solid-state
battery of the invention,;

FIG 3 is a flow chart showing an embodiment of the inventive method for
manufacturing a composite positive electrode active material;

FIG. 4 is a graph showing the results of Electron Energy-Loss Spectroscopy in a
Transmission Electron Microscope (TEM-EELS) measurements of composite positive
clectrode active materials obtained in Example 1 and Comparative Examples 1 and 2 of
the invention; and

FIG 5 is a graph showing the results of interfacial resistance measurements for all
solid-state lithium sccondary batteries obtained in Examples 1 and 2 and in Comparative

Examples 1 and 3 of the invention,

DETAILED DESCRIPTION OF EMBODIMENTS
[6029]  Embodiments of the inventive composite positive electrode active
matcrial, all solid-state battery, method for manufacturing a composite positive electrode
active material and method for manufacturing an all solid-state battery are described
below in detail.
(A. Composite Positive Electrode Active Material)

(0030] First, an embodiment of the composite positive electrode active material
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of the invention is described.  The inventive composite positive electrode active material
is a composite positive electrode active material composed of a transition metal-including
positive electrode active material and a reaction suppressor which is formed so as to
cover a surface of the positive clectrode active material and which is made of a polyanion
structure-containing compound ha\’ing a cation moiety composed of a metal atom that
becomes a conducting jon and having a polyanion structural moiety composed of a center
atom that is covalently bonded to a plurality of oxygen atoms. The composite positive
elec_trode active material is characterized in that a transition metal-reducing layer which
has self-assembled on the surface of the positive electrode active material in contact with
the reaction suppressor, and owing to reaction of the transition metal with the polyanion
structure-containing compound, has a thickness of 10 nm or less.

[0031)] FIG. 1 is a schematic cross-sectional view showing an embodiment of the
composite positive electrode active material according to the invention. The composite
positive electrode active material 1 shown in FIG 1 has a positive clectrode active
material 2 and a reaction suppressor 3 formed so as to cover the surface of the positive
electrode active material 2. In FIG. 1, the reaction suppressor 3 is composed of a
polvanion structure-containing compound (e.g., Li;PO4), and a transition metal-reducing
layer 4 having a thickness of 10 nm or less has formed on the surface of the positive
clectrode active material 2 in contact with the reaction suppressor 3. Here, as shown
below, LixPO; has a cation moiety (Li") composed of lithium atoms and a polyanion
structural moiety composed of a phosphorus atom covalently bonded to a plurality of
oxygen atorns (PO:™).

(Formula 1)

® 6O
©
©
(®



10

15

[\P}

U

)

WO 2011/132065 PCT/1IB2011/000866
11

[0032] In this embodiment, because the transition metal-reducing layer formed
on the surface of the positive electrode active material in contact with the reaction
suppressor has a thickness of a predetermined thickness or less, the interfacial resistance
between the reaction suppressor and the positive electrode active material can be reduced,
thus making it possible to reduce the interfacial resistance between the composite positive
electrode active material and the solid electrolyte material when the composite positive
electrode active material of this embodiment is used in an all solid-state battery.
Moreover, because the reaction suppressor composed of a polyanion structure-containing
compound having a high electrochemical stability has been formed so as cover the
surface of the positive clectrode active material, by using the composite positive
electrode active material of this embodiment in an all solid-state battery, the increase over
time in the interfacial resistance between the positive electrode active material and the
solid electrol‘\"‘te material can be suppressed, Because the polyanion structural moiety of
the polvanion structure-containing compound has a center atom which is covalently
bonded with a plurality of oxygen atoms, the electrochemical stability appears to increase.
The composite positive electrode active material of this embodiment is described below
component by component.

(1. Positive Electrode Active Material)

[0033] First, the positive clectrode acti\'e‘maten'al in the present embodiment is
described, The positive electrode active material in this embodiment includes a
transition metal. and varies depending on the type of conducting jon in the target all
solid-state battery. For example, in cases where the composite positive electrode active
material of this embodiment is used in an all solid-state lithijum secondary battery, the
positive clectrode active material inserts and extracts lithium ions. The positive
clectrode active material in this invention generally reacts with the subsequently
described solid electrolyte material (high-resistance layer-forining solid electrolvte
material) to form a high-resistance layer.

[0034) The positive electrode active material in this embodiment is not subject

to any particular limitation, provided it includes a transition metal and reacts with a high
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resistance laver-forming solid electrolyte material to form a high-resistance layer. For
example, it may be an oxide positive electrode active material. By using an oxide
positive ¢lectrode active material, an all solid-state battery having a high energy density
may be obtained. In cases where the composite positive electrode active material of this
embodiment is used in an all solid-state lithium battery, examples of oxide positive
electrode active materials that may be used include positive electrode active materials of
the general formula Li,M,0, (sherein M is a transition metal atom, X is from 0.02 to 2.2,
v is from 1to 2, and z is from 1.4 t0 4). In the above general formula, M is preferably at
least one selected from the group consisting of cobalt, manganese, nickel, vanadium and
iron, and more preferably at least one selected from the group consisting of cobalt, nickel
and manganese. [lustrative examples of such oxide positive electrode active materials
include LiCoO; LidMnOz, LiNiO;, LiVO;,  LiNi;3C0;5Mny 30z, LiMnOq,
Li(NigsMn, 5)O4, Li;FeSiOs and Li;MnSiOs. Examples of positive electrode active
materials other than those of general formula Li,M,O, include olivine-type positive
electrode active materials such as LiFePOs and LiMNnPOy4,

[0035] The positive electrode active material may be in, for example, a
particulate form. Of these, spherical or spheroidal particles are preferred. In cases
where the positive electrode active material is in a particulate form, the average particle
size is preferably within a range of from 0.1 um to 50 um.

(2. Reaction Suppressor)

[0036] Next, the rcaction suppressor in the present embodiment is described.
The reaction suppressor in this embodiment is formed so as to cover the surface of the
positive electrode active material, and is made up of a polyanion structure-containing
compound having a cation molety composed of a metal atom which becomes a
conducting ion and a polyanion structural mbdiety composed of a center atom which is
covalently bonded to a plurality of oxygen atoms. The reaction suppressor has the
function of suppressing reactions between the positive electrode active material and the
high-resistance layer-forming solid electrolyte material that arise during battery use.

Because the polyanion structure-containing compound making up the reaction suppressor
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has a high electrochemical stability compared with common niobium oxides (e.g.,
LiNbO3), an increase over time in the interfacial resistance can be suppressed.

[0037]  The polyanion structure-containing compound making up the reaction
suppressor is now described.  The polyanion structure-containing compound in this
embodiment generally has a cation moiety composed of a metal atom which becomes a
conducting ion, and a polvanion structural mojety composed of a center atom covalently
bonded with a plurality of oxygen atoms.

[0038])  The metal atom in the cation moiety will differ according to the type of
all solid-state battery in which the composite positive electrode active material of this
embodiment is used. Illustrative examples include alkali metal atoms such as lithium
and sodium, and alkaline earth metal atoms such as magnesium and calcium. Of these,
an alkali metal atom is preferred, and lithium is especially preferred. That is, in the
present embodiment, the cation moiety is preferably Li", the reason being that an all
solid-state lithium battery useful in various applications can be obtained.

[0039]) The polyanion structural moiety is composed of a center atom covalently
bonded to a plurality of oxvgen atoms. Because the center atom and the oxygen atoms
are covalently bonded, a high electrochemical stability can be achieved. In this
embodiment, in order to be able to form stable covalent bonds. it is preferable for the
difference between the electronegativity of the center atom and the electronegativity of
the oxygen atoms to be 1.7 or less. Here, in Pauling electronegativity, given that the
electronegativity of an oxygen atom is 3.44, it is preferable for the electronegativity of
the center atom in the polyanion structural moiety to be 1.74 or more. In this
embodiment, in order to form more stable covalent bonds, it is desirable for the center
atom to have an electronegativity of more preferably 1.8 or more,. and even more
preferably 1.9 or more.  For the sake of reference, the Pauling electronegativities of the
elements belonging to groups 12 to 16 of the Periodic Table are shown below.  Although
not shown in the following table, the electronegativity of the element niobium, which is
used in common niobium oxides (¢.g., LiINbQa) is 1.60.

(Table 1)
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| } Group 3

12 T 13 T ae v 15 16|

; | | B | C | N | 0 |

‘; 2 | { 2.04 { 2.558 304 | 344 |

’ | | a1 s, p s
i R . 161 | 190 | 219 | 238
| | T Zn | Ga | Ge As | Se

1 + ] 165 | 18 | 201 218 | 255 |
T e S T

Period | J . 169 | 178 | 196 205 | 210 |

| | | Hg ) T! ‘ Pb Bi ‘ Po |

| 6 1 200 .62 | 233 2.02 200 |

[0040] The polyanion structural moiety in this embodiment is not subject to any
particular lintitation, provided it is composed of a center atom which is covalently bonded
to a plurality of oxvgen atoms. Illustrative examples include PO, Si04*, GeO,* and
BO;™"

[0041]  The reaction suppressor in this embodiment may be made of a composite
compound of the above-described polyanion structure-containing compounds. Any
combinations of the above polvanion anion-containing compounds may be employed as
such a composite compound. Nlustrative examples include LizPO4-LisSiOy,
LisBO2-Li.Si0: and LisPOs-LisGeQs.  Such composite compounds may be formed by
preparing a target having a plurality of polvanion structure-containing compounds, and
carrying out a Plasma Vapor Deposition (PVD) process (e.g., Pulsed Laser Deposition
(PLD) process, sputtering process) using the target.  Alternatively. use may be made of a
liquid plhase process such as a sol-gel process, or a mechanical milling process such as a
ball milling process.

(0042] The reaction suppressor in this embodiment is preferably one composed
of a non-crystalline polyanion structure-containing compound. By wusing a
non-crystalline polyanion structure-containing compound, a thin, uniforin reaction
suppressor can be formed, increasing the coverage and making it possible to fully achieve
the objects of the invention. Because the non-crystalline polyanion structure-containing
compound has a high ionic conductivity, by using the composite positive electrode active

material of this embodiment in an all solid-state battery, a higher battery output can be
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achieved. The non-crvstalline polyanion moiety-containing compound of the invention
can be confirmed by X-Ray Diffraction (XRD) analysis.

[0043) When the composite positive electrode active material of this
embodiment is used in an all solid-state battery, it is preferable for the reaction suppressor
formed by covering the surface of the positive electrode active material to have a
thickness which is of a degree such that reactions between the positive electrode active

material and the solid electrolyte material do not arise, such as preferably in a range of

from 1 mm to 500 nm, and more preferably in a range of from 2 nm to 100 nm. If the

thickness of the reaction suppressor is too small, there is a possibility that the positive
clectrode active material and the solid electrolyte material will react.  On the other hand,
if the reaction suppressor has too large a thickness, there is a possibility that the ion
conductivity will decrease.  To more fully achieve the intended objects and effects of the
invention, it is more preferable for the reaction suppressor to cover a larger surface area
of the positive electrode active material, and even more preferable for the reaction
suppressor to cover the entire surface area of the positive electrode active material.
Specifically, the coverage by the reaction suppressor formed so as to cover the surface of
the positive electrode active material is preferably 20% or more, and more preferably
50% or more.

[0044) Illustrative examples of the method used to form the reaction suppressor
in this embodiment include rotating fluidized-bed coating (a sol-gel process),
mechanofusion, Chemical Vapor Deposition (C\'D) processes and PVD processes.

(3. Transition Metal-Reducing Layer)

[0045]  Next, the transition metal-reducing layer in this embodiment Is described.
The transition metal-reducing laver in this embodiment self-assembles by the reaction of
the transition metal with the polyanion structure-containing compound at the interface
between the positive electrode active material and the reaction suppressor. By catrying
out heat treatment when the reaction suppressor js formed in such a way as to cover the
surface of the positive electrode active material, the transition metal at the surface of the

positive electrode active material and the polyanion structural moiety in the reaction
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suppressor react at an elevated temperature, lowering the valence of the transition metal
at the surface of the positive electrode active material compared with the valence of the
transition metal at the interior (bulk portion) of the positive electrode active material. In
this embodiment, such a region where the valence of the transition metal at the surface of
the positive electrode active material has been lowered in this way is referred to as a
“transition metal-reducing layer.” The thickness of the transition metal-reducing layer
in this embodiment is 10 nm or less, preferably 5 nm or less, and more preferably 1 nm or
less. It is especially preferable for a transition metal-reducing layer to not have formed.
If the transition metal-reducing layer is too thick, the interfacial resistance between the
reaction suppressor and the positive electrode active material becomes large.

[0046]  The thickness of the transition metal-reducing layer varies according to
the temperature of heat treatment when forming the reaction suppressor so as to cover the
surface of the positive electrode active material. Generally, the higher the temperature
of the above heat treatment, the greater the thickness of the transition metal-reducing
layer. Converscly, the lower the temperature of heat treatment, the smaller the thickness
of the transition metal-reducing laver. In this embodiment, the temperature of the above
heat treatment is set in such a way as to result in a transition metal-reducing layer having
a thickness of 10 nm or less.

(4. Composite Positive Electrode Active Material)

(0047] The method for manufacturing the composite positive electrode active
material of this invention may be any method which is capable of obtaining the
above-described composite positive electrode active material, and is not subject to any
particular limitation. An illustrative exampie is the subsequently described “C. Method
for Manufacturing a Composite Positive Electrode Active Material.” Moreover, the
composite positive electrode active material of this embodiment is preferably used as the
positive electrode active material for an all solid-state battery, the reason being that the
interfacial resistance between the positive electrode active material and the solid
electrolyte material can be lowered and the increase over time in the interfacial resistance

between the positive electrode active material and the solid electrolyte material can be
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suppressed. In this way, an all solid-state battery having excellent output characteristics
and durability can be obtained.
(B. All Solid-State Battery)

[0048] Next, an embodiment of the all solid-state battery of the invention is
described. The all solid-state battery of the invention has a positive electrode active
material laver, a negative clectrode active material layer, and a solid electrolyte Javer
formed between the positive electrode active material layer and the negative electrode
active material layer. The positive electrode active material layer is characteriz?d by
including the above-described composite positive electrode active material, and is also
characterized in that the composite positive clectrode active material is in contact with a
high-resistance layer-forming solid electrolyte material that reacts with the positive
electrode active material to form a high-resistance layer,

(0049) FIG 2 is an cxplanatory diagram showing an embodiment of a
power-generating element in the all solid-state battery of the invention. The
power-generating element 20 shown in FIG 2 has a negative electrode active material
laver 12, a positive clectiode active material layer 11, and a solid electrolyte layer 13
formed between the positive electrode active material laver 11 and the negative electrode
active material laver 12, In addition, the positive electrode active material layer 11 has a
composite positive electrode active material 1 and a high-resistance layer-forming solid
electrolyte material § which reacts with the positive electrode active material 2 to form a
high-resistance layer. In FIG. 2, a transition metal-reducing layer 4 having a thickness
of 10 nm or less has formed at the surface of the positive electrode active material 2
which comes into contact with the reaction suppressor 3, and the reaction suppressor 3 is
made of a polvanion structure-containing compound (e.g., LizPO.).

[0050] In this embodiment, by using the above-described composite positive
electrode active material, the interfacial resistance between the reaction suppressor and
the positive electrode active material can be reduced. Accordingly, the interfacial
resistance between the composite positive electrode active material and the solid

electrolyte material can be reduced, making it possible to achieve a high-output all
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solid-state battery. Moreover, because a reaction suppressor composed of a polyanion
structure-containing compound having a high electrochemical stability is present at the
interface between the positive electrode active material and the high-resistance
layer-forming solid electrolyte material, the reaction suppressor is able to suppress the
reaction of the positive electrode active material with the high-resistance layer-forming
solid electrolyte material,  In this way, an increase over time in the interfacial resistance
between the positive electrode active material and the solid electrolyte material can be
suppressed, enabling an all solid-state battery having an excellent durability to be
obtained. The all solid-state battery of this embodiment is described below component
by component,

(1. Positive Electrode Active Mateyial Layver)

(0051] First, the positive electrode active material layer in this embodiment is
described. The positive electrode active material layer in this embodiment is a layer
containing at least the above-described composite positive clectrode active material. It
may optionally include at least one of a solid electrolyte material an a conductive material,
In this embodiment, in order to be able to increase the ionic conductivity of the positive
electrode active material laver, it is especially preferable for the solid electrolyte material
included in the positive electrode active material layer to be a high-resistance
laver-forming solid electrolyte material.

(1-1. Composite Positive Electrode Active Material)

[0052] Because the composite positive electrode active material used in this
embodiment is essentially the same as that in the above-described “A. Composite
Positive Electrode Active Material,” a description is omitted here. The content of the
composite positive electrode active material in the positive electrode active material layer
is preferably in a range of from 10 mass % to 99 mass %, and more preferably in a range
of from 20 mass % to 90 mass .

(1-2. High-Resistance Laver-Forming Solid Electrolyte Material)
[0053] In the present embodiment, to enhance the fonic conductivity of the

positive clectrode active material layer, the positive electrode active material layer
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preferably includes a high-resistance laver-forming solid electrolyte material.  The
high-resistance layer-forming solid electrolyte material used in this embodiment
generally reacts with the above-described positive electrode active malterial to form a
high-resistance layer. Formation of the high-resistance layer can be confirmed by
Transmission Electron Microscopy (TEM) or Energy Dispersive X-ray spectroscopy
(EDX).

[0054) In this embodiment, it is preferable for the high-resistance laver-forming
solid electrolyte material to include a crosslinked chalcoger}, the reason being that the
jonic conductivity is high and the ionic conductivity of the positive electrode active
material layer can be enhanced, making it possible to achieve a higher battery output.
On the other hand, in crosslinked chalcogen-containing solid electrolyte materials,
because crosslinked chalcogen has a relatively low electrochemical stability, it reacts with
common reaction suppressors (e.g., reaction suppressors made of LiNbQs) and tends to
form a high-resistance layer, which is believed to lead to a marked rise over time in the
interfaciel resistance. By contrast, because the reaction suppressor in this embodiment
has a high electrochemical stability, the reaction suppressor does not readily react with a
crosslinked chalcogen-containing solid electrolyte material, and is thus able to suppress
formation of a high-resistance layer. It is thought that, in this way, an increase over time
in the interfacial resistance can be suppressed while the ion conductivity is increased.

[(0055] In this embodiment, in order to obtain a solid electrolvte material having
an excellent jonic conductivity, the above crosslinked chalcogen is preferably crosslinked
sulfur (-S-) or crosslinked oxvgen (-O-), and more preferably crosslinked sulfur.
Iilustrative examples of crosslinked suifur-containing solid electrolyte materials include
Li-P5S1;, 0.6LizS-0.,48iS; and 0.6Li;S-0.4GeS;. Here, Li-P3Sy; is a solid electrolyte
material having a PS;-S-PS; structure and a PS; structure, the PS3;-S-PS; structure
containing crosslinked sulfur.  Thus, in this embodiment, to fully achieve the objects of
the invention, it is preferable for the high-resistance layer-forming solid electrolyvte
material to have a PS;-S-PS; structure.  Illustrative examples of solid electrolyte

materials containing a crosslinked oxygen include 95(0.6Li,S-0.4SiS;)-5Li:Si0y,
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95(0.67L1;5-0,33P;85)-5Li3P0y4 and 95(0.6Li;S-0.4GeS;)-5Li: POy,

[0056] In cases where the high-resistance laver-forming solid electrolyte
material is a material which does not contain a crosslinked chalcogen, illustrative
examples include LijaAlgsTii~(POs)s,  LiysAlgaGey-(POs);,  0.8L1,S-0.2P2Ss  and
LiaosGeq2:Po~sSy.  In this embodiment, a sulfide solid electrolvte material or an oxide
solid electrolvte material may be used as the high-resistance layer-forming solid
electrolyte material.

[0057]  The high-resistance layer-forning solid electrolyte material may be in
the form of particles, for example. Of these, spherical or spheroidal particles are
preferred. In cases where the high-resistance layer-forming solid electrolyte material is
in a particulate form, the average particle size is preferably within a range of from 0.1 pm
t0 50 um, The content of the high-resistance layer-forming solid electrolyte material in
the positive electrode active material layer is preferably in a range of from 1 mass % to
90 mass €0, and more preferably in a range of from 10 mass % to 80 mass .

[0058] In this embodiment, the above-described reaction suppressor may be
formed in such a way as to cover the surface of the high-resistance layer-forming solid
electrolvte material.

(1-3. Positive Electrode Active Material Layer)

[0059] The positive electrode active material layer in this embodiment may also
include a conductive material. By adding a conductive material, the conductivity of the
positive electrode active material layer can be improved. Illustrative examples of
conductive materifals include acetylene black, Ketjenblack and carbon fibers. The
content of the conductive material in the positive electrode active material layer, although
not subject to any particular limitation, is preferably in a range of from 0.1 mass % to 20
mass %. The thickness of the positive electrode active material layer varies according
to the intended object and the type of the all solid-state battery, but is preferably in a
range of, for example, from I um to 100 um.

(2. Solid Electrolyte Laver)

[0060] Next, the solid electrolyte layer in this embodiment is described. The
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solid electrolyte laver in this embodiment is a layer which includes at least a solid
electrolyte material.  As explained above, in cases where the positive electrode active
meaterial layer includes a high-resistance layer-forining solid electrolyte material, the solid
clectrolyte material used in the solid electrolyte layer is not subject to any particular
limitation, and mnay be a high-resistance layer-forining solid electrolyte material or may
be some other type of solid electrolyte material.  On the other hand, in cases where the
positive electrode active material layer does not include a high-resistance layer-forming
solid electrolyte material, the solid electrolyte layer generally includes a high-resistance
laver-forming solid electrolyte material. In particular, in this embodiment, 1t is
advantageous for both the positive electrode active material layer and the solid electrolyte
layer to contain a high-resistance layer-forming solid electrolyte material because the
desired objects and effects of the invention can thereby be fully achieved., Also, it is
advantageous for the solid electrolyte material used in the solid electrolyte layer to be
sblely a high-resistance layer-forming solid electrolyte material.

[0061] The high-resistance layer-forming solid electrolyte material is essentially
the same as that in the above-described “1. Positive Electrode Active Material Layer”
Regarding a solid electrolyte material other than a high-resistance layer-forming solid
electrolyte material, a material similar to the solid electrolyte material used in ordinary all
solid-state batteries may be used.

[0062] In this embodiment, in cases where the solid electrolyte layer includes a
high-resistance layer-forming solid electrolyte material, the composite positive electrode
active material of the positive electrode active material layer and the high-resistance
laver-forming solid electrolyte material of the solid electrolyte layer come into mutual
contact. At this time, it is acceptable for a reaction suppressor to be formed so as to
cover the surface of the high-resistance layer-forming solid electrolyte material, or for a
reaction suppressor to not be formed.

[0063] The solid electrolvte layer in this embodinient has a thickness in a range
of, for exainple, preferably from 0.1 pm to 1,000 wm, and more preferably from 0.1 um

to 300 um.
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(3. Negative Electrode Active Material Layer)

[0064] Next, the negative electrode active material layer in this embodiment is
described. The negative electrode active material layer in this embodiment is a layer
which includes at least a negative electrode active material, and which may optionally
include at least one of a solid electrolyte material and a conductive material. The
ncgative electrode active material varies depending on the type of conducting ion in the
target all solid-state battery, and is exemplified by metallic active materials and
carbonaceous active materials.  Ilustrative examples of metallic active materials include
indium, aluminum silicon and tin. Illustrative examples of carbonaceous active
materials include MesoCarbon MicroBeads (MCMB), Highly Oriented Pyrolytic
Graphite (HOPG), hard carbon and soft carbon. The solid electrolyte material and the
conductive material used in the negative electrode active material layer are similar to
those used in the above-described positive electrode active material. The negative
electrode active material layer has a thickness in a range of, for example, from 1 um to
200 um.

(4. Other Components)

[0065] The all solid-state battery of this embodiment includes at least the
above-described positive electrode active material layer, solid electrolvte layer and
negative electrode active material layer. In addition, it generally includes a positive
clectrode current collector which carries out positive electrode active material layer
current coliection, and a negative electrode current collector which carries out negative
electrode active material layer current collection, Illustrative examples of the positive
clectrode current collector material include SUS stainless steel, aluminum, nickel, iron,
titanium and carbon.  Of these SUS stainless steel is preferred.  Illustrative examples of
the negative electrode current collector material include SUS stainless steel, copper,
nickel and carbon. Of these SUS stainless steel is preferied. It is preferable for the
thickness, shape and other characteristics of the positive electrode current collector and
the negative electrode current collector to be suitably selected according to such

considerations as the intended use of the all solid-state battery. An ordinary battery case
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for all solid-state batteries may be used as the battery case employed in this embodiment.
Illustrative examples of the battery case include battery cases made of SUS stainless steel.
In the all solid-state battery of this embodiment, the power-generating element may be
one that is formed at the interior of an insulating ring.

5 (5. All Solid-State Battery)

[0066] In this embodiment, by using the above-described composite positive
electrode active material, because this includes a reaction suppressor made of a polyanion
structure-containing‘compoun'd which has a high electrochemical stability at the interface
between the positive electrode active material and the solid electrolyte material, the type

10  of conducting ion is not subject to any particular limitation. [lustrative examples of the
type of all solid-state battery in this embodiment include all solid-state lithium batteries,
all solid-state sodium batteries, all solid-state magnesium batteries and all solid-state
calcium batteries, Of these, all solid-state lithium batteries and all solid-state sodium
batteries are preferred. All solid-state lithium batteries are especially preferred. The

all solid-state battery of this embodiment may be a primary battery or a secondary battery,
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n

although it is preferably a secondary battery because such a battery can be repeatedly

charged and discharged, making it useful as, for example, an automotive battery.

Ilustrative examples of the shape of the all solid-state battery of this embodiment include

coin-type, laminated, tubular, and rectangular batteries. Of these, rectangular and
20  laminated batteries are preferred, and laminated batteries are especially preferred.

[0067) No particular limitation is imposed on the method for manufacturing the
all solid-statc battery of this embodiment, provided the method is one which is capable of
obtaining the above-described all solid-state battery. Use may be made of a method
similar to an ordinary mcthod for manufacturing all solid-state batteries. One

embodiment of a method for manufacturing an all solid-state battery is explained in detail

N
n

in the subsequently described “D. Method for Manufacturing an All Solid-State Battery.”
(C. Method for Manufacturing Compesite Positive Electrode Active Material)
[0068] Next, an embodiment of the inventive method for manufacturing a

composite positive electrode active material is described. The inventive method for
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manufacturing a composite positive electrode active material is a method for
manufacturing a composite positive electrode active material which includes a transition
metal-containing positive electrode aclive material and a reaction suppressor which is
formed so as to cover a surface of the positive electrode active material and which is
made of a polyanion structure-containing compound having a cation moiety composed of
a metal atom that becomes a conducting ion and having a polvanion structural moiety
composed of a center atom that is covalenily bonded to a plurality of oxygen atoms.
This method is characterized by including the steps of preparing a reaction
suppressor-forming coating solution which includes a hydrolyzable metal compound
having the cation moiety and a compound having the polvanion structural mojety
(referred to subsequently as “the preparation step of this embodiment”), covering the
surface of the positive electrode active inaterial with the reaction suppressor-forming
coating solution (referred to subsequently as “the covering step of this embodiment”),
and heat-treating, at a temperature of 300°C or less, the positive electrode active material
that has been covered on the surface thereof with the reaction suppressor-forming coating
solution, so as form the reaction suppressor (referred to subsequently as “the heat
treatment step of this embodiment™).

[0069] In this invention, by using heat treatment at a predetermined temperature
to form a reaction suppressor in such a way as to cover the surface of the positive
electrode active material, the transition metal-reducing layer that has formed on the
surface of the positive electrode active material in contact with the reaction suppressor
can be made thin, making it possible to obtain a composite positive electrode active
material that iIs able to reduce the interfacial resistance between the reaction suppressor
and the positive electrode active material, In this way, when the composite positive
electrode active material obtained according to this invention is used in an all solid-state
battery, the interfacial resistance between the composite positive electrode active material
and the solid electrolyte material can be lowered, Also, because the surface of the
positive electrode active material is covered by the reaction suppressor composed of a

polyanion structure-containing compound having a high electrochemical stability, by
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using the composite positive clectrode active iaterial obtained according to this
invention in an all solid-state battery, a rise over time in the interfacial resistance between
the positive electrode active material and the solid electrolyte material can be suppressed.

[0070] FIG. 3 is a flow chart illustrating an embodiment of the inventive method
for manufacturing a composite positive electrode active material. In FIG 3, fiist a
reaction suppressor-forming coating solution is prepared, which solution includes a
hydrolyzable metal compound having a cation moiety composed of a inetal atom which

becomes a conducting ion and a compound having a polvanion structural moiety

_composed of a center atom covalently bonded to a plurality of oxygen atoms (preparation

step).  The surface of the transition metal-containing positive electrode active material is
then covered with the reaction suppressor-forming coating solution (covering step).
Next, the positive electrode active material which has been covered on the surface thereof
with the reaction suppressor-forming coating solution is heat-treated at a temperature of
300°C or less to form a reaction suppressor (heat treatiment step).  In this way, there can
be obtained a composite positive electrode active material composed of a transition
metal-containing positive electrode active material and a reaction suppressor which is
formed so as to cover a surface of the positive electrode active material and which is
made of a polyanion structure-containing compound having a cation moiety composed of
a metal atom that becomes a conducting fon and having a polvanion structural moiety
composed of a center atom that is covalently bonded to a plurality of oxygen atoms.
The method for manufacturing a composite positive electrode active material according
to this embodiment is described below step by step.

(1. Preparation Step)

[0071] First, the preparation step in this embodiment is described. The
preparation step in this embodiment is a step in which a reaction suppressor-forming
coating solution is prepared, which solution includes a hydrolyzable compound having a
cation moiety composed of a metal atom that becomes a conducting ion, and also
includes a compound having a pulvanion structural moiety composed of a center atom

covalently bonded to a plurality of oxygen atoms or a compound that forms such a
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polvanion structural moiety by reaction. The reaction suppressor-forming coating
solution prepared by this step becomes a sol via hydrolysis and polycondensation
reactions on the above-described compounds included therein, and becomes gelatinous
when the polycondensation reaction and agglomeration proceed further. Because the
cation moiety and the polyanion structural moiety are substantially the same as those
described under “A. Composite Positive Electrode Active Material,” a description is
omitted here.

[0072] The hydrolyzable metal compound having a cation moiety which is used
in this step contains a cation moiety composed of a metal atom that becomes a
conducting ion. The compound is not subject to any particular limitation, provided it is
a metal compound which is hydrolyzable, and may differ according to the target
composite positi?e electrode active material.  The hydrolyzable metal compound having
such a cation moiety is exemplified by metal alkoxides. Ilustrative examples of metal
alkoxides, in cases where the cation moiety is Li*? include lithiumn ethoxide, lithium
methoxide and lithium propoxide. The concentration of the hydrolyzable metal
compound having a cation moiety which is included in the reaction suppressor-forming
coating solution is suitably selected according to the target composite positive electrode
active matérjal.

[0073] The compound having a polyanion structural moiety used in this step is
not subject to any particular limitation, provided it has a polyanion structural moiety
composed of a center atom covalently bonded to a plurality of oxygen atoms, and may
differ depending on the target composite positive electrode active material. In cases
where the polyanion structural moiety is PO:™, the compound having such a polyanion
structural moiety is exemplified by phosphoric acid esters. [Illustrative examples of
phosphoric acid esters include triethyl phosphate and trimethyl phosphate. In cases
where the polvanion structural moiety is SiO.*, the compound having a polvanion
structural moiety is exemplified by silane alkoxides. Iliustrative examples of silane
alkoxides include tetracthoxvsilane and tetramethoxysilane. The concentration of the

compound having a polyanion structural moiety which is included in the reaction
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suppressor-forming coating solution is suitably selected according to the target composite
positive electrode active material.

[0074) In this step, the reaction suppressor-forming coating solution is generally
prepared by dissolving or dispersing the hydrolyzable metal compound having a cation
moiety and the compound having a polyanion structural moiety in a solvent. The
solvent used in this step is not subject to any particular limitation, provided it is able to
dissolve or disperse the hydrolyzable metal compound having a cation moiety and the
compound having a polyanion structural moiety, and provided it can be removed at a
temperature of 300°C or less. Illustrative examples include ethanol, propanol and
methanol.

[0075]  In this step, any additive mayv be optionally added to the reaction
suppressor-forming coating solution,

(2. Covering Step)

[0076] Next, the covering step in this embodiment is described. The covering
step in this embodiment is a step in which the surface of the transition metal-containing
positive electrode active material is covered with a reaction suppressor-forming coating
solution. As described above, the reaction suppressor-forming coating solution prepared
in the preparation step passes through a sol state and enters a gelatinous state.  In this
step, the gelatinous reaction suppressor-forming coating solution is coated onto and
covers the suirface of the positive clectrode active material. Because the transition
metal-containing positive electrode active material used may be substantially the same as
that described under “A, Conﬁposition Positive Electrode Active Material.” a description
is omitted here.

[0077] In this step, the film thickness of the reaction suppressor-forming coating
solution which covers the surface of the positive electrode active material is suitably
selected according to the target thickness of the reaction suppressor and is preferably, for
example, in a range of from 0.1 nm to 500 nm, and more preferably in a range of from 1
nm to 100 nm. In this step, the surface of the positive electrode active material is

covered with a reaction suppressor-forming coating solution. However, to better
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achieve the objects and effects of this invention, it is preferable to cover more of the
surface area of the positive electrode active material, and more preferable to cover all the
surface of the positive electrode active material.  Specifically, the reaction
suppressor-forming coating solution which covers the surface of the positive electrode
active material has a coverage of preferably 20 or more, and more preferably 50% or
more.

{0078] In this step, after the surface of the positive electrode active material has
been covered with the reaction suppressor-forming coating solution, the positive
electrode active material may be dried with hot air. By removing the solvent through
drying in this way, a reaction suppressor which covers the surface of the positive
electrode active material can be efficiently formed in the subsequently described heat
treatment step.

(3. Heat Treatment Step)

[0079] Next, the heat treatment step in this embodiment is described.  The heat
treatment step in this embodiment is a step wherein the positive electrode active material
that has been covered on the surface thereof with a reaction suppressor-forming coating
solution :s heat-trcated at a temperature of 200°C or less and formed so as to cover the
swiface of the positive electrode active material, thereby forming a reaction suppressor
composed of a polvanion structure-containing compound having the above-described
cation moiety and the above-described polyanion structural moiety, In this step,
carrying out hcat treatment removes the solvent remaining at the interior of the gelatinous
reaction suppressor-forming coating solution that has been applied in the covering step
and promotes densification, creating a thin film (reaction suppressor) which covers the
surface of the positive elcctrode active material.

(0080] In :his step, by heat-treating at a temperature of 300°C or less the
positive electrode active material which has been covered on the surface thereof with a
reaction suppressor-forming coating solution, reactions between the positive electrode
active material and the reaction suppressor can be suppressed, enabling the thickness of

the transition metal-reducing laver formed on the surface of the positive electrode active
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material in contact with the reaction suppressor to be set to 10 nm or less.  In this way,
the interfacial 1esistance between the reaction suppressor and the positive clectrode active
material can be reduced. The heat treatment temperature in this step is 300°C or less,
and is preferably set in a range of from 150°C to 300°C, and more preferably set in a
range of from 200°C to 300°C.

[0081) The heat treatment time in this step is typically in a range of from 0.5
hours to 48 hours, and preferably in a range of from 1 hour to 10 hours.

[0082] The hcat treatment atmosphere in this step is not subject to any particular
limitation, provided it is an atmosphere in which the target reaction suppressor may be
formed and is not an atmosphere which is detrimental to the composite positive electrode
active material, Illustrative examples include inert gas atmospheres such as an open-air
atmosphere, a nitrogen atmosphere or an argon atmosphere; reducing atmospheres such
as an ammonia atmosphere, a hydrogen atmosphere or a carbon monoxide atmosphere;
ard a vacuum,

(4. Other Steps)

[0083] In this embodiment, by passing through the above steps, a composite
positive electrode active material in which a reaction suppressor has been formed so as to
cover the surface of a positive electrode active material can be obtained by a sol-gel
process. Because the sol-gel process is a wet process which uses a solvent-based
precursor, the reaction suppressor can easily be formed so as to cover more of the suiface
area of the positive electrode active material surface. Moreover, because the sol-gel
process is a chemical process, compared with a process that involves covering the surface
of the positive electrode active material by means of physical forces which are
mechanical, such as a mechanical milling process, the bonds between the positive
electrode active material and the reaction suppressor are strong, making it possible to
obtain a composite positive electrode active material in which delamination of the
reaction suppressor formed so as to cover the surface of the positive electrode active
material does not readily occur,

(D. Method for Manufacturing an All Solid-State Battery)
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[(0084] Ncxt, an embodiment of the inventive method for manufacturing an all
solid-state Dbattery Is described. The inventive method for manufacturing an all
solid-state battery is a method for manufacturing an all solid-state battery which has a
positive electrode active material laver, a negative electrode active material layer, and a

solid electrolyte layer formed between the positive electrode active material layer and the

n

negative ¢lectrode active material layer. This method is characlerized by including the

step of forming the positive electrode active material layer by using a composition which

includes the composite positive electrode active material produced by the

above-described comiposite positive electrode active material manufacturing method

10 (which step is the subsequently described positive electrode active material layer-forming
step of this cmbodiment).

[G08S) In this step, by using a composite positive electrode active material
obtained by the above-described composite positive electrode active material
imanufacturing method, the interfacial resistance between the composite positive

5 clectrode active material and the solid electrolyte material can be reduced, enabling an all
solid-state battery having a high output to be obtained. Moreover, an increase over time
in the interfacial resistance between the positive electrode active material and the solid
electrolyte material can be suppressed, enabling an all solid-state battery having excellent
durability to be obtained. The method for marufacturing an all solid-state batiery of the

20 present embodiment is described below step by step.

(1. Positive Electrode Active Material Layer-Forming Step)

[0086] First, the positive electrode active material layer-forming step in this
embodiment is described. The positive electrode active material layer-forming step in

this embodiment is the step of forming a positive electrode active material layer by using

1

25  a composition containing the composite positive electrode active material manufactured
by the above-described composite positive electrode active material manufacturing
method.

[0087] The positive electrode active material layer-forming method s

exemplified by a pressing method. Also, the composition may be one which includes
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the above-described composite positive electrode active material, and may optionally
include at least one of a solid electrolvte material and a conductive material.
Descriptions of the composite positive electrode active material, the solid electrolyte
material, the conductive material, the thickness of the positive electrode active material
layer and the like are omitted here because these are substantially the same as what has
already been described above under “A. Composite Positive Electrode Active Material”
and “B. All Solid-State Battery.”

(2. Solid Electrolyte Layer-Forming Step)

10088] In this embodiment, aside from the above-described step, a solid
electrolyte layer-forming step which forms a solid electrolyte layer by using a solid
electrolyte material is generally carried out. The solid electrolyte layer-forming method
is exemplified by a pressing method. It suffices for this composition to include at least a
solid electrolyte material, although it is preferable for this composition to include only a
solid electrolyte material. Descriptions of the solid electrolyte material, the thickness of
the solid clectrolyte layer and the like are omitted here because these are substantially the
same as what has already been described above under “B. All Solid-State Battery,”

(3. Negative Electrode Active Material Layer-Forming Step)

[0089] In this embodiment, aside from the above steps, a negative electrode
active material layer-forming step which wuses a negative electrode active
material-containing composition to form a negative electrode active material layer is
generally carried out.  The negative electrode active material layer-forming method is
exemrplified by a pressing method. The above composition is one which includes a
negative electrode active material, and may also optionally include at least one of a solid
electrolyte material and a conductive material. Descriptions of the negative electrode
active material, solid electrolyte material, conductive material, the thickness of the
negative electrode active material layer and the like are omitted here because tbese are
substantially the same as what has already been described above under “B. All
Solid-State Battery.”

(4. Other Steps)
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[0090]  Aside from the above-described steps, this embodiment may also include,
for example, the steps of disposing a positive electrode current collector on a surface of
the positive electrode active material layer, disposing a negative electrode current
collector on a swiface of the negative electrode active material layer, and placing a
power-generating element within a battery case. Descriptions of the positive electrode
current collector, the negative electrode current collector, the battery case and the like are
omitted here because these are substantially the same as what has already been described
above under “B. All Solid-State Battery.”

[0091] The invention is not limited to the foregoing embodiments, which have
been provided here by way of illustration. It is to be understood that all other
embodiments having an arrangement which is substantially the same as the technical
concepts set forth in the claims and exhibiting similar effects and advantages are
encompassed by the technical scope of this invention.

[0092] The invention is described more fully in the following examples.
(Example 1)

(Production of a Composite Positive Electrode Active Material)

[0093] First, a rcaction suppressor-forming coating solution was prepared by
mixing lithium ethoxide, triethyl phosphate and tetreethoxysilane in ethanol in such a
wa\v as to set the molar ratio Li:P:Si to 7:1:1.  This reaction suppressor-forming coating
solution was then coated onto a positive electrode active material (LiCoQO;) to a thickness
of 10 nm with a coating apparatus that employs a rotating fluidized bed. and dried with
hot air. Next, the LiCoO; powder on which the reaction suppressor-forming coating
solution had been coated was heat-treated in the open air for 5 hours at 300°C, thereby
forming a reaction suppressor composed of Li;PO;-LisSiO; which had a thickness of 10
nm and a coverage of 50%. In this way, there was obtained a composite positive
electrode active material composed of LiCoO; whose surface was covered with the above
reaction suppressor.

(Production of an All Solid-State Lithium Secondary Batlery)

[0094] First, Li-P3Sy; (a crosslinked sulfur-containing solid electrolyte material)
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was obtained by a method similar to the method described in Japanese Patent Application
Publication No. 2003-228570 (JP-A-2005-228570). Li-P:S;; is a solid electrolyte
material having a PS3-S-PS; structure and a PS. structure. Next, using a pressing
machine, a power-generating element 20 like that shown in FIG. 2 above was produced.
A positive electrode blend obtained by mixing the above composite positive clectrode
active material and Li-P3S;; in a weight ratio of 7:3 was used as the positive electrode
active material layer 11, indium foil was used as the material making up the negative
electrode active material laver 12, and Li-P2S;; was used as the: material making up the
solid electrolyte layer 13. Using this power-generating element, an all solid-state
Jithium secondary battery was obtained.

(Example 2)

[0095])  Other than setting the heat-treatment temperature during production of
the composite positive electrode active material to 200°C, an all solid-state lithium
secondary battery was obtained in the same way as in Example 1.

(Comparative Example 1)

[0096] Other than setting the heat-treatment temperature during production of
the composite positive electrode active material to 400°C, an all solid-state lithium
secondary battery was obtained in the same way as in Example 1.

(Comparative Example 2)

[0097] Other than carrving out production of the composite positive electrode
active material as described below, an all solid-state lithium secondary battery was
obtained in the same way as in Example 1.  First, commercial Li:PO; and LisSi0y were
blended together in a 1:1 molar ratio, and the resulting blend was pressed into pellets.
Using these pellets as a target, a reaction suppressor composed of LizPO;-LiSiO4 having
a coverage of 509 was formed on the positive electrode active material (LiCoO3) by the
PLD process to a thickness of 20 nm. This gave a composite positive electrode active
material which was composed of LiCoO; covered on the surface thereof with the above
reaction suppressor.

(Comparative Example 3)
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[0098] Other than setting the heat-treatment temperature during production of
the composite positive electrode active material to 350°C, an all solid-state lithium
secondary battery was obtained in the same way as in Example 1.

(Evaluation 1)

[0099] Cross-sections of the composite positive eclectrode active materials
obtained in Example 1 and Comparative Examples 1 and 2 were analyzed by TEM-EELS,
and the cobalt valence near the LiCoO; surface in contact with LisPO4-LisSi0O, was
deterinined. The results are shown in FIG 4, It _shou]d be noted that, in FIG 4, the
value on the vertical axis becomes larger as the cobalt valence becomes smaller.

(0100]  As shown in FIG 4, compared with the composite positive electrode
active materials in Comparative Examples 1 and 2, the distance from the surface to the
boundary where the cobalt valence changes was confirmed to be small for the composite
positive electrode active material in Example 1. As described above, because the
transjtion imetal-reducing layer is a region where the transition metal valence at the
surface of the positive electrode active material has decreased relative to the transition
metal valence at the interior (bulk) of the positive electrode active material, the thickness
of the transition metal-reducing layer may be set as the distance from the surface to the
boundary where the cobalt valence changes. Accordingly, the thickness of the transition
metal-reducing layer in Example 1 was 10 nm, and the thickness of the transition
metal-reducing lavers in Comparative Examples 1 and 2 were 15 nm. The reason
appears to be that, in Example 1, by covering the surface of the positive electrode active
material with a reaction suppressor-forming coating solution via a sol-gel process (a
coating method involving the use of a rotating fluidized bed) and carrying out heat
treatment at a temperature of 300°C or less, it was possible to make the thickness of the
transition imetal-reducing layer smaller than the thicknesses of this layer in Comparative
Examples 1 and 2.

(Evaluation 2)
[0101] Using the all solid-state lithjum secondary batteries obtained in

Examples 1 and 2 and Comparative Examples 1 to 3, measurements of the interfacial
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resistance were carried out.  First, charging of the all solid-state lithium secondary
battery was carried out, Charging involved carrying out low-current charging at 3.34 V
for 12 hours. After charging, the interfacial resistance between the positive electrode

active material layer and the solid electrolyte laver was determined by impedance

5 measurement. The impedance measurement conditions were set at a voltage amplitude
of 10 mV, a measurement frequency of from 1 MHz to 0.1 Hz, and a temperature of 25°C.
The results are shown in Table 2. Results other than those for Comparative Example 2
are shown in FIG, 5.
(Table 2)
{ '
‘} | Coati hod Heat treatment | t Thxlf.kness ?fl . Interfacial
| oating metno | temperature ransi l‘on metal- resistance
| | j . reducing layer \
Example 1 " sol-gel process | 300°C 10 nm | 1410
Examnple 2 | sol-gel process 200°C | 164 Q
Comp. Ex. 1 sol-gel process 400°C i 15 nm 334 Q
' Comp. Ex. 2 PLD process | - | 15 nm 731Q
| Comp.Ex.3 | sol-gel process | 350°C | 295 Q
10

(0102] As shown in Table 2 and FIG. 5, the all solid-state lithium secondary
batteries of Examples 1 and 2 were confirmed to have low interfacial resistance values
compared with the all solid-state lithium secondary batteries of Comparative Examples 1
to 3. The reason appears to be that, in Examples 1 and 2, by covering the surface of :he

15 positive electrode active material with a reaction suppressor-forming coating solution via
a sol-gel process (a coating method involving the use of a rotating tluidized bed) and
carrying out heat treatment at a temperature of 300°C or less, it was possible to set the

thickness of the transition metal-reducing layer to 10 nm or less.
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CLAIMS:
1. Acomposite positive electrode active material including: a positive electrode active
material which includes a transition metal; and a reaction suppressor which is formed so
as to cover a surface of the positive electrode active material. and which is made of a
polvanion structure-containing compound having a cation moiety composed of a metal
atom that becomes a conducting ion and having a polyanion structural moiety composed
of a center atom that is covalently bonded to a plurality of oxygen atoms, thc composite
positive electrode active material _characterfzed in that

a transition metal-reducing layer which has self-assembled on the surface of the
positive electrode active material in contact with the reaction suppressor owing to
reaction of the transition metal with the polyanion structure-containing compound, has a

thickness of 10 nm or less.

2. The composite positive electrode active material according to claimm 1, wherein the
positive electrode active material is an oxide positive clectrode active material.,

~

3. The compositc positive elecirode active material according to claim 1 or claim 2,

wherein the cation moiety is Li”,

4. The composite positive clectrode active material according to any one of claims 1 to
3, wherein the polvanion structural moiety is at least one selected from the group

consisting of PO, Si0s*, GeO,* and BO;™.

5. The composite positive electrode active material according (0 claim 4, wherein the

polyanion structural moiety is at least one selected from the group consisting of PO,* and

Sio.*,

6. The composite positive electrode active material according to any one of claims 1 to

wherein the reaction suppressor is made of a non-crystalline polyanion

wn
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structure-containing compound.

7. The composite positive electrode active material according to any one of claims 1 to
0, wherein the center atom of the polyanion structural moiety has an electronegativity of

1.74 or more.

8. The composite positive electrode active material according to anv one of claims 1 to

7, wherein the reaction suppressor has a thickness in a range of from 1 nm to 500 nm.

9. The composite positive electrode active material according to any one of claims 1 to
8, wherein the reaction suppressor which covers the surface of the positive electrode

active material has a coverage of 50% or more,

10, An all solid-state battery including: a positive electrode active material layer; a
negative electrode active inaterial layer; and a solid electrolyte layer formed between the
positive electrode active material layer and the negative electrode active material layer,
the all solid-state battery characterized in that

the positive electrode active material layer includes the composite positive electrode
active material according to any one of claims 1 to 9, and

the composite positive electrode active material is in contact with a high-resistance
layer-forming solid electrolyte material which reacts with the positive electrode active

mmaterial so as to form a high-resistance lavyer.

11. The all solid-state battery according to claim 10, wherein the high-resistance

layer-forming solid electrolyte material includes a crosslinked chalcogen,

12. The all solid-state battery of claim 11, wherein the crosslinked chalcogen is

crosslinked sulfur or crosslinked oxygen.
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13. A method for manufacturing a composite positive electrode active material
including a positive electrode active material which includes a transition metal, and a
reaction suppressor which is formed so as to cover a surface of the positive electrode
active material and which is made of a polyanion structure-containing compound having
a cation moiety composed of a metal atom that becomes a conducting ion and having a
polvanion structural moiety composed of a center atom that is covalently bonded to a
plurality of oxygen atoms, the manufacturing method characterized by comprising:

preparing a reaction suppressor-forming coating solution which includes a
hydrolyzable metal compound having the cation moiety and a compound having the
polyanion structural moiety;

covering the surface of the positive electrode active material with the reaction
suppressor-forming coating solution; and

heat-treating, at a temperature of 300°C or less, the positive electrode active

material whose surface has been covered with the reaction suppressor-forming coating

solution so as to form the reaction suppressor.

14, A mcthod for manufacturing an all solid-state battery including a positive electrode
active material layer, a negative electrode active material layer, and a solid electrolyvte
layer formed between the positive electrode active inaterial layer and the negative
electrode active material layer, the manufacturing method characterized by comprising:
forming the positive electrode active material layer by using a composition which
includes the composite positive electrode active material produced by the composite

positive electrode active material manufacturing method according to claim 13,
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