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POSITIVE-ELECTRODE ACTIVE MATERIAL PARTICLE FOR ALL-SOLID

BATTERY AND METHOD FOR PRODUCTION THEREOF

BACKGROUND OF THE INVENTION
1. Field of the Inyention |
[0001] The present invention relates to positive-electrode active material
particles for an all-solid battery, and a productiOnvmethod for the‘ positive-electrode éctive

material particles.

2. Description of Related Art

[0002] In recent years, secondary (rechargeable) batteries have become
essentially important as power sourées for devices, such as personal computérs, video
cameras and cellular phones, or power sources for vehicles and for storage of electric
power. |

[0003] Among‘ secondary batteries, lithium ion secondary batteries, in
particular, have higher energy density and are operable at a higher voltage than other
secondary Dbatteries. Thus, lithium ion secondary batteries are used in
information-related devices and communication devices as secondary batteries that can
be easily reduced in size and weight. In recent years, high-outpﬁt, high-capacity lithium
ion secondary batteries for low-emission vehicles, such as electrical vehicles and hybrid
vehicles, are béing developed.

[0004] A lithium ion secondary battéry or lithium secondary battery includes
positive electrode layers, negative electrode layers, and an electrolyte. The electrolyte
contains a lithium salt and is interposed between the positive electrode layer and the
negative electrode layer. The electrolyte is composed of a non-aqueous liquid or solid.
When a non-aqueous liquid eléctrolyte is used as the electrolyte, the electrolytic solution
penetrates into the positive electrode layer. Thus, an interface is readily formed

between the electrolyte and a positive-electrode active material that constitutes the -

CONFIRMATION COPY
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positive electrode layer. As a consequence, the performance of the battery improves.
However, because electrolytic solutions that are typically used are flammable, a safety
device is provided to prevent temperature rise in the event of short-circuit. Alternatively,
a system to ensure safety, such as one that prevents short-circuit, is installed. On the
other hand, all-solid batteries, which use a solid électrolyte in place of a liquid electrolyte
to create an all-solid structure, do not include a flammable organic solvent therein.
Thus, all-solid batteries, which are conceivable to allow the safety device to be simplified
and excel in production cost and productivity, are being developed. -

| [0005] In all-solid batteries, in which a solid eiectrolyte layer is interposed
between the positive electrode layer and the negative electrode layer, the
positive-electrode active material and electrolyte are solid. Thus, the electrolyte does
not tend to penetrate into the positive-electrode active material and the interface between
the positive-electrode active material and the electrolyte tends to decrease. Therefore,
in all-solid batteries, a composite material that contains a mixed powder of a
positive-electrode active material powdef and a solid electrolyte powder is used in the
positive electrode to increase the area of the interface.

[0006] Use of sulfide-based solid electrolyte as the solid electrolyte for, in
particular, all-solid batteries is being examined. The sulfide-based solid electrolyte has
excellent lithium ion conductivity. However,‘when the sulfide-based solid electrolyte is
used, an interface resistance to the lithium ions that migrate through an interface between
the active material and the sulfide-based solid eleétrolyte tends to increase. This is
conceivable to be because the active material reacts with the sulfide-based solid
electrolyte to form high-resistance portions in the surface of active material. The
increase in interface resistance leads to a decrease in the performance of the all-solid
battery. To address the increase in interface resistance, several teéhniques to prevent
the increase in interface resistance have been disclosed. For example, a techniq\he to
reduce the interface resistance by coating the surface of the active material with, for

example, lithium niobate has been disclosed (International Publication No. 2007/004590

(A1)).
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[0007] In addition, the positive-electrode active rhaterial of an all-solid battery
is composed of a metal oxide. Therefore, the positive electrode of the all-solid battery
has poor electron conductivity. Thus, coating positive-electrode ‘active material
particles with a conductive aid is being examined. For instance, carbon and the like are
used as the conductive aid. To coat active material particles with carbon, various
methods, such as mechano-chemistry and pulsed laser depositioﬁ (PLD), may be used.
Aniong these methpds, meghano-chemistry, such as mechano-fusion, is often used. The
mechano-fusion is high productivity method for forming a coat using mechanical energy,
such as cofnpression, friction or vir'npact. (Japanese Patent Application Publication No.
2008-270.175 (JP 2008-270175 A).

[0008] As described above, it is being examined to coat each of the active
material particles with layers that inhibits a reaction between the active material and the
sulfide-based solid electrolyte (Which is hereinafter referred to as “reaction-inhibiting
layer”) in order to reduce the interface resistance between the active material and the
sulfide-based solid electrolyte. On the other hand, it is also being examined to coat each
of the active material particles with conductive aid-to improve the electron conductivity
therebetween. |

[0009] It is, however, proved that when active material particles that have been

respectively coated with reaction-inhibiting layers are coated with carbon by

~ mechano-chemistry, such as mechano-fusion, mechanical stress which is generated by

mechano-chemistry makes each of the reaction-inhibiting layers easy to peel off the
active material particle. FIG. 1 is a cross-sectional schematic view of a particle of an
active material according to a related art, which is obtained by coating an active material
core which has been coated with a reaction-inhibiting layer with carbon by
mechano-fusion.

| [0010] As shown in FIG. 1, an active material particle 10 includes an active
material core 11 and a reaction-inhibiting layer 12 that covers the active material core 11.
When the active material particles 10 are coated with carbon by mechano;fusion, carbon

Jayers 23 are respectively formed on the surfaces of the active material cores 21 of active
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material particles 20. However, the mechanical stress that is generated during the
mechano-fusion makes some parts of the reaction-inhibiting layer 22 easy to peel off.
Thus, regions with a reaction-inhibiting layer 22 and regions with no reaction-inhibiting
layer 22 may be present on the surface of the active material core 21. There is a
possibility that high;resistance portions are formed in the regidns with no

reaction-inhibiting layer 22 and decrease the performance of the battery.
SUMMARY OF THE INVENTION

[0011>] The present invention provides a positive-electrode active material
particle, for an all-solid battery, which prevents an increase in interface resistance
between the active material and the solid electrolyte and that has electron conductivity,
and a production method for ‘the positive-electrodé active material particles.

[0012] A positive-electrode active material particle for an all-solid battery
which includes a sulfide-based solid electrolyte according to a first aspect of the present ,
invention includes: én active material core; and a reaction;inhibiting layer which
contains carbon and with which the active material core is coated.

[0013] A method for the production of a positive-eléctrode active material
particle for an aH-solid battery includes a sulfide-based solid electrolyte according to a
second aspect of the presént invention includes: preparing precursors of
reaction-inhibiting layers that each contain a carbon source and that inhibit a reaction
between the sulfide-based solid electrolyte and active material cores; coating the active
material cores with the precursors of the reaction-inhibiting layers; and performing a heat
treatment on the active material cores, which have been respectively coated with the
precursors of the reaction-inhibiting layers, in an atmosphere with an oxygen
concentration of 50 vol% or higher. |

[0014] According to the aspect of the present invention, the reaction-inhibiting
layers are respectively prevented from peeling off the surfaces of the positive-electrode

active material particles. In addition, the reaction-inhibiting layers itself contain
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electronically-conductive carbon.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] Features, advantages, and technical and industrial significance of
exemplary embodiments of the invention will be described below with reference to the
accompanying drawings, in which like numerals denote like elements, and wherein:

FIG. 1 is a cross-sectional "échematic view of a particle of a positive-electrode active
material according to a related art, which is obtained by coating active material cores
which have been respectively coated with reaction-inhibiting layers with carbon by
mechano-fusion ;

FIG. 2 is a cross-sectional schematic view of a particle of a positive-electrode active
material according to Example of the present invention, which is obtained by thermally
treating active material cores that have been respectively coated with precursors of
reaction-inhibiting layers that each contain carbon in a high-oxygen atmosphere;

FIG. 3 is a raman spectrum of positive-electrode active material particles that each
include a reaction-inhibiting layer according to Example of the present invention; and
FIG 4 is a réman spectrum of positive-eleétrode active material particles that each

include a reaction-inhibiting layer according to Comparative Example.
DETAILED DESCRIPTION OF EMBODIMENTS

[0016] An aspect of the present invenﬁon is directed to positive-electrode
active material particles for an all-solid battery that contains a lithium-ion conducting
sulfide-based solid electrolyte as an electrolyte. The positive-electrode active material
particles respectively include active material cores and reaction-inhibiting layers. The
reaction-inhibiting layers contain carbon and inhibit a reaction between the active
material cores and the sulfide-based solid electrolyte. The active material cores are

respectively coated with the reaction inhibiting layers.



10

15

20

25

WO 2012/156802 . PCT/1B2012/000946
6

[0017] In the aspect of the present invention, as a reaction inhibiting
component of the reaction-inhibiting layers that each contain carbon, a component which
inhibits a reaction between the positive-electrode active material and the sulfide-based
solid electrolyte is used. Furthermore, the component has lithium conductivity.
Examples of the reaction inhibiting component include lithium conducting oxides such as
Li4S104, LisPO4, Li3BOs, Li,Si0s5, LiPO;, LiBO,, Li,SO4, Li;WO4, LizM00Oy, Li;ZrOs,
LiAlO,, LipTiO;3 or LigTisOy, or composite oxides thereof such as Li3sBO3-Li4SiO4.  The
reaction inhibiting components are holohyaline. |

[0018] The reaction-inhibiting layers, which contains carbon, that each coat the
active material core of positive-electrode active material particle 'has a sufficient
thickness to ensure lithium conductivity and to reliably inhibit a reaction between the
active material core and the sulfide-based solid electrolyte. For example, the thickness
1S approximately 1 to 100 nm, preferably approximately 1 to 20 nm. When the
reaction-inhibiting layer is too fhick, the lithium conductivity tends to be poor. When
the reaction-inhibiting layer is too thin, the surface of the active material core may not be
completely coated with. the reaction-inhibiting layer.  This may result in the
positive-electrode active material reacting with the sulfide-based solid electrolyte to form
high-resistance portions. |

[0019] In the aspect of the present invention, as an active material for cores of
the positive-electrode active material particles that are respectively coated with the
reaction-inhibiting layer, a maferial is used which exhibits a noble _charge/discharge
potential compared to a material of a negative-electrode active material and which is used
as an electrode active material for a sulfide-based all-solid battery. Examples of the
material of the positive-electrode active material particle cores include lithium cobaltate
(LiCo0O3), lithium  nickelate  (LiNiO,), lithium ménganate (LiMn204),
LiCo13NiisMn;50,, different-element substituted Li-Mn spinel that haS a composition
which is represented by Lij+Mny.xyM;Os (wherein M represents at least one metal
element that is selected from Al, Mg, Co, Fe, Ni and Zn), lithium titanate (Li TiOy),

lithium metal phosphate (LiMPOs, wherein M represents Fe, Mn, Co or Ni), transition
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metal oxides such as vanadium oxide (V,0s5) and molybdenum oxide (MoOs3), titanium
sulfide (TiS;), carbon materials such as graphite or hard carbon, lithium cobalt nitride
(LiCoN), lithium silicon oxide (LixSi,O,), lithium metal (Li), lithium alloys (LiM,
wherein M represents Sn, Si, Al, Ge, Sb or P), lithium-storage intermetallic compounds
(MgM or NySb, wHerein M represents Sn, Ge or Sb, and N represents In, Cu or Mn),
and derivatives of these substances. In the aspect of the present invention, the
positive-electrode active material and the negative-electrode active material are not
clearly distinguished. The charge/discharge potentials of two active materials are
compared, and the one that exhibits a nobler charge/discharge potential is used in the
positive electfode and the one that exhibits a less noble charge/discharge potential is used
in the negative electrode. Thus, a battery with aﬁy voltage may be constituted.

[0020] The positive-electrode active material particle cores for use in the
aspect of the present invention each héve a particle size suitable for use in a_positive
electrode layer of an all-solid battery. For example, each of the particle sizes of the
posiﬁve-electrode active material particle cores may be approximately 0.5 to 10 um.

[0021] A positive electrode composite material for an all-solid battery is
prepared by mixing the p‘ositive—elcctrode active material particles with a sulfide-based
solid electrolyte. For example, a positive electrode may be obtained by mixing the
positive-electrode active material particles and a sulfide-based solid electrolyte in a
solvent to form a paste, applying the paste to a current collector such as aluminum foil,
drying the paste and rolling the current collector.

[0022] The solid electrolyte which is used in combination with the positive
electrode active material particles is a sulfide-based solid electrolyte. ~ As the
sulfide-based solid electrolyte, a solid electrolyte that contains sulfur and lithium and has
lithium ion conductivity may be used. Examples of the sulfide-based solid electrolyte
include sulfide-based arﬁorphous solid electrolytes such as LiyS-SiS,, Lil-Li;S-SiS,,
Lil-Li,S-P,Ss, Lil-LiyS-B3S;, LisPO4-LizS-SizS, LisPO4-LisS-SiS,;, LiPO4-LisS-SiS,

- LiI-LizS-PzOs, LiI-Li3PO4—P285 and LizS-Pst.

[0023] As the solid electrolyte, a combination of the sulfide-based solid
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electrolyte with an oxide-based amorphous solid electrolyte, crystalline oxide, and/or
crystalline oxynitride may be used. Examples, which may be used in combination with
the sﬁlﬁde-based solid electrolyte, include oxide-based amorphous solid electrolytes such
as LiZO-B203-P205, Li,0-Si0,, Li,0-B,03 and Li,0-B,03-Zn0O, crystallihe oxides such
as Li1_3A10,3Ti0,7(PO4)3, Lijx+yAxT12xS1yP3.yO12 (Wherein A represents Al or Ga, 0 < x <
0.4 and O. <y < 0.6), [(B1Li15)1.C.]TiO3 (wherein B represents La, Pr, Nd or Sm, C
represents Sr or Ba, and 0 < z £ 0.5), LisLazTa;Oyo, Li7La32r2012, LisBa_lLazTa;gO]z and
Li3 6S19.6P0.40s, crystalline oxynitrides such as LisPOusnwNyw (Wherein w < 1), Lil,
Lil-ALO;s, Li3N and LisN-Lil-LiOH.

[0024] The positive velectrode composite vmate‘rial may of)tionally contain, in
addition to the positive-electrode aptive material particles and the sulfide-based solid
electrolyte, other materials, such as conductive aid particlés and binder. Examples of
usable conductive aid particles include, but are not specifically limited to, graphite and
carbon black. Examples of usable binders include, but are not specifically limited to,
polytetrafluoroethylene, polytrifluoroethylene, polyethylene, nitrile rubber, polybutadiene
fubber, butyl rubber, polystyfene, styrene-butadiene rubber, styrene-butadiene Iétex,
polysulfide rubber, nitrocellulose, acrylonitrile butadiene rubber, polyvinyl fluoride;
polyvinylidene fluoride and fluorine rub‘ber. |

[0025] The positive-electrode active material particles of the aspect of the
present invention each have a reaction-inhibiting layer which is coated thereon and in
which eléctronically-conductive carbon is dispersed. Thus, the amount of conductive
aid in the positive electrode composite material may be smaller than that in the
conventional case where a conductive aid is additionally added to a positive electrode
composite material.

[0026] The current collector for the positive electrode is not specifically

limited. For example, a foil of a metal, such as Al, Cu, Ni or stainless steel, with a

- thickness of approximately 10 to 500 um may be used.

[0027] An all-solid battery may be produced by a method that is well-known in

this field using the positive-electrode active material particles of the aspect of the present



10

15

20

25

WO 2012/156802 PCT/IB2012/000946

9

invention. For example, an all-solid battery may be produced by laminating a positive

electrode that is prepared as described above, a sulfide-based solid electrolyte, and a

negative electrode that includes a current collector, such as copper foil, and
pressure-molding the laminate.

[0028] The other aspect of the present invention is also directed to a production
method for positive-electrode active material particles for an all-solid battery that
includes a sulfide-based solid electrolyte. The production method includes preparing
precursors of reaction-inhibiting» layers that each contain a carbon source, coating each of
the active material cores with the preéursbr of the reaction-inhibiting layer, and
performing a heat treatment on the active material cores, which have been respectively

coated with the precursors of reaction-inhibiting layers, in an atmosphere with an oxygen

- concentration of 50 vol% or higher.

[0029] The other aspect of the present invention is directed to a method for
forming each of the reaction-inhibiting layers on the surface of the active material core
and chemically generating carbon in each of the reaction-inhibiting layers simultaneously.
According to the other aspect of the present invention, the positive electrode can be
simu»ltaneous'ly provided with elgctron conductivity and a function that inhibits a reaction
between the active material and the sulfide-based solid electrolyte. In addition,
according to the other aspecf of the present invention, because there is no need to coat the
active material cores with carbon after the formation of the reaction-inhibiting layers, the
reaction-inhibiting layers are prevented from peeling during the coating.process.

[0030] It has been found that carbon is present in the form of simple substance
in éach of the reaction-inhibiting layers after the heat treatment of the active material
cores that have been respectively coated with precursors of reaction-inhibiting layers in a

high-oxygen atmosphere. FIG. 2 is a cross-sectional schematic view of a particle of the

- positive electrode active material, which is obtained by performing a heat treatment on

the active material core that has been coated with a precursor of reaction-inhibiting layer
that contains a carbon source in a high-oxygen atmosphere.

[0031] As shown in FIG. 2, positive-electrode active material particles 30 that
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include active material cores 31 and precursors of reaction-inhibiting layers 32, which
each contain a carbon source, that are coated thereon are subjected to a heat treatment in
a high-oxygen atmosphere. Then, a carbon-containing reaction-inhibiting layer 42 is
formed on a surface of the active material core 41 after the heat treatment.
Positive-electrode active material particles 40 are composed of the active material core
41 and the reaCﬁon-inhibiting layer 42 after the heat treatment. Because carbon is
dispersed in the form of simple substance in the reaction-inhibiting layer 42, the active
material particle 40 has electron conductivity.

[0032] The reason why carbon is present in the form of simple substance in the -
reaction-inhibiting layer after the heat treatment in a high-oxygen concentration
atmosphere is conceivable to be as follows. It is first conceivable that the heat treatment
in a high oxygen concentration atmosphere promotes pyrolysis of the solvent and
hydroxides that remain after the active material\cores are respectively coated with the
precursors of reaction-inhibiting layers and dried. It is, as a result, cbnceivéble that the
reaction-inhibiting layers are densified and carbon tends to be trapped in the form of
simple substance in the reaction-inhibiting layers.

’[0033] The carbon that is present in the form of simple substance in the
reaction-inhibiting layers after a heat treatment in a high oxygen concentration
atmosphere is derived from a carbon source that is contained in the precursors of
reaction-inhibiting layers.

[0034] The carbon source may be singly added to the precursors of -
reaction-inhibiting layers. Alternatively, a compound which serves as both a lithium
source and a carbon source may be added to the precursors of reaction-inhibiting layers.
As the compound which serves as both a lithium source and a carbon source, an organic
acid lithium salt, such as lithium acetate or lithium lactate, may be selected.

[0035] Raman spectroscopy may be performed on the positive-electrode active
material particles that each include the reaction-inhibiting layer to analyze whether
carbon is present in the form of simple substance in the reaction-inhibiting layers.

When carbon is present in the form of simple substance in the reaction-inhibiting layers,



10

15

20

25

WO 2012/156802 PCT/1B2012/000946
11 |

peaks are observed at 1340 cm™ and 1590 cm™ and detected as clearly discernible peaks

that are not buried in the béckground.

[0036] The amount of carbon that is present in the form of simple substance in
the reaction-iﬁhibiting layers depends on the amount of the carbon source.v Thus, the
electron conductivity may be adjusted based on the amount of the carbon source that is
contained in the starting material. When lithium acetate CH3;CO,Li or lithium lactate
C3H;sLiOj5 is used, the ratio of carbon atoms to Li atoms in the starting material may be
C:Li = 2:1 or 3:1 and C:Li = 1:1 to 4:1, respectively. In addition, a conductive aid may
be further added to the positive electrode composite material when desired.

[0037] The precursors of reaction-inhibiting layers, which each contain a
carbon source, may be prepared by a sol-gel method. Because a feature of a sol-gel
method is the ability to disperse components uniformly, the carbon is dispersed almost
uniformly in the ﬁﬁal reaction-inhibiting layers. In the aspect of the present invention,
the precursors of the reaction-inhibiting layers, which each contain the carbon Sburce, are
vitrified.

[0038] A precursor solution for use in coating the active material cores with the
reaction-inhibiting layer may be prepared ny mixing boric acid, tetraethoxysilane (TEOS)
and so on in ethanol, hydrolyzing the mixture, and adding an organic acid lithium salt as
a lithium and carbon source to the hydrolyzed mixture.

[0039] Here, boric acid and TEOS are hydrolyzed and polymerized to form a
B-Si glass network. The hydrolysis reaction may be carried out by adding water to the
mixture or by reacting the mixturé with moisture in the atmosphere. When lithium ions
enter the glass network, lithium conductivity is produced.

[0040] The active material cores are coated with the prepared
reaction-inhibiting layer precursor solution. The active material cores may be coated
with the reaction-inhibiting layer precursor solution by any method by which an active

material powder can be coated with a solution. For example, the coating may be carried

' outin a tumbling fluidized coating machine.

[0041] When a tumbling fluidized coating machine is used, the thickness of the
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reaction-inhibiting layers that are respectively formed on the active material cores may be
adjusted by changing the coating conditions, such as coating time.
[0042] The active material cores, which have been coated with the precursors
of reaction-inhibiting layers, are subjected to a heat treatment in a high oxygen
concentration atmosphere to obtain the positive-electrode active material particles that

are respectively coated with reaction-inhibiting layers, which each contain carbon. The

heat treatment in a high oxygen concentration atmosphere removes residual solvent that

is contained in the glass network, increases the density of the reaction-inhibiting layer,
and allows carbon to be present in the form of simple substance in the reaction-inhibiting
layers.

[0043] In order to allow carbon to be present in the form of simple subsfance in
the reaction-inhibiting layers, the oxygen concentration may be 50 vol% or higher, 60
vol% or higher, 70 vol% or higher, 80 vol% or higher, 90 vol% or higher, or 95 vol% or
higher in the heat treatment.

[0044] The heat treatment may be carried out at a temperature at which the
densification of the reaction-inhibiting layer is promoted. When the heat treatment
temperature is too high, the active material and the reaction-inhibiting layer tend to react
with each other. Thus, the heat treatment temperature .is 450°C or lower, preferably
400°C or lower. For densification of the reaction-inhibiting layer and removal of
residual organic matters, the heat treatment temperature is 250°C or higher, preferably
300°C or higher.

[0045] A specific example of positivé;electrode active material particles and
the production method of the same according to the aspect of the presenf invention is
shown below.

[0046] (Example) First,c a precursor solution for Li3B03-Li4SiO4
reaction-inhibiting layers was prepared. Boric acid, TEOS, and lithium acetate were
dissolved in an ethanol solvent such that 0.066 mol/L of boric acid, 0.066 mol/L of TEOS
and 0.463 mol/L of lithium acetate were contained in ethanol to prepare a precursor

solution for a Li3BO3—Li4SiO4 reaction-inhibiting layer. That is, the boric acid and
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TEOS were adjusted to be equimolar. The preparation method is described in detail
below.

[0047] In a beaker, 7.468 g of H3;BO; was dissolved in 141.0 g of ethanol. In
another beaker, 25.170 g of TEOS was dissolved in 141.0 g of‘ ethanol. The one
solution of H3;BOs3 and the other solution of TEOS were mixed and stirred. Then, 13.05
g of deionized water was added to the mixed solution, and the mixture was stirred for 22
hours. |

[0048] In a beaker, 86.251 g of CH3COOLi-2H,O was added to 1441.4 g of
ethanol and the mixture was stirred for 2 hours to dissolve the CH;COOLi-2H,0. The
solution was mixed with the mixed solution of H3BO; and TEOS that was prepared as
described above, and the mixture was stirred for 20 hours to prepare a precﬁrsor solution
for Li3B0O3-Li4Si04 reaction-inhibiting layers.

[0049] Active material cores were coated with the prepared reaction-inhibiting
layer precursor solution in a tumbling fluidized coating machine (MP-01, manufactured
by Powrex Corporation). |

[0050] That is, 1250 g of a LiCoi;3NijsMn 30, positive-electrode active
material ‘powder with an average particle size of 4 pm was placed in the tumbling
fluidized coating machine, and dry air at 50°C was introduced as a fluidizing gas into the
tumbling fluidized coating machine at a rate of O.25vm3/'min. The prepared precursor
solution was sprayed from a spray nozzle at a rate of 4 g/min while the positive-electrode
active material powder was being stirred up and circulated in the tumbling fluidized
coating machine by dry air. The tumbling fluidized coating machine was operated for 8
hours to obtain a positive-electrode active material powder that was coated with
precursors for Li3BO3-Li4Si04 reaction-inhibiting layers. |

[0051] The positive-electrode acﬁve material powder that was coated with
precursors for LizBO3-LisSiO4 reaction-inhibiting layers was placed in an alumina
crucible and subjected to a heat treatment in an electric furnace for 5 hours at an oxygen
concentration of 95 vol% and at a temperature of 350°C.  As a result, positive-electrode

active material particles each include LizBO;-LisSiO4 reaction-inhibiting layer were
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obtained.  Observation of cross-sections of the obtained positive-electrode active
material particles under a transmission electron microscope (TEM, JEM-2100F,
manufactured by JEOL, 200 kV) revealed that the active material cores were respecti?ely
coated with LiBOs-LiSiOy reaction-inhibiting layers with an average thickness of 10 nm. '

[0052] Next, a comparative example of pbsitive-electrode active material
particles and the production method of the same according to the aspect of the present
invention is shown below.

- [0053] (Comparative Example) A precursor solution for a reaction-inhibiting
layers was prepared and active material cores were respectively coated with the precursor
solution under the same conditions as those in Example. Then, a heat treatment was
carried out in an electric ﬁnna@e in the atmosphere (oxygen concentration: 21 vol%) at -
350°C for 5 hours to obtain positive-electrode active material particles that each include a
reaction-inhibiting layer. The active material cores were respectively coated with
reaction-inhibiting layers with an average thickness of 10 nm.

[0054] Raman spectrosqopic analyses were performed for carbon that was
contained in the reaction-inhibiting layers, which the positive-electrode active material
particles each include, that wére prepared in Example and Comparative Example. The
analysis conditions were as follows; excitation wavelength: 514.5 nm, laser power: 20
mW, laser spot diameter: 1 um, exposure time: 30 seconds, number of times of
integration: 8, diffraction lattice: 600 gr/mm, confocal hole diameter: 30 um, at room
temperature and in the atmosphere.

[0055] FIG. 3 shows the raman spectrum of the reaction-inhibiting layers of the
positive-electrode active material powder that was prepared in Example. FIG. 4 shows
the raman spectrum of the reaction-inhibiting layers of the positive-electrode active
material powder that was prepared in Comparative Example. - As shown in FIG. 3, the
raman spectrum of the reaction-inhibiting layers that were formed in Example had peaks
at 1340 cm™ and 1590 cm™, which suggest the presence of carbon in the form of simple
substance. On the éontrary, as shown in FIG 4, the raman spectrum of the

reaction-inhibiting layers that were formed in Comparative Example did not have similar
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peaks. The analysis results indicate the presence of carbon in the form of simple
substance in the reaction-inhibiting layers that was formed in Example.

[0056] The above results prove that positive-electrode active material particles
that are respectively coated with reaction-inhibiting layers which are respectively formed
on the'surfaces Qf active material cores to prevent an increase in interface resistance
between the active material and the solid electrolyte and which contains carbon, which
has electron conductivity, in the forfn of simple substance can be obtained by the method

of the present invention.
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CLAIMS

1. A positive-electrode active material particle for an all-solid battery which includes a
sulfide-based solid electrolyte, comprising:‘

an active material core; and

a reaction-inhibiting layer which contains carbon and with which the active

material core is coated.

2. The positive electrode active material particle according to claim 1,

wherein the reaction inhibiting layer is holohyaline.

3. The positive electrode active material particle according to claim 2,
wherein the reaction inhibiting layer includes one of a lithium conducting oxide

and a composite oxide.

‘ 47 A production method for positive-electrode active material particles for an all-solid
battery which includes a sulfide-based solid electrolyte, the method compﬁsing:

preparing precursors of reaction-inhibiting layers that each contain a carbon
source and that inhibit a reaction between the sulfide-based solid electrolyte and active
material cores;

coating the active material cores with the precursors of the reaction-inhibiting
layers; and |

performing a heat treatment on the active material cores, which have been |
respectively coated with the precursors of the reaction-inhibiting layers, in an atmosphere
with an oxygen concentration of 50 vol% or higher.
5. The production method according to claim 4,

~ wherein the precursors of the reaction-inhibiting layers are prepared by mixing

an organic acid lithium salt and a solution that forms a glass network.
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6. The production method according to claim 4,

wherein the precursors of the reaction-inhibiting layers are prepared by mixing
boric acid, tetraethoxysilane and an alcohol to prepare a solution in which a B-Si glass
network has been formed by a hydrolysis reaction, and mixing the solution in which a

B-Si glass network has been formed with an organic acid lithium salt.

7. The production method according to claim 5 or 6,

wherein the organic acid lithium salt is one of lithium acetate and lithium lactate.
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