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METHOD OF PRODUCING SOLID SULFIDE ELECTROLYTE MATERIAL AND

SOLID SULFIDE ELECTROLYTE MATERIAL
BACKGROUND OF THE INVENTION

1. Field of the Invention

[0001]  The invention relates to a method of producing a solid _sulfidé electrolyte
materiafenébling to simultaneohsly to achieve a microparticulation of the solid sulfide
eleétrolyte material, a high yield, and retention of the Li ion condﬁctivity.' The invention

further relates to a solid sulfide electrolyte material.

2. Description of Related Art

[0002] The're_cent quite rapid dissemination of communication devices and.

" information-related devices such as personal computers, video cameras, portable phones,

and so forth has brought with it a strong focus on the development of the batteries that are
used ‘as power sources in these devices. The development is also underway in the
automotive sector of high;output, high-capacity batteries for usé in electric automobiles
and hybrid automobiles. Among the various types of battéries, a great deal of attention
is currently being directed to lithium batteries because lithium batteries offer a high
energy ‘density.

[0003] At the present time, the commercially available lithium batteries use a
liquid electrolyté that contains é flammable organic éolvent, and this has necessitated ihe

installation of safety devices to inhibit temperature runaway during a short circuit and has

‘also necessitated improvements from a structure/materials perspective in order to prevent

short circuiting. In contrast to this, it is thought that a lithium battery that has been
made into an all solid-state battery by replacing the liquid electrolyte with ‘a solid
electrolyte layér, because it would not use a flammable organié solvent in the battery,
would support a simplification of the safety devices and would have excellent

consequences for the production cost and productivity.' Solid sulfide electrolyte .

CONFIRMATION COPY
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materials are available as a solid electrolyte material for use in such a solid electrolyte

\layer.

[0004]  The solid sulfide electrdlyt;: material must be microparticulated in order
to obtain a high-performance all solid-state battery. For example, a method of
producing a solid sulfide electrolyte having an average particle diameter of 0.5 um to 1.5
um is disclosed in J apanese Patent Application Publication No. 2009-211950 (JPI
2009-211950 A). In order to remove coarse particles having a large partiéle diaméter, '
this method employs a pfocedu.re in which a Nutsche-type vacuum filtration is carried out

using a mesh sheet or a procedure in which a slurry is stirred and the upper portion of the

-liquid is drawn off. However, a solid sulfide electrolyte material production method that

employs such removal procedures requires substantial time and labor inputs and thus has

‘a poor solid sulfide electrolyte material productivity. Moreover, when, for example, a -

dispersing agent, e.g., an amine salt or an amide having an aliphatic alkyl or aryl group, is
used in order to improve the productivity, this ends up reducing the Li ion conductivity of

the solid sulfide electrolyte material.
l o

- SUMMARY OF THE INVENTION
[0005]  The invention provides a high-productivity method of lproducing a sélid-
sulfide electrolyté material that can easily pefform microparticulation of the solid sulfide
electrolyte material and can produce a éolid sulfide electrolyte material having an‘

excellent Li jon conductivity. The invention also provides a solid sulfide electrolyte

material.

[0006] A first aspect of the invention relates to a method 0'f prbducing a solid
sulfide electrolyte méterial, wherein an adhesive polymer is mixed with a sulfide glass
that contains Li, S, and P and the sulfide glass is ground.

[0007]  The use in accordance with the inveﬁtion of an adhesive polymer as a
dispersing agent can prevent the sulfide glass from undergoing the granulation and
sticking to the container that are produced when a sulfide glass is ground,"and as a

consequence makes it possible to easily carry out microparticulation of the solid sulfide
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éle'ctrolyte material and to recovef the Iﬁicroparticulated s.olid sulfide electrolyte material
at high yields. In addition, the Li ion conductivity of the sulfide glass can be retained
post-grinding due to the use of an adhesive polymer, and a solid sulfide electrolyte
material .that exhibits an excellent Li ion conductivity can thus be obfained.

[0008] The main chain of the adhesive polymer may contain an vunsaturate'd
hydrocarbon backbone.

[0009] The édhesive polymer preferably may have an adhesive functional group

as a terminal functional group and this adhesive functional group preferably hay have at

least one of O, N, and double bonds.

[0010] A solvent is preferably additionally mixed into thé sulfide glass and

adhesive polymer mixture during grinding of the sulfide glass. This is done because

sticking by the sulfide glass to the container can be prevented by carrying out a wet

grinding using a solvent. ‘,

[0011] The sulfide glass may cont_ain at least one of F, Cl, Br, I, and O.

[0012] A second aspect of the invention relates to a solid sulfide electrolyte
materiaj that\contains an adhesive polymcf and a sulfide glass‘ ’corlltai"ning Li, 'S; and P
wherein an average particle diameter of the sulfide glass is in a range frorh 0.1 umto 5
uim.

[0013]  Since iﬂ accordance with the iﬁvention this is a sulfide glass having a
specific average particle diameter, for example, é high-capacity, high-output all
solid-state battery can be obtained when this sulfide glass is used in an éﬂl solid-state
battery. |

| [00i4] : The microparticulation of the solid sulfide electrolyte material can thus
be carried out easily and at high productivities with the production of a solid sulfide

electrolyte material that has an excellent Li ion conductivity.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] Features, advantages, ‘and‘ technical and industrial significance of

: éxemplary embodiments of the invention will be described below with reference to the
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aécorﬁpanying drawings, in which like numerals denote like elements, and wherein:

FIG. 1 is a flow chart that shows an example of an embodiment of thev method
according to the invention for producing a solid sulfide electrolyte material;

‘FIG. 2 is a scanning electron microscope (SEM) iniage of the solid sulfide
electrolyte material obtained in Example 1; |

FIG. 3 is an SEM image of the‘ solid sulfide electrolyte material obtained in
Example 4; | | ’

FIG. 4 is an SEM image of the solid sulfide electrolyte material obtained in
Comparative Example 1; and | | \

FIG. 5 is an SEM image of the solid sulfide electroiyte material obtéined in

Corﬂparative Example 3.

!

DETAILED DESCRIPTION OF EMBODIMENTS

[0016] - The method of producing a solid sulfide electrolyte matérial'according to

‘embodiments of the invention and the solid sulfide electrolyte material according to

embodimeﬁts of the invention are described in detail in the following,.
{0017} A. The method of producing é solid sulfide electrolyte material
The method of producing a solid sulfide electrolyte material according to an
embodiment of the invention has a microparticulation step in which a sulfide glass |
containing Li, S, aﬁd P is mixed with an adhesive polymer and the sulfide glass is ground.
: [0018] FIG. 1 is a flow chart that shows an .example of the method of broducirfg

a solid sulfide electrolyte material. According to FIG. 1, a sulfide glass containing Li, S,

-and P (for example, 70Li;S-30P,S;s glass), an adhesive polymer (for example, a butylene

rubber having the amino group as a terminal functional group), and a solvent (for
example, dehydrated heptane) are first prepared and these are tfien introduced into a
zirconia pot and zirconia balls are additionally introduced and the pot is sealed. This pdt
is subsequently invsitalled in a planetary ball mill and mechanical milling is perfoﬁhed
under prescribed conditions in order to grind the sulfide glass (microparticulation step).

This results in the production of a microparticulated solid sulfide electrolyte material.
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The terminal functional group may be at the terminal of a side chain or at the terminal of
the main chain, whe_rein the former is preferred.

[0019] According to an eﬁlbodiment of the invention, the use of the adhesive
polymer as a dispersing agent can prevent the sulfide glass from undergoing the
granulation and s-ticking to the container that are produced when a sulfide glass is ground.
As a consequence, microparticulation of the solid sulfide electrolyte material can be

carried out easily and the microparticulated solid sulfide electrolyte material can be

" recovered at high yields. Since the amorphous sulfide glasses are soft materials and

readily form a solid/solid interface, their use as a solid electrolyte ma}teriali in an all
solid-sta;e battery has been‘"expected.» However, because sulfi‘d‘e glasses are soft, the
applicétion of meehanical energy to the particles produces sticking to ‘the container,
which makes collection and recovery highly  problematic; in additi'on, the particles
ﬁndergo granulation with each other, making it difficult to carry out microparticulation et
a high yield of the particles as such. In contrast to this, steric hindrance can be

generated between the: sulfide glass particles through the use of the adhesive polymer

according to the embodiments of the invention, and this can prevent granulation and

sticking to the container during grinding and thus makes it possible to combine a high

‘ recovery with micropartieulation of the sulfide glass. The use of the adhesive polymer

as a dispersing agent also makes possible retention of the Li ion conductivity of the
sulfide glass post-grinding and productioh of a solid sulfide electrolyte vmaterial that
exhibits an excellent Li ion conductivity. The adhesive polymer additionaily offers the
advantage of being able to function as a binder in a subsequent step.

[0020] 1. The microparticulation step

In the microparticulation step in an embodiment of the invention, an adhesive
polymer is mixed with a suifide glass containing Li, S, aﬁd P and the sulfide gvlass.is
ground.

[0021] The sulfide glass in the embodiments of the invention contains Li, S, and
P. This "sulfide glass" refers to an amorphous solid sulfide electrolyte material

synthesized by the amorphization of a starting composition, and denotes not only a
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rigorously "amorphous" state in which a crystalline periodicity is not seen in, for example,
X-ray diffraction measurements, but also denotes solid sulfide electrolyte materials
synthesized by amorphization, e.g., by mechanical milling, in general.

[0022] The sulfide glass contains Li, S, and P, and Li, S, ahd P are generally
rﬁade the main component. This "main component” means that the total content of the
Li, S, and P in the sulfide glass is at least 50 mol%, wherein at least 60 mol% is preferred
and at least 70 mol% is more preferred. '

[0023] There are no particular limitations on tl;e’sulfide glass other than that Li,
S, and P are made the main component, and the sulfide glass may even contain only Li, S,
and P. The sulfide gléés may contain at least one selection from F, Cl, Br, L and O.
The Li ion conductivity of the sulfide glass can be eﬁhanced by the presence of the
halogen. “The presence of the O can cleave sulfur bridges present in the sulfide glass
and can bring about a small hydrogen sulfide yiéld. |

[0024] The sulfide glass is preferably a sulfide glass prepared using a starting
composition containing Li,S and a éulfide of P. This starting composition may also
contain at least one selection from F-containing compounds, Cl-contéining compounds,
Br-containing compounds, I-containing compounds, and O-containing compounds. |

[0025] The Li;S present in the starfing composition preferably contains little
impurity because a low impurity level can prevént secondary reactions.v The Li,S
synthesis method can be exemplified by the method deSc_ribed"in Japanese Patent
Application Publication No. 7-330312 (JP 7-330312 A). The Li,S is preferably purified
using, for example, the method described in WO 2005/040039. The sulfide of P present
in the starting composition can be exemplified by P,S;, P»Ss, and so foﬁh.

[0026] The F-contajning compound that may be present in the starting
composition should contain ﬂuérinc, but is not otherwise particularly limited and can be
exemplified by LiF, LiPFs, and so forth. The Cl-conta‘ining compound .that may be
present. in the starting composition should contain chlorine, but is not otherwise
particularly limited and can be exerﬁplif_ied by LiCl and so fort_ﬁ. The Br-containing

compound that may be present in the starting composition should contain bromine, but is
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not otherwise particﬁlarly limited and can be exemplified by LiBr and so forth. The

I-containing compound that may be present in the starting composition should contain

| iodine, but is not otherwise particularly limited and can be exemplified by Lil and so

forth. The O-containing compound that may be present in the starting composition
should bel able to cleave the bonds in sulfur bridges presenf ih the sulfide glass, but is not
otherwise particularly limited and can be exemplified by Li;O, Li;0», NagO, K,0, MgO,
CaO, and so forth, whereamong Li;0 is preferred. LixO is preferfed because the O in
LizO can very ef‘ficientlly'cleavethe sulfur bridges present in sulfide glass. ~In addition,
Li;O added in excess offers the advantage that, even when present unreacted, 1t does not
genefate hydrogen sulfide. Moreover, since Li;O contains Li, it can bring about an
improvement in the Li ion conductii(ity of the sulfide glass yielded by cleavége of the
sulfur bridges. |

[0027] The sulfide gléss preferably substantially does not contain Li,S because .
this enables the preparation of a sulfide glass that gener‘étes little hydrogen sulfide.
Hydrogen sulfide is generated by the reaction of Lizs with\water. For example, Li,S
tends to remain present when the starting compbsition contains a large proportion of Li,S.
This l"substantially does not.contain Li;S" can be confirmed by X-ray diffraction. In
specific terms, the determination can be made that Li»S js substantially not preseht when o
the peaks for LiS (29 =27.0°, 31.2°, 44.8‘;, and 53.1°) are not present.

[0028] - The eulfide glass also preferably substantially does not contain sulfur

bridges because this enables the preparatien of a sulfide glass that generates little

. hydrogen sulfide. A "sulfur bridge" refers to a sulfur bridge in a compound produced by

the reaction of Li>S and a sulfide of phosphorus. An applicable example in this regard
is the sulfur bridge with the S3P—S—PS3 structure that is formed by the reaction of LiQS
and P,Ss. This bridging sulfur readily reacts with water to readily form hydrogen
sulfide. The "substantially does not contain sulfur bridges" can be checked by‘
measurement of the Raman scattering spectrum. For exampie, in the case of a sulfide
glass in the Li,S—P,Ss system, the peak fevr the S;P-S—PS; structﬁre generally appears at

402 cm™. As a consequence, this peak is preferably not detected. The peak for the
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PS,> structure generally apt)ears at 417 cm™. The intensity Iy, at 402 cm™ is
preferably less thaﬂ the intensity 1_417 at 417 cm™. More specifically, the intensi_ty 402 18,
for example, preferably not more than 70%, more preferably not more than 50%, and
even more preferably not more than 35% of the intensity ls17. For sulfide glasses

outside the Li,S-P,Ss system, the sulfurv bridge-containing unit can be identified and the

substantial absence of sulfur bridges can then be determined by measurement of the peak

- for this unit.

[0029] When the sulfide glass under consideration substantially does not contain
Li,S and substantially does not contain sulfur bridges, the sulfide glass generally has the

ortho composition or nearly the ortho composition. At a general level, ortho refers to

the oxo acid have the highest degree of hydration among the oxo acids yielded by

hydration of the same oxide. In an embodiment of the invention, the ortho composition

refers to the crystalline composition to which the most Li,S has added among sulfides.

For example, LisPSy4 corresponds to the ortho composition for the Li;S—P,Ss system.

When the sulfide glass contains O, a portion of the S in the ortho composition is replaced
by O. |

[0030] For example, in the case of sulfide glass in the Li,S-P,Ss system, the
proportions. of Li,S and P,Ss that give the ortho composition are Li;S:P»Ss = 75:25 on a
molar basis. When the starting compbsition contains Li;S and P,Ss, the proportion of
Li,S with reference to the sum of the Li,S and P»Ss is preferably:in the range from 70
mol% to 80 mol%, more preferabiy in the rahge from 72 mol% to 78 ‘mol%, and even
more preferably in the range fréfn 74 mol% to 76 mol%.

_[0031] In the case, for exa}nple, of sulfide glass iﬁ the Li,S—Li,O—P5Ss systém,
the proportions of Lizs,r Li;O, and P,Ss that give the ortho composition are (LiS +v
Li;0):P2Ss = 75:25 on a molar basis. - When the starting composition contains Li,S,
Li,0, and P,Ss, the proportion of the Li,S and Li,O with reference to the sum of the Li,S,
Li;O, and P5Ss is preferably in the range from 70 mol% to 80 mol%, more preferably in
thé range from 72 mol% to 78 mol%, and even more preferably in the> range from 74

mol% to 76 mol%. The proportion of Li,O with reference to the sum of the Li;S and
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LizO is, for example, preferably in the range from 1.3 mol% to 33.3 mol% and more
preferably in fhe range from 4.0 mol% to 26.0 mol%. The reasons are‘as follows: a
substantial increase in hydrogen sulfide generation can occur when the Li;O proportion is
too small; a substantial decline in the Li ion conductivity can occur when the LiO
proportion is to large. The Li,O proportion with reference to the sum of the Li,S, LiO,
and P,Ss is, for example, preferably in ‘the range from 1 mol% to 25 mol% and more
preferably in the range from 3 mol% to 15 mol%. |

[0032] When the sulfide glass in ah embodviment of the invention is a sulfide
glass prepared using a starting cbmposition that contains LiX X =F Cl, Br, I), the '
proportion of the LiX, for example, is preferably in the range from 1 mol% to 60 mol%,
more p_referably in the range from 5 mol% to 50 mol%, and even more preferably in the
range from 10 mol% to 40 fnol%. The X here is preferably at least one selection from
Cl, Br, and I because this can bring about a greater improvement in the Li ion
conductivity of the sulfide glass.‘ |

[0033] Tﬁe shape of the sulfide glass prior to the micropartiCulatibn step can be,r
for example, particulate. The average partide diameter (‘D50) of the particulate sulfide
glass is, for example, preferably in the rﬁnge from 10 um to 60 um and more preferably
in the range from 20 um to 40 um. This average particle diameter can be determined,
for ‘example,‘ uéing a particle size distribution analyzer. The sulfide glass preferably has
a high Li ion conductivity, and the Li ion conductivity at normal température is, for
example, preferably at least 1 x 10~ S/cm and m.ore preferably is at least 1 x 107 S/cm.

[01034]. - The method of producing the sulfide glass prior to the micropérticulation
step should‘ be a method that can produge a sulfide glass as has been described in the

preceding, but is not otherwise pa_rticularly limited. An example is a production method

that has a synthesis step in which the starting composition as described above is subjected

to amorphization. The amorphization process can be exemplified by mechanical milling
and a melting/quenching pro’éess. ‘Mechanical milling is preferred therebetween
because mechanical milling can be carried out at normal temperature and supports a

simplification of the production process.
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[0035]  The adhesive polymer in an embodiment of the invention will now be
described. The adhesive polymer should be a polymer that exhibits adhesiveness for the

sulfide glass but is not otherwise particularly limited. Here, polymer refers to a polymer

_having a weight-average molecular weight V(MW‘) of at least 10,000. The weight-average

molecular weight of the adhesive polymer is preferably in the range from 50,000 to
500,000 and more preferably' is in the range from 100,000 to 300,000.  The
weight-average molecular weight can be determined és the value as polystyrene by
measurement by gel permeation chromatography (GPC).

[0036] The main chain of the adhesive polymer preferably contains an
unsaturated hydrocarbon backbone. The unsaturated hydrocarbon backbone can be
exemplified by-a hydrocarbon backbone that contains the carbon-carbon double bond.
The main chain of the adhesive polymer can be, for example, a hydrocarbon chain. The
adhesive polymer can exhibit adhesweness based on physical adheSJOn or can exhibit
adhesweness based on chemlcal adhesion, wherein the latter is preferred because it can
readily produce steric hindrance between the sulfide glass particles. An example of -
chemical adhesiori is adhesion that utilizes hydrogen' bonding.

[0037]’ An adhesive polymer that exhibits adhesiveness based on chemical
adhesionvgenerally has an adhesive functional group as a terminal functional group;
This "adhesive _functional group” denotes a functional group capable of chemically

bonding with the"sulfide glass. This adhesive polymer can be exemplified by butylene

rubbers that have an adhesive functional group, ethylene rubbers that have an adhesive |

functional group, propylene rubbers that have an adhesive functional group, polyvinyl
alcohols that have an adhesive functional ‘group, and styrene-butadiene rubbers that have
an adhesive functional group, among which butylene rubbers that have an adhesive
functional group, ethylene rubbers that have an adhesive functional group, and propylene °
rubbers that have an adhesive functional group are preferred and- butylene rubbers that
have an adhesive functional group are particularly preferred. The reason for this is the
lowtreactivity with the sulfide glass arrid ease of retention of the Li ion corlductivity.

Butylene rubber has a butylene backbone for a portion of the main chain (for example, a
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hydrocarbon chain); ethylene rubber has an ethylene bac.kbone for a portion of the' main
chain (for example, a hydrocarbon chain); and propylene rubber has a propylene
backbone for a portion of the main chain (for example, a hydrocarbon chain). ,

[0038]  The adhesiye functional group under consideration preferably has at“least
one selection from O, N, and double bonds. Such an adhesive functional group can be
exemplified by the hydroxyl group, amide group, cyano group, carboxyl group, sulfonic
acid group, epoxy‘ group, and amino group. The adhesive functional group content in
the adhesive polymer is, for example, preferably in the range from 1 x 107 weight% to 1
x 107 weight% aﬁd more preferably ‘in the range from 1 x 107 weight% to 5 x 107
weight%. | |

[0039]  The adhesive polymer is int:roduced in an amount that is preferably in the
range from ‘Ov.Olb wéigvht% to 10 v;/cight% with reference to the sulfide glass and more

preferably in the range from 1 weight% to 5 weight% with reference to the sulfide glass.

The reasons for this are as follows: when too little adhesive polymer is introduced, it may

not be able to exhibit a satisfactory performance as a dispersing agent; when too much
adhesive polymer is ‘introduced, a high \}iscosify is génerated and this can drastically
implair the grinding efficienéy. |

[0040] A solvent is also preferably admixed in the microparticulation step:
The execution of a wet grinding using a solvent can prevent sticking by the sulfide glass
to the‘ container and can prevent -granvulat:ion of the sulfide glass particlés. This solvent
should not degrade the sulfide glass or adhesive polymer, but is not otherwise particularly
limited and can be exemplified by heptane, hexane, octane, toluene, benzene, andA xylene.
The solvent preferably has a low water content in order to avoid the generation of
hydrbgen sulfide.

[0041]  The sulfide glass is ground in the microyparticulation step. The method
of grinding the sulfide glass should be able to condﬁct micropérticulation to give sulfide
glass with a desired size, but is not otherwise particularly limited and caﬁ be émeniplified
by jet milling and media-based grinding, e.g., bead mills, planefary ball mills, and so

forth. Planetary ball mills are preferred among the preceding.” The grinding conditions
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aré set so as to make possible grinding of the sulfide glass to a desired particle diameter. |
For example, when a planetary ball mill is used, the sulfide glass,‘ adhesive polymer,
solvent, and grinding balls are addedv and treatment is carried out for a prescribed time at
arprescribed revolution rate. The béll diameter (¢) of the grinding balls is, for example,
preferably in the range from 0.2 mm to 2 mm and more preferablyin the rénge from 0.6
mm to 1 mm. The reasons for this are‘as fol_lowé: when the ball diameter is too small,

the grinding balls are then difficult to handle and they can be a source of contaminatioh;

~when the ball diameter is too large, it can be very difficult to grind the sulfide glass to the

desired particle diameter. The tablé revolution rate ‘during- planetary ball milling is,»for
example, preferably in the range from 100 rpm to 400 rpfh and more preferably in the.
range from 150 Ipm to 300'rpm. The 'planetary ball milling treatiﬁent time is‘, for
example, preferably in the range from 0.5 hour to 5 hours and more preferably in the
rahge from 1 hour to 4 hours. o

[0042] Due to the use of the adhesiv_c pb-lymer during grinding of .the sulfide
glass, the adhesive polymer functions as a.dispersing agent for the sulfide glass and can
prevent grahulation of the sulfide glass and sticking by the sulfide glass. As a result, the
sulfide glass that has been ground in the microparticulation step can be recovered at high

yields. The yield of the sulfide glass is, for example, preferably at least 90% and more

- preferably at least 95%. This yield can be calculated ﬁsing (amount of sulfide glass

collected after the microparticulation step)/(amount of sulfide glass introduced in the
microparticulation step).
- [0043] 2. The solid sulfide electrolyte material

The solid sulfide electtolyte material obtained according to an embodiment of the

‘invention is prepared by grinding the sulfide glass and contains the adhesive polymer.

The use of the microparticulated sulfide glass for the solid sulfide electrolyte material
supports a reduction in the film thickness of the solid electrolyte layer,v an increase in the
packing fraction for the solid electrolyte layér and the electrode active material layer, and
the formation of an excellent contact interface Between the active material and the solid

sulfide electrolyfe material and thus makes it possible to obtain a high-capacity,
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high-output all solid-state battery. Moreover, because the solid sulfide electrolyte
material contains an adhesive polymer, a solid clectrolyte layer or electrode active.
material layer can be formed in eﬁsuing steps either without the sepératc use of a binder
or using a lower amount of binder, and a reduction in the Li ion conductivlity can thus be
suppressed. The average particle diameter (Dsp) of thé solid sulfide electrolyte material
should be smaller than that of | the sulfide glass prior to the grinding in thé
microparticulation step, but is not otherwise particularly limited and can be exemplified
by preferably the range from 0.1 um to 5 pm and more preferably the range from 0.5 um
to 4 um. This average partiélé diameter can be détermined, for exarhple, ﬁsing a particle
size distribution analyzer. The solid sulfide electrolyte material preferably has a high Li
ion conductivity, which, for examplé, is preferably at least 50% and more preferably at
leaét 70% of the Li ion conductivity of the sulfide glass prior to .the microparticulation
step. o |
[0044]' The solid sulfide electroiyte material can be used in any application that
requirés Li ion conductivity. Within this.sphere, this solid sulfide electrolyte material is

preferably used in an all solid-state battery. When this solid sulfide electrolyte material

“is used in an all solid-state battery, it may be used in the positive electrode active material

layer, in the negatiye electrode active material layer, and/or in the solid electrolyte layer.
In addition, the solid sulfide electrolyte material (sulfide glass) obtained by the
previously described microparticulation step may be made into a crystallized sulfide glass
by subjecting this solid sulfide electrolyte material to a heat treatment at a temperature
that is equal to or greater 'than the vcrystallization‘temperaturé.

[0045] " B. The solid sulfide electfolyte material

The solid sulfide electrolyte material according tb embodiments of the invention is
described in the following. The solid sulfide electrolyte material contains adhesive
polymer and sulfide glass containing L4, S, a‘nd P. wherein thve average particle diameter of
the sulfide glass is in the range from 0.1 pm to 5 pm.

[0046] Because this sulfide glass has the prescribed average particle diameter,

for example, a high-capacity, high-output all solid-state battery can be obtained when this
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sulfide glass is used in an all solid-state battery.

[0047] The solid sulfide electrolytcn material of an embodiment of the invention
contains an adhesive polymer and a sulfide glass that contains Li, S, and P. Since the
sulfide glass is soft, an excellent contact interface between the active material and the.
solid sulfide electrolyte material can be formed by having\ the solid sulfide ele'ctrolyte‘

material contain the sulfide glass. The adhesive polymer and the compoéition of the

sulfide glass are the same as described above in "A. The method of producing a solid .

- sulfide electrolyte material" and their description at this point is therefore omitted.

- [0048] The average particle diameter of the sulfide glass in the solid sulfide
electrolyte material according to an embodiment of the invention is in the range from 0.1
um to 5 um. A reduction in the film thickness of the solid 'eléctrolyte layer and an

increase in the packing fraction for the solid electrolyte layer and the electrode active

material lvayer can be achieved by having the average particle diameter of the sulfide glass

be within the prescribed range. This average particle diameter can be measured using,
for example, a particle size distribution analyzer. |

[0049] The adhésive polymer is preferably dispersed on the surface of the
sulfide glass in the solid sulﬁde electrolyte material, and dispersion at the nanometer
level is more preferred. This avoids impairing the Li ion conductivity. The solid
sulfide electrolyte material can‘be obtained, for examplé, by the method described above
in "A. The method of producing a solid sulfide electrolyte material”.

[0050] The invention is not limited to the embodimqnts described above. The
émbodiment}s described above are examples, and any embodiment that has substantially
the same structure as the technical idea of the invention and accomplvishes the same
functional effects as vthem technical idea of the invention is encompassed by the technical
scope of the invention.

[0051]  The invention is more specifically described by the examples given
below.

[0052]  Production Example — Sulfide glass synthesis

Lithiurﬁ sulfide (Li,S, from Nippon Chcmical Iﬂdustries Co., Ltd., purity = 99.9%)
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and phosphorus penfasulfide (P2Ss, from Aldrich, purity = 99.9%) were used as the

starting materials. Their powders were weighed out in a glove box under an argon
atmosphere (dew point = —70°C) to provide an Li;S:P,Ss molar ratio = 70:30 and were |
mixed with an agate mortar to obtain the starting composition. 100 g of the obtained
starting composition was introduced into a S00-mL ZrO; pot; ZrOz ballé were introduced;
and the pot was completely sealed (Ar atmosphere). Tﬁis pot was installed in a
plénetary ball mill (P5 from Fritsch Japan Co., Ltd.) and dry mechanical milling was
performed for 20 hours at a table revolution rate of 300 rpm to obtain a Sulfidé glass
(70Li,S—30P;Ss glass). i

[0053]. Example 1 <The microparticulation step>

1 g of the sulfide glass obtained in the Production Example, 40 g ZrO, balls (¢ 1
mm), ‘10 g déhydrated heptane (Kanto Chemical Co., Inc.) as solvent, and 0.014 g
butylene rubber (from the JSR Corporation) having the amino group as a terminal
functional group and added as the adhesive polymer, were introduced into a 45-mL ZrO,
pot and the pdt was completely sealed (Ar atmosphere). This pot was installed in a
planetary ball mill (P7 from Fritsch Japan Co., Ltd.) and wet mechanical milling was
performed for 6 hours at a table revolution rate of 200 rpm to grind the sulfide glass and
produce a solid sulfide electrolyte material.

[0054] Example 2 <The microparticulation st>ep>, |

10 g of the sulfide glass thainéd in the Production Example, 100 g ZrO, balls (¢ 1
mm), iOO g dehydrated heptane (Kanto Chemical Co., Inc.) as solvent, and 0.14 gv of the
butylene rubber used in Example 1 and édded as the adhesive polymer, were introddced.
into a 500-mL ZrO, pot and the pot was completely sealed (Ar atmospheré). | This pot
was installed in a planetary ball mill (P5 from Ffitsch Japén Co., | Ltd.) and wet
mechanical milling was performed for 3 hours at a'table revolution rate of 100 rpm to
grind the sulfide glass and produce a solid sulfide electrolyte material.

[0055]  Example 3 <The microparticulation step>

| 1 g of the sulfide glass obtained in the Production Example, 10 g ZrO; balls (¢ 0.6

mm), 10 g dehydrated heptane (Kanto Chemiéal Co., Inc.) as solvent, and 0.02 g of the
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butylene rubber used in Example 1 and added as the édhesive polymer, were introduced
into a 500-mL ZrO, pot and the pot was completely sealed (Ar atmosphere). This pot
yvasA installed in a planetary ball mill (P5 from Fritsch Jépan Co., Lfd;) and wet
mechanical milling was performed for .4 hours at a table revolution rate of 200 pm to
grind the sulfideb glass and produce a solid sulfide electrolyte material.
[0056]  Example 4 <The microparticulation step.>
2g of the sulfide glass obtained in the Production Example, 40 g ZrO; balls (¢ 1
mm), 10 g vdehAydrated heptaﬁe (Kanto Chemica] Co., Inc.) as solvent, and 0.028 g of the
butylene rubbér used in Examble 1 and added as the adhesive polymer, were introducéd
into :a 45-mL ZrO; pot and the pot was completely sealed (Ar atmosphere). This pot
was installed in a planetary ball mill (P7 from Fritsch Japan Co., Ltd.) and wet

mechanical milling was performed for 1 hour at a table revolution rate of 300 rpm to

| grind the sulfide glass and produce a solid sulfide electrolyte material.

[0057] Comparative Example 1 %The microparticulation step>

1 g of the sulfide glass obtained in the Production Example, 40 g ZrO; balls (¢ 1
mm), and 10 g dehydrated heptane (Kanto Chemical Co., Inc.) as solvent were introduced
into a 45-mL 210, ;Sot and the pot was completely sealed (Ar atmosphere). This pot
was installed in- a planetary ball mill (P7 from Fritsch Japan Co., Ltd.) and wet |
mechanical milling was performed for 1 hour at a table revolution rate of .300 rpm to
grind the sulfide glass and produce a solid sulfide'électrolyte materia_l. |

[0058] - Comparative Example 2 <The microparticulatibn stép>

1 g of the sulfide glass obtained in the Production Example, 40 g ZrO; balls (¢ 1
mm), and 10 g dehydrated toluene (Kanto Chemical Co., Inc.) as solvent were introduééd
into a 45-mL ZrO; pot and the pot was completely sealed (Ar atmosphere). ~ This pot
was installed in a planetary ball mill (P7> from Fritsch Japan. Co., Ltd.) and wet
mechanical milling was performed for 1 hour at a table revolution rate 0f 300 rpm to
grind the sulfide glass and produce a solid sulfide electrolyte material.

[0059] Comparative Example 3 <The miérdparticulation step>

10 g of the sulfide glass obtained in the Production Example, 100 g ZrO; balls (¢ 1
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mm), 100 g dehydrated heptane (Kantq Chemical Co., Inc.) as solvent, and 0.1 g
2-ethylhéxanol (Mitsubishi Chemical Corporation) as dispersing agent were introduced
into a 500-mL ZrO; pot and the pot was completely sealed (Ar atmosphere). This pot
was installed in a ‘planetary ball mill (PS from " Fritsch Japan Co., Ltd.) and wet
mechanical milling was performed for 5 hours at a table revolution rate of 800 rpm to
grind the sulfid_e glass and produce a solid sulfide electrolyte material.

[0060] [Evaluations] -
(SEM observations) |

The solid sulfide electrolyte materials obtained in Examples 1 to 4 and Comparative

Examples 1 to 3 were examined with an SEM. SEM images of the solid sulfide

“electrolyte materials obtained in Example 1, Example 4, Comparative Example 1, and

Comparafive Example 3 are shown in FIGS. 2 to 5, respectively. As shown in FIGS. 2
and 3, particles with a particle diameter of 5 um and below were confirmed for the entire
mass for the solid sulfide eléctrolyte materials obtained in Examples 1 and 4. ‘The same
was also true for Exarhplés 2 and 3, altﬁough this hés“ not been shown. In contrast to
this, and as shown in FIG. 4, in the case of the solid sulfide electrolyte material obtained

in Comparative Example 1, a large number of the particlcs had particle diameters of at

least 5 um and particles with particle diameters of about 10 um were also seen. The

same was also true for Cofmparat'ive Exampl¢ 2, although this has not been shown.. On
the other hand', as shown in FIG. 5, numerous particles with a particle diameter 6f 5 pm
and below were. observed for the solid sulfide electrolyte material obtained in
Comparative Example 3.
- [0061]

(Measurement of the particle size distribution)

Small amounts of the solid sulfide electrolyte materials obtained in Examples 1 to 4
and ‘Compa‘rative Examples 1 to 3 and the sulfide glass obtained in the Production

Example were taken as samples and submitted to measurement of the | particle size

distribution using a laser scattering/diffraction particle size distribution analyzer

(Microtrac MT3300EX1I from Nikkiso Co., Ltd.) and the average particle diameter (Dso)
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was determined. These results are given in Table 1.
[0062]
(Measurement of the yield)
| The yield was determined for the solid sulfide electrolyte materials obtained in
Examples 1 fo 4 and Comparative Examples 1 to 3. After the microparticuiation step,
the ZrOé balls_‘were sepafated ana the material adhering on the ZrO, balls was washed
several times with heptane, after which the collected slurry was dried and the amount of

solid sulfide electrolyte material (sulfide glass) collected was measured. The yield was

calculated by dividing the collected amount of the obtained solid sulfide electrolyte

materjal by the amount of sulfide glass introdvuced' in the microparticulation step. These
results are given in Table 1.

[0063]
(Measurement of the Li ion cbnductivity)

The::Li ion conductivity was measured on the solid sulfide e‘lectrolyte materials
obtained in Examples 1 to 4 and Comparative Examples 1 to 3 and on the sulfide glass

obtained in fhe Production Example. . For the solid sulfide electrolyte rﬁaterials, the

slurry collected as described above was dried for 30 minutes at 100°C and the powder

was collected, after which a 0.5 mm-thick 1 cmz_pellet was prepared and molding at 4.3
tons was performed. For the sulfide glass, the powder was collected followed by
preparation of a 0.5 mm-thick 1 cm?® pellet and molding at 4.3 tons. The Li idn
conductivity (normal temperaiure) was me.:asured" by the alternating-current impedance
}metho\d on the pellet after molding. A Solartron 1260 was used for the measuremcnt,v
and the measurement conditions were an applied voltage of 5 mV and a measurement
frequency range of 0.01 MHZ to1 MHz. The resisténce.value at 100 kHz was read and
corrected for thickness and c‘onverted to the Li ion conductivity. The results are given in

Table 1.
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average particle diameter yield Li ion conductivity
(um) (%) (S/em)
Example 1 1.4 92 7.0 x 107
Example 2 3.4 95 7.1 %107
Example 3 0.8 91 7.4 x 107
Example 4 4.6 99 8.6 x.107*
Comparative Example 1 7.2 2 8.1x 107"
Comparative Example 2 5.9 70 6.4 x 1077
Comparative Example 3 2.1 98 . 42x107
Production Example 30 —

1.0 x 10~

[0065] As shown in Table 1, and considered relative to the sulfide glass of the

Production Example, a solid sulfide electrolyte material- having an average particle

diameter of not more than 5 um and a Li ion conductivity of at least 7 x 107~ S/cm was

obtained at a high yield of at least 90% in each of Examples 1 to 4. These results

demonstrated that microparticulatfon of the solid sulfide electrolyte material, a high yield,

and retention of the Li ion conductivity could be simultaneously achieved by the method .

of producing a solid.sulfide electrolyte material according to the embodiments of the

invention. On the other hand, these could not all be simultaneously achieved in

Comparative Examples 1 to 3. In Comparative Example 1, the yield of the solid sulfide

electrolyte material was very low because the sulfide glass adhered in the form of a gum

to the ZrO; balls after the microparticulation step and a particul'ate was not obtained.
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CLAIMS:

1. A method of producing a solid sulfide electrolyte material, the method
compriéing:
mixing an adhesive_polymer with a sulfide glass that contains Li, S, and P, and

 grinding the sulfide glass.

2. The production method according to claim 1, wherein a main chain of the

adhesive polymer contains an unsaturated hydrocarbon backbone.

3. The production method according to claim 1 or 2, wherein the adhesive polymer
has an adhesive functional group as a terminal functional group and this adhesive

functional group has at least one of O, N, and double bonds.

4. The production method according to claim 3, wherein the adhesive functional
group is: at least one of a hydroxyl group, amide group, ‘cyéno group, carboxyl group,

sulfonic acid group, epoxy group, and amino group.

5. The production method according to claim 1 or 2, wherein the adhesive polymér

exhibits chemical adhesiveness with the sulfide glass.

6. The production methori according to claim 5, wherein the adheSive polymer is at
least one of butylene rubbers that have an adhesive funbtional_ group, eth.ylenra rubbers
that have an adhesive functional group, propylene rubbers that have an adhesive
functional group, polyvinyl alcohols .that have an adhesive functional . group, and

styrene-butadiene rubbers that have an adhesive functional group.

7. The production method according to claim 6, wherein the adhesive polymer is at

least one of butylene tubbers that have an adhesive furrctional group, ethylene rubbers
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that have an adhesive functional’ group, and propylene rubbers that have an adhesive

functional group.

8. The production method according to claim 7, wherein the adhesive polymer is

a butyléne rubber that has an adhesive functional group.

9. The production method according to any one of claims 3,4, and 6 to" 8,
wherein the adhesive functional group content in the adhesive polymer is from 1 x 107

weigﬁt% to 1 x 107 weight%.

10. The production method according to claim 9, wherein the adhesive functional

group content in the adhesive polymer is from 1 x 107 weight% to 5 x 107" weight%.

~ 11. The production method accordihg to any one of claims 1 to 10, wherein the
amount of the adhesive polymér is from 0.01 weight% to 10 weight% with reference to

the sulfide glass.

12. The produbtion method according- to claim 11, wherein the amount of the

adhesive polymer is from 1 weight% to 5 weight% with reference to the sulfide glass.

13. The production method according to any one of claims 1 to 12, wherein a

weight-average molecular weight of the adhesive polymer is from 50,000 to 500,000.

14. The production method according to claim 13, wherein the weight-average

molecular weight of the adhesive polymer is from 100,000 to 300,000.

15. The production method according to any one of claims 1 to 14, wherein a
solvent is additionally mixed into a sulfide glass and adhesive polymer mixture during

grinding of the sulfide glass.
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16. The production method according to any one of claims 1 to lS,/vvherein the

sulfide glass contains at least one of F, Cl, Bt, I, and O.

17. A solid sulfide electrolyte material comprising:

a sulfide glass that contains Li, S, and P; an‘d :
| an adhesive polymer, |

wllerein an average particle diameter of the sulfide glass is in a range from 0.1 um

to 5 um.

18. The solid sulfide .electroly'te material according to claim 17,. wherein the

average pérticle diameter of the sulfide glass is ina range from 0.5 umto 4 um.

19. The sol1d sulfide electrolyte material according to claim 17 or 18, whereln the

adhes1ve polymer is d1spersed ata nanometer level on the surface of the sulfide glass
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