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ABSTRACT 

Disclosed is an all-solid-state lithium ion secondary battery 
excellent in cycle characteristics. The battery may be an
all-solid-state lithium ion secondary battery, wherein an 
anode comprises anode active material particles, an electro-
conductive material and a solid electrolyte; wherein the 
anode active material particles comprise at least one active 
material selected from the group consisting of elemental 
silicon and SiO; and wherein a BET specific surface area of 
the anode active material particles is 1.9 m2/g or more and 
14.2 m2/g or less. 
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ALL-SOLID-STATE LITHIUM ION 
SECONDARY BATTERY 

TECHNICAL FIELD 

10001] The disclosure relates to an all-solid-state lithium 
ion secondary battery. 

BACKGROUND 

10002] An active material (an alloy-based active material) 
containing a metal such as Si, the metal being able to form 
an alloy with Li, has a large theoretical capacity per volume 
compared to carbon-based anode active materials. There-
fore, a lithium ion battery using such an alloy-based active 
material in its anode, has been proposed. 
10003] Patent Literature 1 discloses a negative electrode 
mixture for a secondary battery, the mixture comprising, as 
a negative electrode active material powder, an alloy-based 
active material having an average particle diameter of 10 im 
or less. Patent Literature 1 also discloses an all-solid lithium 
ion battery comprising an anode layer that contains the 
negative electrode active material powder. 
10004] Patent Literature 1: Japanese Patent Application 
Laid-Open No. 2013-069416 
10005] However, the all-solid-state lithium ion secondary 
battery as disclosed in Patent Literature 1 which uses an 
alloy-based active material as an anode active material, 
shows a low capacity retention rate when it repeats charge-
discharge cycles. 

SUMMARY 

10006] In light of this circumstance, an object of the 
disclosed embodiments is to provide an all-solid-state 
lithium ion secondary battery which includes an anode 
comprising anode active material particles that comprise 
elemental silicon, and which is excellent in cycle character-
istics. 
10007] In a first embodiment, there is provided an all-
solid-state lithium ion secondary battery, wherein an anode 
comprises anode active material particles, an electroconduc-
tive material and a solid electrolyte; wherein the anode 
active material particles comprise at least one active material 
selected from the group consisting of elemental silicon and 
SiO; and wherein a BET specific surface area of the anode 
active material particles is 1.9 m2/g or more and 14.2 m2/g 
or less. 
10008] For the all-solid-state lithium ion secondary battery 
of the first embodiment, a value obtained by dividing, by the 
BET specific surface area, a volume percentage (%) of the 
electroconductive material when a volume of the anode is 
determined as 100 volume %, may be 0.12 or more and 6.03 
or less. 
10009] In a second embodiment, there is provided an 
all-solid-state lithium ion secondary battery, wherein an 
anode is formed by using an anode mixture comprising 
anode active material particles, an electroconductive mate-
rial and a solid electrolyte; wherein the anode active material 
particles comprise at least one active material selected from 
the group consisting of elemental silicon and SiO; and 
wherein a BET specific surface area of the anode active 
material particles is 1.9 m2/g or more and 14.2 m2/g or less. 
10010] For the all-solid-state lithium ion secondary battery 
of the second embodiment, a value obtained by dividing, by 
the BET specific surface area, a volume percentage (%) of 
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the electroconductive material when a volume of the anode 
mixture is determined as 100 volume %, may be 0.12 or 
more and 6.03 or less. 
10011] In the disclosed embodiments, the solid electrolyte 
may be a sulfide-based solid electrolyte. 
10012] In the disclosed embodiments, the electroconduc-
tive material may be at least one carbonaceous material 
selected from the group consisting of carbon black, carbon 
nanotube and carbon nanofiber. 
10013] According to the disclosed embodiments, the all-
solid-state lithium ion secondary battery can be provided, 
which includes the anode comprising the anode active 
material particles that comprise elemental silicon, etc., and 
which is excellent in cycle characteristics. 

BRIEF DESCRIPTION OF THE DRAWINGS 

10014] FIG. 1 is a schematic view of an example of the 
structure of an all-solid-state lithium ion secondary battery; 
10015] FIG. 2 is a graph showing, for each of Examples 1 
to 5 and Comparative Example 1, a relationship between the 
BET specific surface area of the anode active material 
particles used and the capacity retention rate of the corre-
sponding all-solid-state lithium ion secondary battery after 5 
cycles; and 
10016] FIG. 3 is a graph showing, for each of Examples 1 
to 8 and Comparative Examples 1 and 2, a relationship 
between the C/S value and the capacity retention rate of the 
corresponding all-solid-state lithium ion secondary battery 
after 5 cycles. 

DETAILED DESCRIPTION 

10017] The all-solid-state lithium ion secondary battery of 
the first embodiment is an all-solid-state lithium ion sec-
ondary battery, wherein an anode comprises anode active 
material particles, an electroconductive material and a solid 
electrolyte; wherein the anode active material particles com-
prise at least one active material selected from the group 
consisting of elemental silicon and SiO; and wherein a BET 
specific surface area of the anode active material particles is 
1.9 m2/g or more and 14.2 m2/g or less. 
10018] The all-solid-state lithium ion secondary battery of 
the second embodiment is an all-solid-state lithium ion 
secondary battery, wherein an anode is formed by using an
anode mixture comprising anode active material particles, 
an electroconductive material and a solid electrolyte; 
wherein the anode active material particles comprise at least 
one active material selected from the group consisting of 
elemental silicon and SiO; and wherein a BET specific 
surface area of the anode active material particles is 1 .9 m2/g 
or more and 14.2 m2/g or less. 
10019] The first all-solid-state lithium ion secondary bat-
tery (hereinafter it may be simply referred to as the "first 
embodiment") and the second all-solid-state lithium ion 
secondary battery (hereinafter it may be simply referred to 
as the "second embodiment") of the disclosed embodiments 
are different in the structure of the anode. However, they are 
similar in other aspects. Accordingly, the first embodiment 
will be mainly described below, and the second embodiment 
will be described as needed. 
10020] A metal that is able to form an alloy with Li is low 
in ion conductivity and electron conductivity. Therefore, 
when the metal is used as an anode active material, gener-
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ally, a solid electrolyte and an electroconductive material are 
incorporated in the anode, in combination with the anode 
active material. 
10021] When the metal that is able to form an alloy with 
Li (hereinafter, the metal that is able to form an alloy with 
Li may be referred to as M) is used as the anode active 
material, along with the charging of the lithium ion second-
ary battery, the reaction represented by the following for-
mula (A), that is, a so-called electrochemical alloying reac-
tion, is initiated in the anode: 

xLi+xe+yM—LiMy Formula (A) 

Along with the discharging of the lithium ion secondary 
battery, as represented by the following formula (B), an 
extraction reaction of Li ions from the alloy of Li and M, is 
initiated in the anode: 

LMy—xLi+xe+yM Formula (B) 

10022] The lithium ion secondary battery using the metal 
that is able to form an alloy with Li as the anode active 
material, undergoes a large volume change in association 
with the Li insertionlextraction reactions represented by the 
formulae (A) and (B). 
10023] In the case where an oxide (MO) of the metal M is 
used as the anode active material, along with the charging of 
the lithium ion secondary battery, a metal M may be 
produced in the anode by the electrochemical reaction 
represented by the following formula (C): 

xLi+xe+yMO—LixOy+yM Formula (C) 

10024] By the electrochemical reaction represented by the 
formula (A) or (B), Li can be inserted in and extracted from 
the metal M produced from the oxide MO by the formula 
(C). Therefore, generally, the oxide MO is classified into the 
category of alloy-based active materials. The oxide MO is 
similar to the metal M in that it undergoes a large volume 
change in association with the Li insertionlextraction reac-
tions. 
10025] Patent Literature 1 describes that the average par-
ticle diameter of a powder of the anode active material may 
be small because, as the average particle diameter decreases, 
contact points between the anode active material and the 
solid electrolyte increase. 
10026] However, it was found that in the case of using an 
alloy-based anode active material such as Si, aggregation of 
the anode active material particles is likely to occur in the 
anode, and an electron conducting path in the anode may be 
blocked; therefore, the capacity retention rate of the battery 
may deteriorate especially at the initial stage. 
10027] The electron conducting path in the anode is 
mainly formed by surface contact between the anode active 
material particles, which is responsible for the reactions 
represented by the formulae (A) and (B), and the electro-
conductive material in the anode. Along with the Li inser-
tionlextraction reactions, the volume of the anode active 
material particles changes and due to intense expansion and 
contraction of the anode active material particles, there is a 
problem in that surface contact with the adjacent electro-
conductive material is not stably ensured. If the surface 
contact between the anode active material particles and the 
electroconductive material is uneven in the anode, the elec-
tron conducting path is narrowed in the area where the 
surface contact is small. 
10028] As just described, in the area where the electron 
conducting path is narrow, the electron conducting path is 
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gradually cut by repeating the expansion and contraction of 
the anode active material particles in association with charg-
ing and discharging. As a result, it is considered that the 
capacity retention rate of the lithium ion secondary battery 
deteriorates. 

10029] In the all-solid-state lithium ion secondary battery 
of the disclosed embodiments, by using the anode active 
material particles having a BET specific surface area in the 
above-mentioned range, sufficient contact between the 
anode active material particles and the electroconductive 
material can be ensured, while maintaining excellent ion 
conductivity. Therefore, it is considered that the capacity 
retention rate can be kept high. 

10030] Hereinafter, the all-solid-state lithium ion second-
ary battery of the disclosed embodiments will be described 
in detail. 

1. ALL-SOLID-STATE LITHIUM ION 
SECONDARY BATTERY 

10031] The structure of the all-solid-state lithium ion sec-
ondary battery of the disclosed embodiments is not particu-
larly limited, as long as the battery functions as a secondary 
battery. As shown in FIG. 1, typically, the all-solid-state 
lithium ion secondary battery of the disclosed embodiments 
comprises a cathode 2, an anode 3 and a solid electrolyte 
layer 1 disposed between the cathode 2 and the anode 3, 
which form a cathode-solid electrolyte layer-anode assem-
bly 101. The cathode-solid electrolyte layer-anode assembly 
101 is an assembly of members having the following array 
structure: the cathode, the solid electrolyte layer and the 
anode are arranged in this order; they may be directly 
attached or indirectly attached through a part composed of a 
different material; and a part composed of a different mate-
rial may be attached to one or both of the opposite side of 
the cathode to the position where the solid electrolyte layer 
is present (the outer side of the cathode) and the opposite 
side of the anode to the position where the solid electrolyte 
layer is present (the outer side of the anode). 

10032] By attaching other members such as a current 
collector to the cathode-solid electrolyte layer-anode assem-
bly 101, a cell, which is a functional unit of an all-solid-state 
battery, is obtained. The cell can be used as it is as an
all-solid-state lithium ion secondary battery, or a plurality of 
the cells can be electrically connected to form a cell assem-
bly and used as the all-solid-state lithium ion secondary 
battery of the disclosed embodiments. 

10033] The all-solid-state lithium ion secondary battery is 
characterized as follows: as shown in FIG. 1, it does not 
include an electrolyte solution in a liquid phase, unlike the 
structure of a widely used lithium ion secondary battery 
comprising a non-aqueous electrolyte. That is, the all-solid-
state lithium ion secondary battery of the disclosed embodi-
ments largely and structurally differs in that, the electrolyte 
is in a solid phase, and the electrolyte in a solid phase is 
electrochemically connected to the cathode in a solid phase 
and the anode in a solid phase. 

1-1. Anode 

10034] In the first embodiment, the anode comprises anode 
active material particles, an electroconductive material and 
a solid electrolyte. 
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10035] In the second embodiment, the anode is formed by 
using an anode mixture comprising anode active material 
particles, an electroconductive material and a solid electro-
lyte. 
10036] The anodes of the disclosed embodiments are simi-
lar in that they comprise anode active material particles, an 
electroconductive material and a solid electrolyte. 
10037] Accordingly, these materials for the anode will be 
described first, and then the anode mixture used in the 
second embodiment will be described below under "2-1. 
Anode mixture". 

(Anode Active Material Particles) 

10038] The anode active material particles comprise at 
least one active material selected from the group consisting 
of elemental silicon and SiO. 
10039] When the anode active material comprises elemen-
tal silicon, Si can inserts/extracts Li ions along with the 
so-called electrochemical alloying reactions represented by 
the formulae (A) and (B) (in these formulae, M is Si). 
10040] On the other hand, when the anode active material 
comprises SiO, elemental silicon is produced by the dcc-
trochemical reaction represented by the formula (C) (in this 
formula, M is Si). Therefore, the electrochemical alloying 
reaction progresses continuously. 
10041] Also, the BET specific surface area of the anode 
active material particles is 1.9 m2/g or more and 14.2 m2/g 
or less. When the BET specific surface area is in this range, 
the contact area of the anode active material particles is 
small and makes the particles less likely to aggregate. As a 
result, the dispersibility of the anode active material particles 
in the anode increases, and the anode active material par-
ticles are brought into surface contact with the electrocon-
ductive material, thereby ensuring the electron conducting 
path in the anode. Therefore, the capacity retention rate 
increases. In addition, when the BET specific surface area is 
in this range, an ion conducting path that is a contact point 
between the anode active material particles and the solid 
electrolyte, can be ensured, and excellent anode perfor-
mance can be obtained. 
10042] Therefore, by setting the BET specific surface area 
of the anode active material particles to 1.9 m2/g or more and 
14.2 m2/g or less, the electron conducting path is main-
tained, while maintaining the ion conducting path in the 
anode, and the all-solid-state lithium ion secondary battery 
can keep excellent cycle characteristics. 
10043] To maintain the ion conducting path and the elec-
tron conducting path with balance, the BET specific surface 
area of the anode active material particles may be 2.2 m2/g 
or more and 13.9 m2/g or less, or it may be 2.5 m2/g or more 
and 13.0 m2/g or less. 
10044] In the disclosed embodiments, the BET specific 
surface area (m2/g) of the anode active material particles 
may be a commonly known value (e.g., a catalog value) or 
a measured value. The BET specific surface area (m2/g) of 
the anode active material particles can be measured by a 
specific surface area measuring machine (product name: 
NOVA e2000, manufactured by: Quantachrome Instruments 
Japan G. K.), for example. 
10045] The percentage of the anode active material in the 
anode is not particularly limited. For example, it may be 40 
mass % or more, may be in a range of from 50 mass % to 
90 mass %, or may be in a range of from 50 mass % to 70 
mass %. 
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10046] The form of the elemental silicon and SiO is not 
particularly limited. As the form, examples include, but are 
not limited to, a particle form and a film form. 
10047] The BET specific surface area of the anode active 
material particles may be in the above range, at least in the 
all-solid-state lithium ion secondary battery before passing 
electricity therethrough. Even after the production of the 
battery, the BET specific surface area of the anode active 
material particles is not largely changed, as long as the 
battery is charged and discharged only a few times. For 
example, if the produced battery is charged and discharged 
as a trial before it is shipped out as a commercial product, 
at least 70% to 80% of the anode active material particles in 
the anode are considered to have a BET specific surface area 
in the above range. 
10048] The anode active material particles may contain a 
substance that is obtained by carrying out a Li pre-doping 
treatment on at least one selected from the group consisting 
of elemental silicon and SiO, both of which satisfy the above 
condition. By using such anode active material particles, the 
irreversible capacity of the anode can be decreased. The 
method for the Li pre-doping treatment is not particularly 
limited, as long as it is a commonly used method. As the 
method, examples include, but are not limited to, an dcc-
trochemical method, a thermal reaction method and an
organic Li immersion method. 
10049] Also, the anode active material particles may con-
tain a substance that is obtained by carrying out a surface 
conductive treatment on at least one selected from the group 
consisting of elemental silicon and SiO, both of which 
satisfy the above condition. By using such anode active 
material particles, the electron conducting path in the anode 
can be maintained in a better state. The method for the 
surface conductive treatment is not particularly limited, as 
long as it is a commonly used method. As the method, 
examples include, but are not limited to, carbon coating. 
10050] The median diameter D50 of the anode active 
material particles may be from 0.1 im to 6.0 tim. The 
median diameter means such a diameter that the accumu-
lated volume of the particles is a half (50%) of the whole 
volume when the particle diameters of the particles are 
arranged in ascending order. By using the anode active 
material particles having a median diameter D50 of from 0.1 
tm to 6.0 tm, the dispersibility of the anode active material 

particles can be increased, while maintaining contact points 
between the anode active material and the solid electrolyte. 
The particle diameter of the anode active material particles 
may be from 2.4 im to 5.6 tim. 
10051] The median diameter D50 (tm) of the anode active 
material particles can be measured by a dynamic light 
scattering (DLS) particle size distribution measuring 
machine (product name: Nanotrac Wave, manufactured by: 
MicrotracBEL Corp.), for example. 

(Solid Electrolyte) 

10052] The solid electrolyte in the anode may be a crys-
talline material or a non-crystalline material. The solid 
electrolyte is not particularly limited, as long as it is a solid 
electrolyte that is applicable to the all-solid-state lithium ion 
secondary battery. As the solid electrolyte, for example, an
oxide-based solid electrolyte (an oxide-based non-crystal-
line solid electrolyte and an oxide-based crystalline solid 
electrolyte), a sulfide-based solid electrolyte (a sulfide-based 
non-crystalline solid electrolyte and a sulfide-based crystal-
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line solid electrolyte), a crystalline oxide and a crystalline 
nitride, all of which have high Li ion conductivity, may be 
used. The solid electrolyte material may be glass, for 
example, and it may be crystallized glass (glass ceramic). 
10053] As the oxide-based non-crystalline solid electro-
lyte, examples include, but are not limited to, Li2O—
B20 3—P20 3 and Li2O—SiO2. As the sulfide-based non-
crystalline solid electrolyte, examples include, but are not 
limited to, Li2S -SiS2, LiI -Li2S -SiS2, LiI -Li2S -P2S5, 
LiI—Li2S---P20 5, LiI—Li3PO4---P2S5, Li2S—P2S5, and 
LiI -LiBr -Li2S -P2S5. As the crystalline oxide and the 
crystalline nitride, examples include, but are not limited to, 
Lii, Li3N, Li5La3Ta2O12, Li7La3Zr2O12, Li6BaLa2Ta2O12, 
Li3PO(43/2 )N (w<1), and Li3 6SiQ6PQ4O4. 
10054] The percentage of the solid electrolyte in the anode 
is not particularly limited. For example, it may be 10 mass 
% or more, may be in a range of from 20 mass % to 50 mass 
%, or may be in a range of from 25 mass % to 45 mass %. 
10055] The ratio of the anode active material to the solid 
electrolyte in the anode may be as follows: when the total 
mass of the two kinds of materials is determined as 100 mass 
%, the ratio of the anode active material (mass %) to the 
solid electrolyte (mass %) may be from 85:15 to 30:70, or 
it may be from 80:20 to 40:60. 

(Electroconductive Material) 

10056] The electroconductive material is not particularly 
limited, as long as it is an electroconductive material that is, 
in the anode, applicable to the all-solid-state lithium ion 
secondary battery. As the raw material for the electrocon-
ductive material, examples include, but are not limited to, at 
least one carbonaceous material selected from the group 
consisting of carbon black (e.g., acetylene black, Ketjen 
Black and furnace black), carbon nanotube and carbon 
nanofiber. 
10057] From the viewpoint of electron conductivity, the 
raw material may be at least one carbonaceous material 
selected from the group consisting of carbon nanotube and 
carbon nanofiber. The carbon nanotube and carbon nanofiber 
may be vapor-grown carbon fiber (VGCF). 
10058] The percentage of the electroconductive material in 
the anode is not particularly limited. For example, it may be 
1.0 mass % or more, may be in a range of from 1.0 mass % 
to 12 mass %, or may be in a range of from 2.0 mass % to 
10.0 mass %. 
10059] In addition to the above-mentioned components, 
the anode may contain other components such as a binder. 
10060] As the binder, examples include, but are not limited 
to, polyvinylidene fluoride (PVdF), polytetrafluoroethylene 
(PTFE), butylene rubber (BR), amine-modified butylene 
rubber (ABR), styrene-butadiene rubber (SBR), polyvinyl 
butyral (PVB) and acrylic resin. The binder may be poly-
vinylidene fluoride (PVdF). 
10061] Since a high energy density is obtained, the anode 
of the disclosed embodiments may be an anode in which the 
volume percentage of components other than the anode 
active material, is small. 
10062] In the first embodiment, from the viewpoint of 
increasing the dispersibility of the anode active material 
particles in the anode and thus increasing the durability of 
the all-solid-state battery, the value obtained by dividing, by 
the BET specific surface area of the anode active material 
particles, the volume percentage (%) of the electroconduc-
tive material when the volume of the anode is determined as 
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100 volume %, may be 0.12 or more and 6.03 or less. 
Hereinafter, the value obtained by dividing the volume 
percentage of the electroconductive material by the BET 
specific surface area of the anode active material particles, 
may be referred to as "C/S value". 

10063] In the disclosed embodiments, the volume percent-
age of each material in the anode is a value calculated from 
the true density of the material. In the calculation of the 
volume percentage, spaces in the anode are not taken into 
account. 

10064] In the second embodiment, the volume percentage 
(%) of the electroconductive material which is needed to 
calculate the C/S value, is a value when the volume of the 
below-described anode mixture is determined as 100 volume 
%. 

10065] In the disclosed embodiments, the C/S value is an
index of balance between the volume percentage of the 
electroconductive material in the anode and the BET specific 
surface area of the anode active material particles. When the 
C/S value is too low or too high, the following problem 
occurs. 

10066] The case where the C/S value is less than 0.12 
means a case where the BET specific surface area is too high 
compared to the volume percentage of the electroconductive 
material in the anode. As the case, examples include, but are 
not limited to, a case where many spaces are produced in the 
anode since the volume percentage of the electroconductive 
material is too low, and a case where the contact area 
between the anode active material particles is large since the 
BET specific surface area is large. Of these examples, in the 
case where many spaces are produced in the anode, the area 
where the anode active material particles are distributed is 
limited; therefore, the anode active material particles may be 
unevenly distributed. In the case where the contact area 
between the anode active material particles is large, the 
anode active material particles may easily aggregate. There-
fore, in any of the cases, the anode active material particles 
may be unevenly distributed and, as a result, may narrow the 
electron conducting path in the area where the amount of the 
anode active material particles is small, which may lead to 
a decrease in capacity retention rate. 

10067] On the other hand, when the C/S value is more than 
6.03, the volume percentage of the electroconductive mate-
rial in the anode is too high. Therefore, a problem occurs in 
the ion conducting path, rather than the electron conducting 
path in the anode, and may result in an increase in resistance. 

10068] To maintain the ion conducting path and the elec-
tron conducting path with balance, the C/S value may be 
0.70 or more and 5.00 or less, or it may be 0.66 or more and 
4.11 or less. 

10069] By calculating the volume percentage of the dcc-
troconductive material and the BET specific surface area of 
the anode active material particles in advance, a rough 
prediction can be made on the balance between the ion 
conducting path and the electron conducting path in the 
anode to be obtained. 

10070] For example, when the anode active material par-
ticles having a large BET specific surface area are used, the 
C/S value may be 0.12 or more and 6.03 or less, as long as 
the anode contains a sufficient amount of the electroconduc-
tive material. As a result, it can be predicted that the anode 
contains both the ion conducting path and the electron 
conducting path with balance. 
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10071] Also, for example, when the amount of the dcc-
troconductive material in the anode is decreased, the C/S 
value may be 0.12 or more and 6.03 or less, as long as the 
anode active material particles having a small BET specific 
surface area is used. As a result, it can be predicted that the 
anode in which, as with the above case, both the ion 
conducting path and the electron conducting path are con-
tained with balance, is obtained. 
10072] By referring to the C/S value, the volume percent-
age of the electroconductive material can be determined 
depending on the BET specific surface area of the anode 
active material particles used. Therefore, an all-solid-state 
lithium ion secondary battery that is less likely to cause a 
decrease in capacity, can be produced. 
10073] The average thickness of the anode may be from 1 
im to 100 tim, or it may be from 30 im to 100 tim. 
10074] The average thickness of each of the layers con-
stituting the all-solid-state lithium ion secondary battery of 
the disclosed embodiments, is a value obtained by measur-
ing the thicknesses of 3 to 10 points of a target layer with an 
electron microscope or the like, and then averaging the 
measurement results. 
10075] The anode may comprise an anode current collec-
tor. 
10076] As the anode current collector, for example, copper 
and a copper alloy can be used. Copper may be plated with 
Ni, Cr, C or the like, or Ni, Cr, C or the like may be deposited 
on copper. 

1-2. Cathode 

10077] The cathode is not particularly limited, as long as 
it is a cathode that functions as the cathode of the all-solid-
state lithium ion secondary battery. In general, the cathode 
contains a Li-containing cathode active material. As needed, 
the cathode contains other components such as a binder, a 
solid electrolyte, an electroconductive material and a thick-
ener. 
10078] In the disclosed embodiments, the Li-containing 
cathode active material is not particularly limited, as long as 
it is an active material that contains a Li element. A 
substance can be used as the cathode active material without 
particular limitation, as long as it functions as the cathode 
active material in an electrochemical reaction in relation to 
the anode active material, and it promotes an electrochemi-
cal reaction that involves Li ion transfer. Also, a substance 
that is known as the cathode active material of a lithium ion 
battery, can be used in the disclosed embodiments. 
10079] The raw material for the cathode active material is 
not particularly limited, as long as it is a raw material that 
is applicable to the all-solid-state lithium ion secondary 
battery. As the raw material, examples include, but are not 
limited to, lithium cobaltate (LiCoO2), lithium nickelate 
(LiNiO2), lithium manganate (LiMn2O4), a different ele-
ment-substituted Li--Mn spinel of the composition repre-
sented by Li l+ Ni l/3Mnl/3Col/3O2, Li1+ Mn2__MO4
(where M is one or more elements selected from Al, Mg, Co, 
Fe, Ni and Zn), lithium titanate (LiTiO) and lithium metal 
phosphate (LiMPO4 where M=Fe, Mn, Co, Ni, etc.) 
10080] The cathode active material may include a coating 
layer which has lithium ion conductivity and which contains 
a substance that is not fluidized even when it is in contact 
with the active material or solid electrolyte. As the sub-
stance, examples include, but are not limited to, LiNbO3, 
Li4TisO12 and Li3PO4. 
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10081] The form of the cathode active material is not 
particularly limited. It may be a film form or particle form. 
10082] The percentage of the cathode active material in the 
cathode is not particularly limited. For example, it may be 60 
mass % or more, may be in a range of from 70 mass % to 
95 mass %, or may be in a range of from 80 mass % to 90 
mass %. 
10083] The cathode may comprise a cathode current col-
lector. 
10084] As the cathode current collector, for example, SUS, 
Ni, Cr, Au, Pt, Al, Fe, Ti, Zn, etc., can be used. These 
materials may be plated with Ni, Cr, C or the like, or Ni, Cr, 
C or the like may be deposited on the materials. 
10085] The raw material for the solid electrolyte used in 
the cathode is not particularly limited, as long as it is a raw 
material that is applicable to the all-solid-state lithium ion 
secondary battery. As with the raw material for the solid 
electrolyte used in the anode, an oxide-based solid electro-
lyte (an oxide-based non-crystalline solid electrolyte and an 
oxide-based crystalline solid electrolyte), a sulfide-based 
solid electrolyte (a sulfide-based non-crystalline solid elec-
trolyte and a sulfide-based crystalline solid electrolyte), a 
crystalline oxide, a crystalline nitride or the like, all of which 
have high Li ion conductivity, may be used as the raw 
material for the solid electrolyte used in the cathode. 
10086] The ratio of the cathode active material to the solid 
electrolyte in the cathode may be as follows: when the total 
mass of the two kinds of materials is determined as 100 mass 
%, the ratio of the cathode active material (mass %) to the 
solid electrolyte (mass %) may be from 90:10 to 30:70, or 
it may be from 80:20 to 50:50. 
10087] As the raw material for the electroconductive mate-
rial and the raw material for the binder, the same materials 
as those used in the anode, can be used. 
10088] The average thickness of the cathode may be from 
1 im to 100 tim, or it may be from 30 im to 100 tim. 
10089] 1-3. Solid Electrolyte Layer 
10090] The solid electrolyte layer is not particularly lim-
ited, as long as it is a solid electrolyte layer that functions as 
the solid electrolyte layer of the all-solid-state lithium sec-
ondary battery. In general, the solid electrolyte layer con-
tains a solid electrolyte raw material. As needed, it contains 
other components such as a binder. 
10091] As the raw material for the solid electrolyte and the 
raw material for the binder, the same materials as those used 
in the anode, can be used. 
10092] The percentage of the solid electrolyte raw material 
in the solid electrolyte layer is not particularly limited. For 
example, it may be 50 mass % or more, may be in a range 
of from 70 mass % to 99.99 mass %, or may be in a range 
of from 90 mass % to 99.9 mass %. 
10093] The average thickness of the solid electrolyte layer 
may be from 0.1 im to 300 tim, or it may be from 0.1 im 
to 100 tim. 

2. METHOD FOR PRODUCING THE 
ALL-SOLID-STATE LITHIUM ION 

SECONDARY BATTERY 

10094] The method for producing the all-solid-state 
lithium ion secondary battery is not particularly limited, as 
long as it is a method by which the all-solid-state lithium ion 
secondary battery of the disclosed embodiments can be 
produced. For example, the all-solid-state lithium ion sec-
ondary battery of the disclosed embodiments can be 
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obtained by disposing a solid electrolyte material part 
between a cathode mixture and an anode mixture that 
contains an anode active material, an electroconductive 
material and a solid electrolyte. 
10095] By passing electricity through the all-solid-state 
lithium ion secondary battery, the electrochemical alloying 
reaction as represented by the formula (A) is initiated. As a 
result, the elemental silicon in the anode active material 
reacts with lithium ions to produce an alloy of the elemental 
silicon and Li. 
10096] The method for passing electricity through the 
all-solid-state lithium ion secondary battery is not particu-
larly limited. To efficiently promote the electrochemical 
alloying reaction as represented by the formula (A), current 
density may be in a range of from 0.1 mAIcm2 to 6.0 
mAIcm2, or voltage may be in a range of from 4.1 V to 4.7 
V (vs Li/Li*). 
10097] Hereinafter, the anode mixture, the cathode mix-
ture, the solid electrolyte material part and the all-solid-state 
lithium ion secondary battery will be described. 

2-1. Anode Mixture 

10098] The anode mixture comprises anode active mate-
rial particles, an electroconductive material and a solid 
electrolyte. The anode active material particles are not 
particularly limited, as long as the anode active material 
particles comprise at least one active material selected from 
the group consisting of elemental silicon and SiO, and the 
BET specific surface area of the anode active material 
particles is 1.9 m2/g or more and 14.2 m2/g or less. The 
anode mixture and an anode produced from the anode 
mixture can keep such a state that, inside thereof, the anode 
active material particles are evenly dispersed and surface 
contact between the anode active material particles and the 
electroconductive material is ensured with no unevenness. 
10099] As needed, the anode mixture may contain other 
components such as a binder, in addition to the anode active 
material particles, the electroconductive material and the 
solid electrolyte. 
10100] As the raw materials for the components such as 
the anode active material particles, the electroconductive 
material, the solid electrolyte and the binder, which is a 
component incorporated as needed, the same raw materials 
as those exemplified in the above "1-1. Anode" can be used. 
10101] The raw material for forming the anode mixture, 
that is, the raw material for the anode mixture, may contain 
components other than the raw materials for the anode active 
material particles, the electroconductive material, the solid 
electrolyte and the binder, which is incorporated as needed. 
In addition, the raw material for the anode mixture may 
contain components that are removed in the process of 
forming the anode mixture. As the components that are 
contained in the raw material for the anode mixture and 
removed in the process of forming the anode mixture, 
examples include, but are not limited to, a solvent and a 
removable binder. As the removable binder, such a binder 
can be used, that functions as the binder in the formation of 
the anode mixture and is decomposed or volatilized and 
removed by sintering in the step of obtaining the anode 
mixture, thereby providing a binder-free anode mixture. 
10102] The method for forming the anode mixture is not 
particularly limited. This is because, by using the anode 
active material particles which comprise at least one active 
material selected from the group consisting of elemental 
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silicon and SiO and which have a BET specific surface area 
of 1.9 m2/g or more and 14.2 m2/g or less, in the anode 
mixture thus formed and the anode produced from the anode 
mixture, the anode active material particles can be kept in an
evenly dispersed state, and surface contact between the 
anode active material particles and the electroconductive 
material is ensured with no unevenness. 
10103] As the method for forming the anode mixture, 
examples include, but are not limited to, a method for 
compression-forming a powder of the raw material for the 
anode mixture. In the case of compression-forming the 
powder of the raw material for the anode mixture, generally, 
a pressing pressure of from about 400 MPa to about 1,000 
MPa is applied. The compression-forming may be carried 
out by using a roll press. In this case, a line pressure may be 
set to 10 kN/cm to 100 kN/cm. Also, the compression-
forming may be carried out after the powder is heated in 
advance. The powder heating temperature may be from 60° 
C. to 250° C. 
10104] Also, the following methods can be adopted: a 
method in which a powder of the raw material for the anode 
mixture containing the removable binder, is subjected to 
compression forming and then sintered to remove the binder, 
and a method in which a dispersion of the raw material for 
the anode mixture containing the solvent and the removable 
binder, is applied on the solid electrolyte material part or on 
a different support, dried, formed into the anode mixture and 
then sintered to remove the binder. 
10105] In the second embodiment, the anode is formed by 
using an anode mixture comprising anode active material 
particles, an electroconductive material and a solid electro-
lyte. The anode mixture used herein means the above-
mentioned anode mixture. 
10106] The value (the C/S value) obtained by dividing, by 
the BET specific surface area of the anode active material 
particles, the volume percentage (%) of the electroconduc-
tive material when the volume of the anode mixture is 
determined as 100 volume %, may be 0.12 or more and 6.03 
or less. The reason why the C/S value may be in this range 
is the same as the reason described above in "1-1. Anode". 

2-2. Cathode Mixture 

10107] In the production method of the disclosed embodi-
ments, the cathode mixture contains, for example, a Li-
containing cathode active material. As needed, it contains 
other raw materials such as a binder, a solid electrolyte and 
an electroconductive material. 
10108] As the other raw materials such as the binder, the 
electroconductive material and the solid electrolyte, the 
same raw materials as those exemplified above in "1-2. 
Cathode" can be used. 
10109] The raw material for forming the cathode mixture, 
that is, the raw material for the cathode mixture may further 
contain components that are removed in the process of 
forming the cathode mixture. As the components that are 
contained in the raw material for the cathode mixture and 
removed in the process of forming the cathode mixture, 
examples include, but are not limited to, the same compo-
nents as the solvent and the removable binder, both of which 
can be incorporated in the raw material for the anode 
mixture. 
10110] As the method for forming the cathode mixture, 
examples include, but are not limited to, the same method as 
the method for forming the anode mixture. 
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2-3. Solid Electrolyte Material Part 

10111] In the production method of the disclosed embodi-
ments, the solid electrolyte material part contains a solid 
electrolyte raw material, for example. As needed, it contains 
other components. 
10112] As the solid electrolyte raw material, the same 
materials as those exemplified above in "1-3. Solid electro-
lyte layer" can be used. 
10113] The percentage of the solid electrolyte raw material 
in the solid electrolyte material part is not particularly 
limited. For example, it may be 50 mass % or more, may be 
in a range of from 70 mass % to 99.99 mass %, or may be 
in a range of from 90 mass % to 99.9 mass %. 
10114] As the other components contained in the solid 
electrolyte material part, the same materials as those exem-
plified above in "1-3. Solid electrolyte layer" can be used. 
10115] As the method for forming the solid electrolyte 
material part, examples include, but are not limited to, a 
method for compression-forming a powder of the solid 
electrolyte material containing the solid electrolyte raw 
material and, as needed, other components. In the case of 
compression-forming the powder of the solid electrolyte 
material, generally, as with the case of compression-forming 
the powder of the anode mixture, a pressing pressure of from 
about 400 MPa to about 1,000 MPa is applied. The com-
pression-forming may be carried out by using a roll press. 
10116] In this case, a line pressure may be set to 10 kN/cm 
to 100 kN/cm. Also, the compression-forming may be 
carried out after the powder is heated in advance. The 
powder heating temperature may be from 60° C. to 250° C. 
10117] As a different method, a cast film forming method 
can be used, which uses a solution or dispersion of the solid 
electrolyte material that contains the solid electrolyte raw 
material and, as needed, other components. 

2-4. All-Solid-State Lithium Ion Secondary Battery 

10118] In the production method of the disclosed embodi-
ments, the all-solid-state lithium ion secondary battery of the 
disclosed embodiments is an assembly of members having 
the following array structure, for example: the cathode 
mixture, the solid electrolyte material part and the anode 
mixture are arranged in this order; they may be directly 
attached or indirectly attached through a part composed of a 
different material; and a part composed of a different mate-
rial may be attached to one or both of the opposite side of 
the cathode mixture to the position where the solid electro-
lyte material part is present (the outer side of the cathode 
mixture) and the opposite side of the anode mixture to the 
position where the solid electrolyte material part is present 
(the outer side of the anode mixture) (i.e., a cathode mixture-
solid electrolyte material part-anode mixture assembly). 
10119] A part composed of a different material may be 
attached to the all-solid-state lithium ion secondary battery, 
as long as Li ions can be passed in the direction from the 
cathode mixture side to the anode mixture side through the 
solid electrolyte material part. A coating layer such as 
LiNbO3, Li4TisO12 or Li3PO4 may be disposed between the 
cathode mixture and the solid electrolyte material part. A 
current collector, an outer casing, etc., may be attached to 
one or both of the outer side of the cathode mixture and the 
outer side of the anode mixture. 
10120] The all-solid-state lithium ion secondary battery is 
typically an assembly having the following array structure: 
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the cathode mixture, the anode mixture and the solid elec-
trolyte material part disposed between the cathode mixture 
and the anode mixture are directly attached, and a part 
composed of a different material is not attached to both the 
outer side of the cathode mixture and the outer side of the 
anode mixture. 

10121] The method for producing the all-solid-state 
lithium ion secondary battery is not particularly limited. For 
example, the all-solid-state lithium ion secondary battery 
may be produced as follows: the powder of the raw material 
for the anode mixture is put in a compression cylinder for 
powder compression forming and deposited to a uniform 
thickness, thereby forming a layer of the powder of the raw 
material for the anode mixture; a powder of the raw material 
for the solid electrolyte, which contains the solid electrolyte 
powder and, as needed, other components, is placed on the 
layer of the powder of the raw material for the anode mixture 
and deposited to a uniform thickness, thereby forming a 
layer of the powder of the raw material for the solid 
electrolyte; a powder of the raw material for the cathode 
mixture, which contains the Li-containing cathode active 
material, is placed on the layer of the powder of the raw 
material for the solid electrolyte and deposited to a uniform 
thickness, thereby forming a layer of the powder of the raw 
material for the cathode mixture; and a powder deposit 
composed of the three powder deposited layers formed in 
this manner, is subjected to compression-forming at once, 
thereby producing the all-solid-state lithium ion secondary 
battery. 

10122] The solid electrolyte material part, the anode mix-
ture and the cathode mixture may be produced by a method 
other than the powder compression forming. Details of the 
method are as described above. For example, the solid 
electrolyte material part may be formed by the cast film 
forming method or a coating method with a die coater, using 
the solution or dispersion of the solid electrolyte material 
containing the solid electrolyte raw material. The anode 
mixture and the cathode mixture may be formed by the 
following method, for example: a method in which the 
dispersion containing the powder of the raw material for the 
anode mixture or cathode mixture and the removable binder, 
is applied on the solid electrolyte material part to form a 
coating film, and the coating film is heated to remove the 
binder from the coating film, or a method in which the 
powder containing the raw material for the anode mixture or 
cathode mixture and the removable binder, is subjected to 
compression forming to form the powder into the cathode 
mixture or anode mixture, and the thus-formed product is 
heated to remove the binder from the product. To increase 
electrode density, the anode mixture and the cathode mixture 
may be subjected to densification pressing in advance before 
the compression forming. 

10123] The anode mixture and the cathode mixture may be 
formed on a support other than the solid electrolyte material 
part. In this case, the anode mixture and the cathode mixture 
are removed from the support, and the removed anode 
mixture or cathode mixture is attached on the solid electro-
lyte material part. 

10124] The all-solid-state lithium ion secondary battery is 
generally confined at a predetermined confining pressure 
using a confning jig, and then it is charged and discharged. 
At this time, the method for confining the all-solid-state 
lithium ion secondary battery is not particularly limited. As 
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the confining method, examples include, but are not limited 
to, a confning method using the confining torque of a bolt. 
10125] An example of the method for calculating the 
discharge capacity retention rate of the all-solid-state lithium 
ion secondary battery according to the disclosed embodi-
ments, will be described below. 
10126] First, the battery is charged with constant current-
constant voltage until a predetermined voltage is reached. 
Next, the charged battery is discharged with constant cur-
rent-constant voltage. The charging and discharging are 
determined as one cycle, and X cycles are repeated. 
10127] The discharge capacity retention rate after X cycles 
is calculated by the following formula (D): 

r=(CA/Cl )x 100 Formula (D) 

where r is the discharge capacity retention rate (%) after X 
cycles; Cis the discharge capacity (mAh) at the X-th cycle; 
and C1 is the discharge capacity (mAh) at the first cycle. 
The value of X is not particularly limited; however, since the 
initial discharge capacity retention rate is easily influenced 
by uneven distribution of the anode active material particles 
in the anode, X may be 10 or less, or it may be 5. 
10128] For the all-solid-state lithium ion secondary battery 
using the alloy-based anode active material, a difference in 
capacity retention rate after initial charging and discharging, 
determines future durability. For example, according to a 
comparison between Example 3 and Comparative Example 
1 described below, there is a difference of as much as 0.2% 
in the capacity retention rate just after 5 cycles. Since the 
difference of 0.2% in the capacity retention rate after initial 
charging and discharging, increases with cycles, it can be 
said that Comparative Example 1 has a serious defect 
compared to Example 3. 
10129] For example, in the case where the all-solid-state 
lithium ion secondary battery is mounted in a car, when one 
or two cycles of charging and discharging of the battery are 
carried out per week and the battery is used for 10 years 
before replacement, 500 to 1000 cycles of charging and 
discharging are repeated. 
10130] For example, in the case where there is a difference 
of 0.2% in the capacity retention rate after 5 cycles of 
charging and discharging, when a deterioration phenom-
enon, which is a cause for capacity decrease, is continuously 
caused by charging and discharging cycles, the capacity 
retention rate is estimated to be 60% in Comparative 
Example 1 and 78% in Example 3, even just after 50 cycles 
of charging and discharging. Therefore, the difference 
between them is increased to 18%. Considering that there is 
a demand for the above-described secondary battery that has 
high durability and is prepared for long-term use, even if the 
difference in the capacity retention rate after 5 cycles of 
charging and discharging is 0.2%, this will be a large 
significant difference. The reason for this is presumed as 
follows: due to expansion and contraction of the anode 
active material, which are caused by repeating charging and 
discharging cycles, electrical connection between the anode 
active material and the electroconductive material inside the 
anode and electrochemical connection between the anode 
surface and the solid electrolyte layer gradually decrease, 
thereby decreasing the capacity retention rate. 
10131] Also, the following fact was actually confirmed: 
for example, in the case where an acceleration test was 
continuously carried out under a high temperature condition, 
the difference in the capacity retention rate after 5 cycles 
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becomes a much larger difference with cycles. The reason 
for this is presumed as follows: deterioration in the anode 
active material is accelerated with cycles, and initial dete-
rioration in the anode active material accounts for about 1% 
to 1.5% of overall deterioration. 
10132] For example, for deterioration in the anode active 
material relating to cutting of the electron conducting path, 
it is presumed as follows: once the electron conducting path 
is cut, reaction is concentrated in one part and results in an
increase in volume change amount of the anode active 
material per unit volume of Si; therefore, cutting of the 
electron conducting path more easily progresses. As a result, 
deterioration in the anode active material more easily pro-
gresses with cycles, compared to the time of the initial 
cycles. 
10133] As the initial deterioration, examples include, but 
are not limited to, deterioration in components other than the 
anode, such as deterioration in the cathode and deterioration 
in the solid electrolyte layer. They are only about 1% to 1.5% 
in total. Therefore, when the initial capacity retention rate is 
below 98.5%, it is considered that deterioration in the anode 
active material is in progress. When deterioration occurs at 
the 5th cycle in the initial stage, it is considered that 
deterioration continuously progresses thereafter and leads to 
a large decrease in capacity. 

Examples 

10134] Hereinafter, the disclosed embodiments will be 
further clarified by the following examples. The disclosed 
embodiments are not limited to the following examples, 
however. 

1. Production of Si Particles 

Production Example 1 

10135] Lump silicon metal (chemical grade silicon manu-
factured by Simcoa Operations) was used as a raw material 
and roughly pulverized with a roll crusher mill (product 
name: MRCW1, manufactured by: Makino Corporation). A 
roughly pulverized powder thus obtained was further pul-
verized finely and classified with a cross jet mill (product 
name: KJ-25, manufactured by: Kurimoto, Ltd.) at a sepa-
rator rotational frequency of 125 Hz. Then, Si particles were 
collected from a collection container under a cyclone. 
10136] By the above process, the Si particles of Production 
Example 1 were obtained, which had a BET specific surface 
area of 1.9 m2/g and a median diameter D50 of 5.3 tm. 

Production Example 2 

10137] Si particles of Production Example 2 were obtained 
in the same manner as Production Example 1, except that the 
lump silicon metal (chemical grade silicon manufactured by 
Simcoa Operations) used as the raw material was changed to 
granular polycrystalline silicon (solar-grade silicon manu-
factured by REC Silicon). The Si particles of Production 
Example 2 had a BET specific surface area of 2.20 m2/g and 
a median diameter D50 of 5.2 tim. 

Production Example 3 

10138] Si particles of Production Example 3 were obtained 
in the same manner as Production Example 2, except that the 
separator rotational frequency of the cross jet mill was 
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changed to 300 Hz. The Si particles of Production Example 
3 had a BET specific surface area of 3.4 m2/g and a median 
diameter D50 of 2.5 tim. 

Production Example 4 

10139] Granular polycrystalline silicon (solar-grade sili-
con manufactured by REC Silicon) was used as a raw 
material and roughly pulverized with the roll crusher mill 
(product name: MRCW1, manufactured by: Makino Corpo-
ration). A roughly pulverized powder thus obtained was 
further pulverized finely and classified with the cross jet mill 
(product name: KJ-25, manufactured by: Kurimoto, Ltd.) at 
a separator rotational frequency of 300 Hz. Then, Si particles 
were collected from a collection container under a bag filter. 
10140] By the above process, the Si particles of Production 
Example 4 were obtained, which had a BET specific surface 
area of 13.9 m2/g and a median diameter D50 of 0.2 tim. 

Production Example 5 

10141] Lump silicon metal (chemical grade silicon manu-
factured by Simcoa Operations) was used as a raw material 
and roughly pulverized with the roll crusher mill (product 
name: MRCW1, manufactured by: Makino Corporation). A 
roughly pulverized powder thus obtained was further pul-
verized finely and classified with the cross jet mill (product 
name: KJ-25, manufactured by: Kurimoto, Ltd.) at a sepa-
rator rotational frequency of 300 Hz. Then, Si particles were 
collected from the collection container under the bag filter. 
10142] By the above process, the Si particles of Production 
Example 5 were obtained, which had a BET specific surface 
area of 14.2 m2/g and a median diameter D50 of 0.2 tim. 

Production Example 6 

10143] Si particles of Production Example 6 were obtained 
in the same manner as Production Example 2, except that the 
separator rotational frequency of the cross jet mill was 
changed to 123 Hz. The Si particles of Production Example 
6 had a BET specific surface area of 2.19 m2/g and a median 
diameter D50 of 5.5 tim. 

Comparative Production Example 1 

10144] A copper crucible was placed inside a vacuum 
chamber equipped with an oil diffusion pump. Lump silicon 
metal (8 kg) was put in the copper crucible. Then, the inside 
of the chamber was depressurized to 2x10 4 Pa. Next, the 
silicon metal lump was melted by an axial electron gun 
placed in the chamber. After melting the silicon metal lump, 
with controlling the temperature of a deposition substrate 
made of stainless steel to 300° C., deposition of copper was 
carried out for 7 hours at a power density of 1.0 kW/cm2. 
Then, the temperature inside the chamber was naturally 
cooled to normal temperature. Thereafter, the chamber was 
opened to the air, and a silicon deposit (0.8 kg) was obtained. 
10145] The thus-obtained silicon deposit was used as a raw 
material and roughly pulverized with the roll crusher mill 
(product name: MRCW1, manufactured by: Makino Corpo-
ration). A roughly pulverized powder thus obtained was 
further pulverized finely and classified with the cross jet mill 
(product name: KJ-25, manufactured by: Kurimoto, Ltd.) at 
a separator rotational frequency of 300 Hz. Then, Si particles 
were collected from the collection container under the bag 
filter. 
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10146] By the above process, the Si particles of Compara-
tive Production Example 1 were obtained, which had a BET 
specific surface area of 21.7 m2/g and a median diameter 
D50 of 0.3 tim. 

Reference Production Example 1 

10147] SIE22PB (manufactured by Kojundo Chemical 
Laboratory Co., Ltd.) was used as Si particles of Reference 
Production Example 1. The Si particles of Reference Pro-
duction Example 1 had a BET specific surface area of 2.11 
m2/g and a median diameter D50 of 5.5 tim. 

2. Production of all-Solid-State Lithium Ion 
Secondary Battery 

Example 1 

(1) The Step of Forming Anode Mixture 

10148] The following raw materials for an anode were put 
in a container. 

10149] Anode active material particles: The Si particles 
of Production Example 1 

10150] Sulfide-based solid electrolyte: Li2S -P2S5-
based glass ceramic 

10151] Electroconductive material: VGCF 
10152] Binder: 5 Mass % butyl butyrate solution of a 

PVdF-based binder 
10153] The content of the electroconductive material in the 
mixture of the above-mentioned raw materials for the anode, 
was controlled so that the volume percentage of the dcc-
troconductive material is 2.5 volume % when the total 
volume of an anode mixture thus obtained is determined as 
100%. 
10154] The mixture in the container was stirred for 30 
seconds by an ultrasonic disperser (product name: UH-50, 
manufactured by: SMT Co., Ltd.) Next, the container was 
shaken for 30 minutes by a shaker (product name: TTM-1, 
manufactured by: Sibata Scientific Technology Ltd.), 
thereby preparing a raw material for an anode mixture. 
10155] The raw material for the anode mixture was applied 
on one surface of a copper foil (an anode current collector 
manufactured by UACJ Foil Corporation) by a blade method 
using an applicator. The applied raw material for the anode 
mixture was dried on a hot plate at 100° C. for 30 minutes, 
thereby forming an anode mixture. 

(2) The Step of Forming Cathode Mixture 

10156] The following raw materials for a cathode were put 
in a container. 

10157] Cathode active material: LiNi1/3Co1/3Mn1/30 2
particles (average particle diameter: 6 tm) 

10158] Sulfide-based solid electrolyte: Li2S -P2S5-
based glass ceramic 

10159] Electroconductive material: VGCF 
10160] Binder: 5 Mass % butyl butyrate solution of a 

PVdF-based binder 
10161] The mixture in the container was stirred for 30 
seconds by the ultrasonic disperser (product name: UH-50, 
manufactured by: SMT Co., Ltd.) Next, the container was 
shaken for 3 minutes by the shaker (product name: TTM-1, 
manufactured by: Sibata Scientific Technology Ltd.) The 
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mixture in the container was further stirred for 30 seconds by 
the ultrasonic disperser, thereby preparing a raw material for 
a cathode mixture. 
10162] The raw material for the cathode mixture was 
applied on one surface of an aluminum foil (a cathode 
current collector manufactured by Showa Denko K. K.) by 
the blade method using the applicator. The applied raw 
material for the cathode mixture was dried on the hot plate 
at 1000 C. for 30 minutes, thereby forming a cathode 
mixture. 

(3) The Step of Forming Solid Electrolyte Layer 

10163] The following raw materials for a solid electrolyte 
layer were put in a container. 

10164] Sulfide-based solid electrolyte: Li2S -P2S5-
based glass ceramic 

10165] Binder: 5 Mass % heptane solution of a BR-
based binder 

10166] The mixture in the container was stirred for 30 
seconds by the ultrasonic disperser (product name: UH-50, 
manufactured by: SMT Co., Ltd.) Next, the container was 
shaken for 30 minutes by the shaker (product name: TTM-1, 
manufactured by: Sibata Scientific Technology Ltd.), 
thereby preparing a raw material for a solid electrolyte layer. 
10167] The raw material for the solid electrolyte layer was 
applied on one surface of a substrate (an aluminum foil 
manufactured by Showa Denko K. K.) by the blade method 
using the applicator. The applied raw material for the solid 
electrolyte layer was dried on the hot plate at 100° C. for 30 
minutes, thereby producing a solid electrolyte layer. 
(4) The Step of Producing all-Solid-State Lithium Ion Sec-
ondary Battery 
10168] A solid electrolyte material part was further placed 
on the anode mixture formed on the anode current collector 
(copper foil). A stack thus obtained was set on a roll press 
machine and pressed under the following pressing condition, 
thereby obtaining an anode side laminate I (solid electrolyte 
material part/anode mixture/anode current collector). 

<Pressing Condition of Anode Side Laminate I> 

10169] Pressing pressure: About 630 MPa (line pressure: 
20 kN/cm) 
10170] Pressing temperature: 25° C. 
10171] A solid electrolyte material part was further placed 
on the cathode mixture formed on the cathode current 
collector (aluminum foil). A stack thus obtained was set on 
the roll press machine and pressed under the following 
pressing condition, thereby obtaining a cathode side lami-
nate I (solid electrolyte material part/cathode mixture/cath-
ode current collector). The cathode side laminate I was 
produced slightly smaller than the anode side laminate I so 
that the area of the anode side laminate I was larger than that 
of the cathode side laminate I. 

<Pressing Condition of Cathode Side Laminate I> 

10172] Pressing pressure: About 710 MPa (line pressure: 
20 kN/cm) 
10173] Pressing temperature: 165° C. 
10174] To the solid electrolyte material part side of the 
anode side laminate I, the solid electrolyte layer on the 
substrate (aluminum foil) was further attached. A stack thus 
obtained was set on a flat uniaxial press machine and 
temporarily pressed under the following pressing condition, 
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thereby integrating the solid electrolyte layer on the sub-
strate with the solid electrolyte material part of the anode 
side laminate I. 

<Temporary Pressing Condition> 

10175] Pressing pressure: 100 MPa 
10176] Pressing temperature: 25° C. 
10177] Pressing time: 10 Seconds 
10178] Then, the aluminum foil on the solid electrolyte 
layer side was peeled off, thereby obtaining an anode side 
laminate II (solid electrolyte material part/anode mixture/ 
anode current collector). 
10179] The cathode side laminate I and the anode side 
laminate II were stacked so that their surfaces on each of 
which the solid electrolyte material part was formed, were in 
contact with each other. A stack thus obtained was set on the 
flat uniaxial press machine and pressed under the following 
final pressing condition, thereby obtaining an all-solid-state 
lithium ion secondary battery. 

<Final Pressing Condition> 

10180] Pressing pressure: 200 MPa 
10181] Pressing temperature: 135° C. 
10182] Pressing time: 1 Minute 
10183] The all-solid-state lithium ion secondary battery 
was confined at a predetermined confining pressure using a 
confining jig. Then, a discharge test was carried out, which 
will be described below. 

Examples 2 to 8 and Comparative Examples 1 and 
2 

10184] All-solid-state lithium ion secondary batteries of 
Examples 2 to 8 and Comparative Examples 1 and 2 were 
produced in the same manner as Example 1, except that the 
type of the anode active material particles used in "(1) The 
step of forming anode mixture" and the volume percentage 
of the electroconductive material when the total volume of 
the anode mixture obtained in "(1) The step of forming 
anode mixture" was determined as 100%, were changed as 
shown in the following Table 1. 

3. EVALUATION 

(1) Measurement of BET Specific Surface Area and Median 
Diameter of Anode Active Material Particles 

10185] The BET specific surface area (m2/g) of the anode 
active material particles was measured by a specific surface 
area measuring machine (product name: NOVA e2000, 
manufactured by: Quantachrome Instruments Japan G. K.) 
The median diameter D50 (tm) of the anode active material 
particles was measured by a dynamic light scattering (DLS) 
particle size distribution measuring machine (product name: 
Nanotrac Wave, manufactured by: MicrotracBEL Corp.) 

(2) Discharge Test 

10186] For battery performance evaluation, the all-solid-
state lithium ion secondary batteries underwent a discharge 
test by the following method. 
10187] First, each battery was charged with constant cur-
rent-constant voltage at a 10-hour rate (1/10 C) until a 
voltage of 4.55 V was reached. At this time, a cutoff current 
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was set to 1/100 C. Next, the charged battery was discharged 
with constant current-constant voltage until a voltage of 2.5 
V was reached. 
10188] Next, the discharged battery was charged with 
constant current-constant voltage until a voltage of 4.35 V 
was reached. Then, the charged battery was discharged with 
constant current-constant voltage until a voltage of 3.0 V 
was reached. The charging until a voltage of 4.35 V and the 
discharging until a voltage of 3.0 were determined as one 
cycle, and 5 cycles of the charging and discharging were 
repeated. 
10189] The discharge capacity retention rate after 5 cycles 
was calculated by the following formula (D1): 

r=(C5/C1 )x100 Formula (D1) 

where r is the discharge capacity retention rate (%) after 5 
cycles; C5 is the discharge capacity (mAh) at the 5th cycle; 
and C1 is the discharge capacity (mAh) at the first cycle. 
10190] The following Table 1 shows the capacity retention 
rates after 5 cycles of Examples 1 to 8 and Comparative 
Examples 1 and 2, along with the properties of the anode 
active material particles, for comparison. 

TABLE 1 

Anode active material particles Volume percentage C 

BET specific Median (volume %) of 
Production surface area diameter electroconductive 
Number S (m2/g) D50 (jim) material 
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obtained, compared to the case of using the anode active 
material particles having a BET specific surface area outside 
the range. 

10193] Hereinafter, a relationship between the parameters 
(the BET specific surface area S and the C/S value) of the 
disclosed embodiments and the capacity retention rate of the 
all-solid-state lithium ion secondary battery, will be dis-
cussed using graphs and Table 1. 

10194] FIG. 2 is a graph comparing the experimental 
results of Examples ito 5 and Comparative Example 1. FIG. 
2 is a graph with the capacity retention rate after 5 cycles of 
the all-solid-state lithium ion secondary battery on the 
vertical axis, and the BET specific surface area S of the 
anode active material particles on the horizontal axis. In all 
of Examples ito 5 and Comparative Example 1, the volume 
percentage of the electroconductive material in the anode is 
2.5 volume %. 

10195] As is clear from FIG. 2, as long as the BET specific 
surface area of the anode active material particles is 1 .9 m2/g 
or more and 14.2 m2/g or less (Examples ito 5), the capacity 
retention rate after 5 cycles of the all-solid-state lithium ion 

Capacity 
retention rate (%) 

C/S after 5 cycles 

Example 1 Production 1.9 5.3 2.5 1.32 98.7 
Example 1 

Example 2 Production 2.20 5.2 2.5 1.14 98.7 
Example 2 

Example 3. Production 3.4 2.5 2.5 0.74 98.5 
Example 3 

Example 4 Production 13.9 0.2 2.5 0.18 98.8 
Example 4 

Example 5 Production 14.2 0.2 2.5 0.18 98.9 
Example 5 

Example 6 Production 2.19 5.5 4.8 2.19 98.8 
Example 6 

Example 7 Production 2.19 5.5 9.2 4.20 99.0 
Example 6 

Example 8 Production 2.19 5.5 13.2 6.03 98.8 
Example 6 

Comparative Comparative 21.7 0.3 2.5 0.12 98.3 
Example 1 Production 

Example 1 
Comparative Reference 2.11 5.5 0 0 98.0 
Example 2 Production 

Example 1 

4. CONCLUSION 

10191] According to Table 1, the capacity retention rates 
after 5 cycles of Examples 1 to 8, are 0.2% or more higher 
than the capacity retention rate after 5 cycles of Comparative 
Example 1. This is because the BET specific surface area of 
the anode active material particles used in each of Examples 
ito 8, is 1.9 m2/g or more and 14.2 m2/g or less, while the 
BET specific surface area of the anode active material 
particles used in Comparative Example 1 is as large as 21.7 
m2/g. 

10192] Therefore, it was proved that by using the anode 
active material particles having a BET specific surface area 
of 1.9 m2/g or more and 14.2 m2/g or less, a decrease in 
capacity is inhibited, and excellent cycle characteristics are 

secondary battery is high compared to the case where the 
BET specific surface area of the anode active material 
particles is outside the range (Comparative Example 1). 

10196] As is clear from Table 1, for the anode active 
material particles used in Comparative Example 2, the BET 
specific surface area is 1.9 m2/g or more and 14.2 m2/g or 
less. However, since the anode active material particles did 
not contain an electroconductive material, the capacity 
retention rate after 5 cycles was as low as 98.0%. 

10197] FIG. 3 is a graph comparing the experimental 
results of Examples 1 to 8 and Comparative Examples 1 and 
2. FIG. 3 is a graph with the capacity retention rate after 5 
cycles of the all-solid-state lithium ion secondary battery on 
the vertical axis and the C/S value of the battery on the 
horizontal axis. FIG. 3 shows the experimental results 
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obtained by using the anode in which the volume percentage 
of the electroconductive material is from 0 volume % to 13.2 
volume % (Examples 6 to 8 and Comparative Example 2) 
along with the experimental results obtained by using the 
anode in which the volume percentage of the electrocon-
ductive material is 2.5 volume % (Examples 1 to 5 and 
Comparative Example 1). 
10198] As is clear from FIG. 3, plots are distributed from 
the lower left to upper right of the graph, in an upwardly 
curving manner. More specifically, the following broad 
tendency is clear from FIG. 3: when the C/S value is less 
than 2.0, the capacity retention rates of the all-solid-state 
lithium ion secondary batteries are from 98.0% to 98.9% and 
vary; meanwhile, when the C/S value is 2.0 or more, the 
capacity retention rates converge to a range of from 98.8% 
to 99.0%. 
10199] The following tendency is suggested by the fact 
that, as described above, the capacity retention rates con-
verge to the high level when the C/S value is sufficiently 
large. That is, the BET specific surface area of the anode 
active material particles of the disclosed embodiments has 
the lower limit (1.9 m2/g). Therefore, it is considered that the 
amount of the electroconductive material in the anode may 
be continuously increased in order to continuously increase 
the C/S value. However, there is a limit on increasing the 
capacity retention rate. When the C/S value is 0.2 or more, 
it can be said that the growth of the capacity retention rate 
tends to slightly slow down while the amount of the dcc-
troconductive material in the anode increases. 

REFERENCE SIGNS LIST 

10200] 1. Solid electrolyte layer 
10201] 2. Cathode 
10202] 3. Anode 
10203] 101. Cathode-solid electrolyte layer-anode assem-

bly 
1. An all-solid-state lithium ion secondary battery, 
wherein an anode comprises anode active material par-

ticles, an electroconductive material and a solid elec-
trolyte; 

wherein the anode active material particles comprise at 
least one active material selected from the group con-
sisting of elemental silicon and SiO; and 

Jan. 10, 2019 

wherein a BET specific surface area of the anode active 
material particles is 1.9 m2/g or more and 14.2 m2/g or 
less. 

2. The all-solid-state lithium ion secondary battery 
according to claim 1, wherein a value obtained by dividing, 
by the BET specific surface area, a volume percentage (%) 
of the electroconductive material when a volume of the 
anode is determined as 100 volume %, is 0.12 or more and 
6.03 or less. 

3. An all-solid-state lithium ion secondary battery, 
wherein an anode is formed by using an anode mixture 

comprising anode active material particles, an electro-
conductive material and a solid electrolyte; 

wherein the anode active material particles comprise at 
least one active material selected from the group con-
sisting of elemental silicon and SiO; and 

wherein a BET specific surface area of the anode active 
material particles is 1.9 m2/g or more and 14.2 m2/g or 
less. 

4. The all-solid-state lithium ion secondary battery 
according to claim 3, wherein a value obtained by dividing, 
by the BET specific surface area, a volume percentage (%) 
of the electroconductive material when a volume of the 
anode mixture is determined as 100 volume %, is 0.12 or 
more and 6.03 or less. 

5. The all-solid-state lithium ion secondary battery 
according to claim 1, wherein the solid electrolyte is a 
sulfide-based solid electrolyte. 

6. The all-solid-state lithium ion secondary battery 
according to claim 3, wherein the solid electrolyte is a 
sulfide-based solid electrolyte. 

7. The all-solid-state lithium ion secondary battery 
according to claim 1, wherein the electroconductive material 
is at least one carbonaceous material selected from the group 
consisting of carbon black, carbon nanotube and carbon 
nanofiber. 

8. The all-solid-state lithium ion secondary battery 
according to claim 3, wherein the electroconductive material 
is at least one carbonaceous material selected from the group 
consisting of carbon black, carbon nanotube and carbon 
nanofiber. 

* * * * * 
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