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(57) ABSTRACT 

A composition for forming a lithium reduction resistant layer 
includes a solvent, and a lithium compound, a lanthanum 
compound, a Zirconium compound, and a compound contain 
ing a metal M, each of which shows solubility in the solvent, 
and in which with respect to the Stoichiometric composition 
of a compound represented by the general formula (I), the 
lithium compound is contained in an amount 1.05 times or 
more and 2.50 times or less, the lanthanum compound and the 
Zirconium compound are contained in an amount 0.70 times 
or more and 1.00 times or less, and the compound containing 
a metal M is contained in an equal amount. 

Li7 La3 (Zr2. M.)O12 (I) 
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COMPOSITION FOR FORMING LITHIUM 
REDUCTION RESISTANT LAYER, METHOD 

FOR FORMING LITHIUM REDUCTION 
RESISTANT LAYER, AND LITHIUM 

SECONDARY BATTERY 

0001. This application claims a priority to Japanese Patent 
Application No. 2014-200022 filed on Sep. 30, 2014 and No. 
2015-064331 filed on Mar. 26, 2015 which are hereby 
expressly incorporated by reference in its entirety. 

BACKGROUND 

0002 1. Technical Field 
0003. Several aspects of the present invention relate to a 
composition for forming a lithium reduction resistant layer, a 
method for forming a lithium reduction resistant layer, and a 
lithium secondary battery. 
0004 2. Related Art 
0005. As a power source for many electrical devices such 
as portable information devices, a lithium secondary battery 
has been used. This lithium secondary battery includes a 
positive electrode, a negative electrode, and an electrolyte 
layer which is disposed between the layers of these electrodes 
and mediates conduction of lithium ions. 
0006 Recently, as a lithium secondary battery having a 
high energy density and safety, an all-solid-state lithium bat 
tery using a solid electrolyte as a constituent material of an 
electrolyte layer, in other words, an all-solid-state lithium 
battery including a solid electrolyte layer has been proposed. 
0007 As a constituent material of the solid electrolyte 
layer included in Such an all-solid-state lithium battery, a 
material containing a compound represented by the following 
general formula (A) (hereinafter simply referred to as “Com 
pound A) has been known (see, for example, Japanese Patent 
No. 5083336 (PTL 1), and S. Ohta, T. Kobayashi, T. Asaoka, 
J. Power Sources, 196,3342 (2011) (NPL 1)). 

Liz La3 (Zr, Nb)O12 (A) 

0008. In the formula (A), X represents 0 to 2. 
0009. When this solid electrolyte layer is formed, in PTL 
1 and NPL 1. Compound A is produced by a solid phase 
reaction. Specifically, according to the Stoichiometric com 
position of Compound A, an Li compound, an La compound, 
a Zr compound, and an Nb compound are mixed in equivalent 
amounts with respect to Compound A on a molar ratio basis, 
and the obtained mixture is temporarily fired. Then, in order 
to compensate a loss of Li in the final sintering which is a 
post-process, an Li compound is added in an amount of4 to 20 
atom 96 in terms of Li with respect to the amount of Li in 
Compound A, and thereafter, the final sintering is performed 
in a high temperature range, for example, from 900° C. to 
1150° C., whereby Compound A is produced. 
0010 Further, Compound A to be obtained as described 
above has excellent Liion conductivity and also has excellent 
Li reduction resistance. Therefore, it is contemplated that, for 
example, in the case where a negative electrode is constituted 
by lithium, an all-solid-state lithium secondary battery is 
configured to include a lithium reduction resistant layer 
between the negative electrode and a solid electrolyte layer, 
and the lithium reduction resistant layer is configured to con 
tain Compound A for the purpose of Suppressing or prevent 
ing the occurrence of a short circuit caused by the rupture in 
this lithium reduction resistant layer or the occurrence of the 
growth of a dendrite. 
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0011. However, when a lithium reduction resistant layer is 
formed by the above-mentioned solid phase reaction, par 
ticles forming the solid electrolyte layer and the lithium 
reduction resistant layer come in point-contact with each 
other at an interface between these layers. Due to this, 
although the lithium reduction resistant layer itself has excel 
lent Liion conductivity, it cannot be said that excellent Liion 
conductivity is obtained at the interface. 

SUMMARY 

0012. An advantage of some aspects of the invention is to 
provide a composition for forming a lithium reduction resis 
tant layer, with which a lithium reduction resistant layer hav 
ing excellent Li ion conductivity and Li reduction resistance 
can be formed, a method for forming a lithium reduction 
resistant layer using the composition for forming a lithium 
reduction resistant layer, and a lithium secondary battery 
including the lithium reduction resistant layer. 
0013 Such an advantage is achieved by the invention 
described below. 
0014. A composition for forming a lithium reduction 
resistant layer according to an aspect of the invention 
includes: a solvent; a lithium compound; a lanthanum com 
pound; a Zirconium compound; and a compound containing a 
metal M, wherein the lithium compound, the lanthanum com 
pound, the Zirconium compound, and the compound contain 
ing a metal Meach show solubility in the solvent, the lithium 
compound is contained in an amount 1.05 times or more and 
2.50 times or less with respect to the stoichiometric compo 
sition of a compound represented by the general formula (I), 
the lanthanum compound is contained in an amount 0.70 
times or more and 1.00 times or less with respect to the 
Stoichiometric composition of the compound represented by 
the general formula (I), the Zirconium compound is contained 
in an amount 0.70 times or more and 1.00 times or less with 
respect to the Stoichiometric composition of the compound 
represented by the general formula (I), and the compound 
containing a metal M is contained in an equal amount with 
respect to the Stoichiometric composition of the compound 
represented by the general formula (I). 

0015. In the formula (I), the metal M represents at least 
one metal selected from Nb, Sc,Ti,V.Y. Hf, Ta, Al, Si, Ga, Ge. 
Sn, and Sb, and X represents 0 to 2. 
0016. According to the composition for forming a lithium 
reduction resistant layer having Such a compositional ratio, a 
lithium reduction resistant layer having excellent Li ion con 
ductivity and Li reduction resistance can be formed. 
0017. In the aspect of the invention, it is preferred that the 
lithium compound is at least one compound selected from a 
lithium metal salt compound and a lithium alkoxide com 
pound, the lanthanum compound is at least one compound 
selected from a lanthanum metal salt compound and a lantha 
numalkoxide compound, the Zirconium compound is at least 
one compound selected from a Zirconium metal salt com 
pound and a Zirconium alkoxide compound, and the com 
pound containing a metal M is at least one compound selected 
from a metal salt compound of the metal M and a metal 
alkoxide compound of the metal M. 
0018 With this configuration, the compound represented 
by the general formula (I) can be obtained at a high produc 
tion ratio from the composition for forming a lithium reduc 
tion resistant layer, which is a mixture of these compounds. 
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0019. In the aspect of the invention, it is preferred that the 
Solvent is any of water, a single organic solvent, a mixed 
Solvent containing water and at least one organic solvent, and 
a mixed solvent containing at least two or more organic Sol 
VentS. 

0020. With this configuration, each of the lithium com 
pound, the lanthanum compound, the Zirconium compound, 
and the compound containing a metal M can be reliably 
dissolved in the composition for forming a lithium reduction 
resistant layer. 
0021. A method for forming a lithium reduction resistant 
layer according to another aspect of the invention includes: 
forming a liquid coating film using the composition for form 
ing a lithium reduction resistant layer according to the aspect 
of the invention; and heating the liquid coating film, wherein 
a lithium reduction resistant layer containing the compound 
represented by the general formula (I) is obtained. 
0022. According to such a method for forming a lithium 
reduction resistant layer, a lithium reduction resistant layer 
having excellent Li ion conductivity and Li reduction resis 
tance can be formed. 
0023. In the aspect of the invention, it is preferred that the 
liquid coating film is formed by using a coating method. 
0024. According to the coating method, a liquid coating 
film having a uniform film thickness, and as a result, a lithium 
reduction resistant layer having a uniform film thickness can 
be easily formed. 
0025. In the aspect of the invention, it is preferred that the 
heating of the liquid coating film includes a first heating 
treatment for drying the liquid coating film, a second heating 
treatment for producing metal oxides of lithium, lanthanum, 
Zirconium, and the metal M, and a third heating treatment for 
producing and sintering the compound represented by the 
general formula (I). 
0026. With this configuration, in the lithium reduction 
resistant layer, the compound represented by the general for 
mula (I) can be formed to have a cubic garnet-type crystal 
structure, and also adjacent crystals of the compound repre 
sented by the general formula (I) in the form of particles can 
be sintered with each other, and therefore, the lithium reduc 
tion resistant layer shows more excellent ion conductivity. 
0027. In the aspect of the invention, it is preferred that the 
heating temperature in the first heating treatment is 50° C. or 
higher and 250° C. or lower. 
0028. With this configuration, the compound represented 
by the general formula (I) having a cubic garnet-type crystal 
structure can be obtained at a higher production ratio. 
0029. In the aspect of the invention, it is preferred that the 
heating temperature in the second heating treatment is 400° 
C. or higher and 550° C. or lower. 
0030. With this configuration, the compound represented 
by the general formula (I) having a cubic garnet-type crystal 
structure can be obtained at a higher production ratio. 
0031. In the aspect of the invention, it is preferred that the 
heating temperature in the third heating treatment is 600° C. 
or higher and 900° C. or lower. 
0032. With this configuration, the compound represented 
by the general formula (I) having a cubic garnet-type crystal 
structure can be obtained at a higher production ratio. 
0033. A lithium secondary battery according to still 
another aspect of the invention includes: a solid electrolyte 
layer; and a lithium reduction resistant layer disposed in 
contact with the solid electrolyte layer, wherein the lithium 
reduction resistant layer contains a compound represented by 
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the general formula (I), and an interface between the lithium 
reduction resistant layer and the solid electrolyte layer is a 
continuous layer of the lithium reduction resistant layer and 
the solid electrolyte layer. 

Li7 La3 (Zr2 - M)O12 (I) 

0034. In the formula (I), the metal M represents at least 
one metal selected from Nb, Sc,Ti,V.Y. Hf, Ta, Al, Si, Ga, Ge. 
Sn, and Sb, and X represents 0 to 2. 
0035. With this configuration, the lithium ion conductivity 
between the lithium reduction resistant layer and the solid 
electrolyte layer is further improved. 
0036. In the aspect of the invention, it is preferred that the 
lithium secondary battery further includes an active material 
molded body, and the active material molded body is pro 
vided such that a first surface which is apart of the surface 
thereof is in contact with the lithium reduction resistant layer, 
and a second surface which is a surface other than the first 
surface is in contact with the solid electrolyte layer, and in the 
first surface, at an interface between the lithium reduction 
resistant layer and the active material molded body, a con 
tinuous layer of the lithium reduction resistant layer and the 
active material molded body is formed. 
0037. With this configuration, the lithium ion conductivity 
between the lithium reduction resistant layer and the solid 
electrolyte layer and between the lithium reduction resistant 
layer and the active material molded body is further 
improved. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0038. The invention will be described with reference to the 
accompanying drawings, wherein like numbers reference like 
elements. 
0039 FIG. 1 is a longitudinal cross-sectional view show 
ing a first embodiment of a lithium secondary battery accord 
ing to the invention. 
0040 FIGS. 2A and 2B are views for illustrating a method 
for producing the lithium secondary battery shown in FIG.1. 
004.1 FIGS. 3A and 3B are views for illustrating a method 
for producing the lithium secondary battery shown in FIG.1. 
0042 FIGS. 4A to 4C are views for illustrating a method 
for producing the lithium secondary battery shown in FIG.1. 
0043 FIG. 5 is a longitudinal cross-sectional view show 
ing a second embodiment of a lithium secondary battery 
according to the invention. 
0044 FIG. 6 shows X-ray diffraction spectra measured for 
Examples 1 to 3 and Comparative Examples 1 and 2. 
0045 FIG.7 shows X-ray diffraction spectra measured for 
Examples 9, 10, and 14. 
0046 FIG. 8 shows X-ray diffraction spectra measured for 
Examples 11 to 13. 

DESCRIPTION OF EXEMPLARY 
EMBODIMENTS 

0047. Hereinafter, a composition for forming a lithium 
reduction resistant layer, a method for forming a lithium 
reduction resistant layer, and a lithium secondary battery 
according to the invention will be described in detail based on 
embodiments shown in the accompanying drawings. 
0048. In the following, prior to the description of the com 
position for forming a lithium reduction resistant layer and 
the method for forming a lithium reduction resistant layer 
according to the invention, first, the lithium secondary battery 
according to the invention will be described. 
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Lithium Secondary Battery 

First Embodiment 

0049 FIG. 1 is a longitudinal cross-sectional view show 
ing a first embodiment of a lithium secondary battery accord 
ing to the invention. In the following description, for the sake 
of convenience of explanation, the upper side of FIG. 1 is 
referred to as “upper, and the lower side of FIG. 1 is referred 
to as “lower. Further, in FIG. 1, dimensions, ratios, and the 
like of respective components are appropriately made differ 
ent from actual ones in order to make the drawing easy to see. 
0050. A lithium secondary battery 100 includes an elec 
trode assembly 10, a lithium reduction resistant layer 30 
bonded on the electrode assembly 10, and an electrode 20 
bonded on the lithium reduction resistant layer 30. This 
lithium secondary battery 100 is a so-called all-solid-state 
lithium-ion secondary battery. 
0051. As shown in FIG. 1, the electrode assembly 10 
includes a current collector 1, an active material molded body 
2, and a solid electrolyte layer 3. Hereinafter, a structure in 
which the active material molded body 2 and the solid elec 
trolyte layer 3 are combined is referred to as “composite body 
4. This composite body 4 is positioned between the current 
collector 1 and the lithium reduction resistant layer 30 and 
bonded to these members on a pair of Surfaces facing each 
other. 

0052. The current collector 1 is an electrode for taking out 
an electric current produced by a battery reaction, and is 
provided in contact with the active material molded body 2 
exposed from the solid electrolyte layer3 on one surface 4a of 
the composite body 4. 
0053. In the case where the active material molded body 2. 
which will be described later, is constituted by a positive 
electrode active material, this current collector 1 functions as 
a positive electrode, and in the case where the active material 
molded body 2 is constituted by a negative electrode active 
material, this current collector 1 functions as a negative elec 
trode. 

0054 As a material (constituent material) for forming the 
current collector 1, for example, one type of metal (a metal 
simple Substance) selected from the group consisting of cop 
per (Cu), magnesium (Mg), titanium (Ti), iron (Fe), cobalt 
(Co), nickel (Ni). Zinc (Zn), aluminum (Al), germanium (Ge), 
indium (In), gold (Au), platinum (Pt), silver (Ag), and palla 
dium (Pd), an alloy containing two or more types of metal 
elements selected from this group, or the like can be used. 
0055. The form of the current collector 1 is not particularly 
limited, and examples thereof include a plate, a foil, and a 
mesh. The surface of the current collector 1 may be smooth, 
or may have irregularities formed thereon. 
0056. The active material molded body 2 is a porous 
molded body composed of an inorganic electrode active 
material (constituent material). 
0057. A plurality of pores of the active material molded 
body 2 constituted by Such a porous body form communica 
tion holes which communicate with one another like a mesh 
inside the active material molded body 2. 
0058. By appropriately selecting the type of the constitu 
ent material to be contained in this active material molded 
body 2, the current collector 1 can serve as a positive electrode 
or a negative electrode. 
0059. In the case where the current collector 1 is used as a 
positive electrode, as the constituent material of this active 
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material molded body 2, for example, a known lithium com 
posite oxide can be used as a positive electrode active mate 
rial. 

0060. The term “lithium composite oxide' as used herein 
refers to an oxide inevitably containing lithium, and also 
containing two or more types of metal ions as a whole, but 
free of oxoacid ions. 

0061 Examples of such a lithium composite oxide include 
LiCoO, LiNiO, LiMnO, Li MnO, LiFePO, 
LiFeP.O., LiMnPO, LiFeBO, LiV(PO). Li CuO 
LiFeF. Li-FeSiO, and LiMnSiO. Further, solid solutions 
obtained by Substituting some atoms in a crystal of any of 
these lithium composite oxides with a transition metal, a 
typical metal, an alkali metal, an alkaline rare earth element, 
a lanthanoid, a chalcogenide, a halogen, or the like are also 
included in the lithium composite oxide, and also any of these 
solid solutions can be used as the positive electrode active 
material. 

0062. In the case where the current collector 1 is used as a 
negative electrode, as the constituent material of this active 
material molded body 2, for example, a lithium composite 
oxide such as Li TiO2 or Li TiO, can be used as a negative 
electrode active material. 

0063. The porosity of the active material molded body 2 is 
preferably 10% or more and 50% or less, more preferably 
30% or more and 50% or less. When the active material 
molded body 2 has such a porosity, the surface area of the 
inner surface of each pore of the active material molded body 
2 is increased, and also a contact area between the active 
material molded body 2 and the solid electrolyte layer 3 is 
easily increased. Accordingly, the capacity of a lithium bat 
tery using the electrode assembly 10 is easily increased. 
0064. The porosity can be determined according to the 
following formula (II) from (1) the volume (apparent volume) 
of the active material molded body 2 including the pores 
obtained from the external dimension of the active material 
molded body 2, (2) the mass of the active material molded 
body 2, and (3) the density of the active material constituting 
the active material molded body 2. 

Porosity(%) = (II) 

mass of active material molded body 1 - x 100 
(apparent volume) X (density of active material) 

0065. Although a detailed description will be made later, 
the porosity of the active material molded body 2 can be 
controlled by usingapore-forming material constituted by an 
organic material in the form of particles in a step of forming 
the active material molded body 2. 
0066. The resistivity of the active material molded body 2 

is preferably 700 C2/cm or less, more preferably 100 S2/cm or 
less. When the active material molded body 2 has such a 
resistivity, in the case of forming a lithium battery using the 
electrode assembly 10, a sufficient output power can be 
obtained. 

0067. The resistivity can be determined by adhering a 
copper foil to be used as the electrode to the surface of the 
active material molded body 2, and then, performing DC 
polarization measurement. 
0068. The solid electrolyte layer 3 is composed of a solid 
electrolyte (constituent material), and is provided in contact 
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with the surface of the active material molded body 2 includ 
ing the inside of the pores of the active material molded body 
2 
0069. Examples of the solid electrolyte include oxides, 
Sulfides, halides, and nitrides Such as SiO POs LiO, 
SiO-POs LiCl, Li2O—LiCl-BO, LiVo, SiO, 
Lila ZnCe4O6. Lis. Vo-Geo. oO4. LisTii.7Alois (PO4), Li2. 
88POs. 7s No.14, LiNbO3, Lioss LaossTiO3, Liz Las ZrO2. 
LiS SiS, LiS SiS LiI, LiS SiS PSs, LiPON, 
LiN, LiI, LiI—Cal, LiI—CaO, LiAlCl4, LiAlF4, LiI— 
Al-O, LiF Al-O, LiBr—Al-O, LiO TiO, La-O- 
LiO TiO, LiNI, LiN LiI—LiOH, LiN LiCl, 
LiNBr, LiSO, Li SiO, Li-PO, Li SiO, LiaGeO 
LiVO, LiSiO, LiVO, LiGeO, Zn-GeO. 
LiSiO LiMoO, and LiSiO, Li ZrO. These solid elec 
trolytes may be crystalline or amorphous. Further, in this 
specification, also a solid solution obtained by Substituting 
Some atoms of any of these compositions with a transition 
metal, a typical metal, an alkali metal, an alkaline rare earth 
element, a lanthanoid, a chalcogenide, a halogen, or the like 
can be used as the solid electrolyte. 
0070. By using the compound represented by the follow 
ing general formula (I) as the Solid electrolyte, the interface 
between the solid electrolyte layer 3 and the lithium reduction 
resistant layer 30 becomes more uniform, and therefore, the 
ion conductivity at this interface can be more enhanced. 
(0071. The ion conductivity of the solid electrolyte layer3 
is preferably 1x10 S/cm or more, more preferably 5x10 
S/cm or more. When the solid electrolyte layer 3 has such an 
ion conductivity, also ions contained in the Solid electrolyte 
layer 3 at a position away from the surface of the active 
material molded body 2 reach the surface of the active mate 
rial molded body 2 and can contribute to a battery reaction in 
the active material molded body 2. Accordingly, the utiliza 
tion of the active material in the active material molded body 
2 is improved, and thus the capacity can be increased. At this 
time, if the ion conductivity is less than the above-mentioned 
lower limit, depending on the type of the solid electrolyte 
layer 3, only the active material in the vicinity of the surface 
layer of the Surface facing a counter electrode contributes to 
the battery reaction in the active material molded body 2, and 
therefore, the capacity may be decreased. 
0072. The term “ion conductivity of the solid electrolyte 
layer 3 as used herein refers to the “total ion conductivity”. 
which is the sum of the “bulk conductivity”, which is the 
conductivity of the above-mentioned inorganic electrolyte 
itself constituting the solid electrolyte layer 3, and the “grain 
boundary ion conductivity”, which is the conductivity 
between crystal grains when the inorganic electrolyte is crys 
talline. 
0073. The ion conductivity of the solid electrolyte layer3 
can be determined, for example, as follows. A tablet-shaped 
body obtained by press-molding a solid electrolyte powder at 
624 MPa is sintered in an air atmosphere at 700° C. for 8 
hours, a platinum electrode having a diameter of 0.5 cm and 
a thickness of 100 nm is formed on both surfaces of the 
press-molded body by Sputtering, and then, performing an AC 
impedance method. As the measurement device, for example, 
an impedance analyzer (model SI-1260, manufactured by 
Solartron Co., Ltd.) is used. 
0074 Although a detailed description will be made later, 
both surfaces 4a and 4b of the composite body 4 are prefer 
ably polished Surfaces obtained by a polishing process at the 
time of production, and the active material molded body 2 is 
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exposed from the solid electrolyte layer 3. Therefore, when 
Such a polishing process is performed, on both surfaces 4a 
and 4b, a scratch mark (polishing mark), which is a mark of 
the polishing process is left. 
(0075. The electrode assembly 10 of this embodiment is 
molded without using an organic material such as a binder for 
binding the active materials to each other or a conductive 
additive for securing the electrical conductivity of the active 
material molded body 2 when molding the active material 
molded body 2, and is composed of almost only an inorganic 
material. Specifically, in the electrode assembly 10 of this 
embodiment, a mass loss percentage when the composite 
body 4 (the active material molded body 2 and the solid 
electrolyte layer3) is heated to 400° C. for 30 minutes is 5% 
by mass or less. The mass loss percentage is preferably 3% by 
mass or less, more preferably 1% by mass or less, and par 
ticularly preferably, the mass loss is not observed or is within 
the limit of error. That is, the mass loss percentage when the 
composite body 4 is heated to 400° C. for 30 minutes is 
preferably 0% by mass or more. Since the composite body 4 
shows a mass loss percentage as described above, in the 
composite body 4, a material which is evaporated under pre 
determined heating conditions such as a solvent or adsorbed 
water, oran organic material which is vaporized by burning or 
oxidation under predetermined heating conditions is con 
tained in an amount of only 5% by mass or less with respect 
to the total mass of the structure. 
0076. The mass loss percentage of the composite body 4 
can be determined as follows. By using a thermogravimetric/ 
differential thermal analyzer (TG-DTA), the composite body 
4 is heated under predetermined heating conditions, and the 
mass of the composite body 4 after heating under the prede 
termined heating conditions is measured, and the mass loss 
percentage is calculated from the ratio between the mass 
before heating and the mass after heating. 
(0077. In the electrode assembly 10 of this embodiment, a 
plurality of pores form communication holes which commu 
nicate like a mesh with one another in the active material 
molded body 2, and also in the solid portion of the active 
material molded body 2, a mesh structure is formed. For 
example, LiCoO, which is a positive electrode active material 
is known to have anisotropic electron conductivity in crystals. 
Therefore, when the active material molded body is tried to be 
formed using LiCoO as a constituent material, in the case 
where the active material molded body has a configuration 
Such that pores are formed by a mechanical process So that the 
pores are provided extending in a specific direction, electron 
conduction may possibly hardly take place thereindepending 
on the direction on which crystals show electron conductivity. 
However, if the pores communicate like a mesh with one 
another as in the case of the active material molded body 2 and 
the solid portion of the active material molded body 2 has a 
mesh structure, an electrochemically smooth continuous Sur 
face can be formed regardless of the anisotropic electron 
conductivity or ion conductivity in crystals. Accordingly, 
favorable electron conduction can be secured regardless of 
the type of active material to be used. 
(0078. Further, in the electrode assembly 10 of this 
embodiment, since the composite body 4 has a configuration 
as described above, the addition amount of a binder or a 
conductive additive contained in the composite body 4 is 
reduced, and thus, as compared with the case where a binder 
or a conductive additive is used, the capacity density per unit 
volume of the electrode assembly 10 is improved. 
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0079. Further, in the electrode assembly 10 of this 
embodiment, the solid electrolyte layer 3 is in contact also 
with the inner surface of each pore of the porous active mate 
rial molded body 2. Therefore, as compared with the case 
where the active material molded body 2 is not a porous body 
or the case where the solid electrolyte layer 3 is not formed in 
the pores, a contact area between the active material molded 
body 2 and the solid electrolyte layer 3 is increased, and thus, 
an interfacial impedance can be decreased. Accordingly, 
favorable charge transfer at an interface between the active 
material molded body 2 and the solid electrolyte layer 3 can 
be achieved. 
0080. Further, in the electrode assembly 10 of this 
embodiment, while the current collector 1 is in contact with 
the active material molded body 2 exposed on one surface of 
the composite body 4, the solid electrolyte layer 3 penetrates 
into the pores of the porous active material molded body 2 and 
is in contact with the surface of the active material molded 
body 2 including the inside of each pore and excluding the 
Surface in contact with the current collector 1. It is apparent 
that in the electrode assembly 10 having Such a configuration, 
a contact area between the active material molded body 2 and 
the Solid electrolyte layer 3 (a second contact area) is larger 
than a contact area between the current collector 1 and the 
active material molded body 2 (a first contact area). 
0081. If the electrode assembly has a configuration such 
that the first contact area and the second contact area are the 
same, since charge transfer is easier at an interface between 
the current collector 1 and the active material molded body 2 
than at an interface between the active material molded body 
2 and the solid electrolyte layer 3, the interface between the 
active material molded body 2 and the solid electrolyte layer 
3 becomes a bottleneck of the charge transfer. Due to this, 
favorable charge transfer is inhibited in the electrode assem 
bly as a whole. However, in the electrode assembly 10 of this 
embodiment, the second contact area is larger than the first 
contact area, and therefore, the above-mentioned bottleneck 
is easily eliminated, and thus, favorable charge transfer can be 
achieved in the electrode assembly as a whole. 
0082. Accordingly, the electrode assembly 10 having the 
above-mentioned configuration and produced by the produc 
tion method of this embodiment described below can improve 
the capacity of a lithium battery using the electrode assembly 
10, and also the output power can be increased. 
I0083. The electrode 20 is provided in contact with the 
surface of the lithium reduction resistant layer 30 opposite to 
the surface on which the composite body 4 is formed. 
0084. In the case where the active material molded body 2 

is constituted by a positive electrode active material, this 
electrode 20 functions as a negative electrode, and in the case 
where the active material molded body 2 is constituted by a 
negative electrode active material, this electrode 20 functions 
as a positive electrode. 
0085. As a material (constituent material) for forming this 
electrode 20, in the case where the electrode 20 is a negative 
electrode, for example, lithium (Li) can be used, and in the 
case where the electrode 20 is a positive electrode, for 
example, aluminum (Al) can be used. 
I0086. The thickness of the electrode 20 is not particularly 
limited, but is, for example, preferably 10um or more and 100 
um or less, more preferably 10um or more and 30 um or less. 
I0087. The lithium reduction resistant layer 30 is provided 
in contact with the composite body 4 on the other surface 4b 
and also in contact with the electrode 20 on one surface 30a. 
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This lithium reduction resistant layer 30 is positioned 
between the composite body 4 and the electrode 20 and 
bonded to these members on a pair of surfaces 30a and 4b 
facing each other. 
I0088. By providing such a lithium reduction resistant 
layer 30 between the composite body 4 and the electrode 20, 
the electrode 20 and the current collector 1 are prevented from 
being connected to each other through the active material 
molded body 2 in the lithium secondary battery 100, that is, a 
short circuit can be prevented. In other words, the lithium 
reduction resistant layer 30 functions as a short circuit pre 
vention layer for preventing a short circuit in the lithium 
secondary battery 100. 
0089. In the invention, this lithium reduction resistant 
layer 30 contains a compound represented by the following 
general formula (I) (hereinafter sometimes simply referred to 
as “Compound I'). This Compound I is a ceramic material 
having excellent lithium ion conductivity and lithium reduc 
tion resistance even at normal temperature. Further, a thin 
film containing Such Compound I has sufficient strength even 
in the form of a thin film. Due to this, by using a thin film 
containing this Compound I as the lithium reduction resistant 
layer 30, the occurrence of a short circuit caused by the 
rupture of the thin film or the growth of a dendrite due to the 
reduction of lithium ions can be suppressed or prevented. 
Therefore, this lithium reduction resistant layer 30 shows 
excellent lithium ion conductivity and lithium reduction 
resistance. 

Liz La3 (Zr2 , M.)O12 (I) 

0090. In the formula (I), M represents at least one metal 
selected from Nb, Sc., Ti, V.Y. Hf, Ta, Al, Si, Ga, Ge, Sn, and 
Sb, and X represents 0 to 2. 
0091. In Compound I, examples of the metal M include 
Nb, Sc., Ti, V.Y. Hf, Ta, Al, Si, Ga, Ge. Sn, and Sb, and among 
these, one metal can be used or two or more metals can be 
used in combination. Above all, at least one metal selected 
from Nb (niobium) and Ta (tantalum) is preferred. According 
to this, the lithium reduction resistant layer 30 to be obtained 
can show more excellent lithium ion conductivity and lithium 
reduction resistance, and also even if the lithium reduction 
resistant layer 30 is formed into a thin film, the lithium reduc 
tion resistant layer 30 can have excellent strength. 
0092. Further, X in Compound I, that is, the replacement 
ratio of the metal M is preferably as large as possible, and 
although X is not particularly limited, X is preferably 1 or 
more and 2 or less, more preferably 1.4 or more and 2 or less. 
If the X is too small, the lithium reduction resistant layer 30 
may not be able to sufficiently show the above-mentioned 
function depending on the type of the metal M or the like. 
0093. Further, Compound I may have either a cubic crystal 
structure or a tetragonal crystal structure in the lithium reduc 
tion resistant layer 30, but preferably has a cubic garnet-type 
crystal structure. According to this, the ion conductivity of the 
lithium reduction resistant layer 30 is further improved. 
0094. The ion conductivity of the lithium reduction resis 
tant layer 30 is preferably 1x10 S/cm or more, more pref 
erably 5x10 S/cm or more. When the lithium reduction 
resistant layer 30 has such anion conductivity, ions contained 
in the lithium reduction resistant layer 30 can be made to 
reach the surface of the active material molded body 2 and can 
contribute to a battery reaction in the active material molded 
body 2. Accordingly, the utilization of the active material in 
the active material molded body 2 is improved, and thus the 
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capacity can be increased. At this time, if the ion conductivity 
is less than the above-mentioned lower limit, depending on 
the type of the lithium reduction resistant layer 30, only the 
active material in the vicinity of the surface layer of the 
surface facing a counter electrode contributes to the battery 
reaction in the active material molded body 2, and therefore, 
the capacity may be decreased. 
0095. The term “ion conductivity of the lithium reduction 
resistant layer 30’ as used herein refers to the “total ion 
conductivity”, which is the sum of the “bulk conductivity”. 
which is the conductivity of the above-mentioned Compound 
I itself constituting the lithium reduction resistant layer 30, 
and the "grain boundary ion conductivity”, which is the con 
ductivity between crystal grains composed of Compound I. 
0096. The ion conductivity of the lithium reduction resis 
tant layer 30 can be determined, for example, as follows. A 
tablet-shaped body obtained by press-molding a powder of 
Compound I at 624 MPa is sintered in an air atmosphere at 
700° C. for 8 hours, a platinum electrode having a diameter of 
0.5 cm and a thickness of 100 nm is formed on both surfaces 
of the press-molded body by Sputtering, and then, performing 
an AC impedance method. As the measurement device, for 
example, an impedance analyzer (model SI-1260, manufac 
tured by Solartron Co., Ltd.) is used. 
0097. The thickness of the lithium reduction resistant 
layer 30 is not particularly limited, but is, for example, pref 
erably 1 um or more and 10um or less, more preferably 2 um 
or more and 5 um or less. By setting the thickness in Such a 
range, the lithium reduction resistant layer 30 can reliably 
show both functions of lithium ion conductivity and lithium 
reduction resistance. 

0098. In this embodiment, the lithium reduction resistant 
layer 30 having a configuration as described above is pro 
vided in contact with the other surface 4b of the composite 
body 4 as shown in FIG. 1. Further, in the composite body 4, 
both of the active material molded body 2 and the solid 
electrolyte layer 3 are exposed on the other surface 4b. Due to 
this, the lithium reduction resistant layer 30 is in contact with 
both of the active material molded body 2 and the solid 
electrolyte layer 3 on the other surface 4b. 
0099. At such an interface between the lithium reduction 
resistant layer 30 and the composite body 4, that is, at an 
interface between the lithium reduction resistant layer 30 and 
the active material molded body 2 and at an interface between 
the lithium reduction resistant layer 30 and the solid electro 
lyte layer 3, a continuous layer (solid solution) in which the 
lithium reduction resistant layer 30 and the active material 
molded body 2 are solid-dissolved, and a continuous layer 
(solid solution) in which the lithium reduction resistant layer 
30 and the solid electrolyte layer 3 are solid-dissolved are 
formed, respectively. According to this, the resistivity at an 
interface between the lithium reduction resistant layer 30 and 
the composite body 4 (the solid electrolyte layer 3 and the 
active material molded body 2) is decreased, and as a result, 
the transfer of lithium ions at the interface is carried out more 
smoothly. In other words, the lithium ion conductivity 
between the lithium reduction resistant layer 30 and the com 
posite body 4 is further improved. The continuous layer as 
described above can be obtained by forming the lithium 
reduction resistant layer 30 on the other surface 4b of the 
composite body 4 using the composition for forming a 
lithium reduction resistant layer according to the invention, 
and the method (the method for forming a lithium reduction 
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resistant layer according to the invention) will be described in 
detail in a method for producing a lithium secondary battery 
mentioned below. 

0100. The lithium reduction resistant layer 30 constituted 
by a thin film containing Compound I is constituted by a 
porous body obtained by sintering particle bodies (secondary 
particles) formed by granulating crystals (primary particles) 
of Compound I. Therefore, the lithium reduction resistant 
layer 30 is configured to include communication holes 
(pores) which communicate with one another like a mesh, 
however, it is preferred that in this communication hole, a 
filling section filled with a filling material which is non 
crystalline (vitreous or amorphous) at room temperature is 
formed. By providing Such a filling section, the porous body 
can be strengthened, and therefore, even if the transfer of 
lithium ions is carried out in the porous body constituted by 
Compound I, the shape of the lithium reduction resistant layer 
30 can be stabilized. 
0101 Examples of a constituent material of this filling 
section include lithium composite oxides containing Si or B. 
and specific examples thereof include LiSiO, Li SiOS, 
LiBO, HBO, and LiBXCOs, and one compound 
can be used or two or more compounds can be used in com 
bination. 

Method for Producing Lithium Secondary Battery 

0102 Next, a method for producing the lithium secondary 
battery 100 of the first embodiment shown in FIG. 1 will be 
described. 

0103 FIGS. 2A to 4C are views for illustrating a method 
for producing the lithium secondary battery shown in FIG.1. 
In the following description, for the sake of convenience of 
explanation, the upper side of FIGS. 2A to 4C is referred to as 
“upper, and the lower side of FIGS. 2A to 4C is referred to as 
“lower. Further, in FIGS. 2A to 4C, dimensions, ratios, and 
the like of respective components are appropriately made 
different from actual ones in order to make the drawing easy 
tO See. 

0104. 1 First, as shown in FIGS. 2A and 2B, a constituent 
material containing a lithium composite oxide in the form of 
particles (hereinafter referred to as “active material particles 
2X) is molded by compression using a mold F (see FIG. 2A), 
and thereafter, the obtained compression-molded material is 
Subjected to a heat treatment, whereby an active material 
molded body 2 is obtained (see FIG. 2B). 
0105. This heat treatment is preferably performed at a 
treatment temperature of 850° C. or higher and lower than the 
melting point of the lithium composite oxide to be used. By 
this heat treatment, the active material particles 2X are sin 
tered with each other, whereby an integrated molded body can 
be reliably obtained. By performing the heat treatment at a 
temperature in Such a range, an active material molded body 
2 having a resistivity of preferably 700 C2/cm or less can be 
obtained without adding a conductive additive. Accordingly, 
the obtained lithium secondary battery 100 has a sufficient 
output power. 
0106. At this time, if the treatment temperature is lower 
than 850°C., not only sintering does not sufficiently proceed, 
but also the electron conductivity itself in the crystals of the 
active material is decreased depending on the type of the 
lithium composite oxide to be used, and therefore, the 
obtained lithium secondary battery 100 may not be able to 
achieve a desired output power. 
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0107 Further, if the treatment temperature exceeds the 
melting point of the lithium composite oxide, lithium ions are 
excessively volatilized from the inside of the crystals of the 
lithium composite oxide, and therefore, the electron conduc 
tivity of the lithium composite oxide is decreased, and thus, 
the capacity of the obtained electrode assembly 10 may be 
decreased. 
0108. Accordingly, in order to obtain appropriate output 
power and capacity, the treatment temperature is preferably 
850° C. or higher and lower than the melting point of the 
lithium composite oxide, more preferably 875° C. or higher 
and 1000° C. or lower, further more preferably 900° C. or 
higher and 920°C. or lower. 
0109 Further, the heat treatment in this step is performed 
for preferably 5 minutes or more and 36 hours or less, more 
preferably 4 hours or more and 14 hours or less. 
0110. By performing the heat treatment as described 
above, grain boundary growth in the active material particles 
2X and sintering between the active material particles 2X are 
allowed to proceed so that the retention of the shape of the 
obtained active material molded body 2 is facilitated, and 
thus, the addition amount of a binder in the active material 
molded body 2 can be decreased. Further, a bond is formed 
between the active material particles 2X by sintering so as to 
forman electron transfer pathway between the active material 
particles 2X, and therefore, the addition amount of a conduc 
tive additive can also be decreased. As the constituent mate 
rial of the active material particles 2X, LiCoO can be favor 
ably used. 
0111. Further, the obtained active material molded body 2 

is constituted by communication holes in which a plurality of 
pores of the active material molded body 2 communicate with 
one another like a mesh inside the active material molded 
body 2. 
0112 The average particle diameter of the active material 
particles 2X is preferably 300 nm or more and 5 um or less, 
more preferably 450 nm or more and 3 um or less, further 
more preferably 500 nm or more and 1 um or less. When an 
active material having Such an average particle diameter is 
used, the porosity of the obtained active material molded 
body 2 can be set to preferably 10% or more and 40% or less, 
more preferably 15% or more and 35% or less. As a result, a 
surface area of the inner surface of each pore of the active 
material molded body 2 is increased, and also a contact area 
between the active material molded body 2 and the solid 
electrolyte layer 3 is easily increased. Accordingly, the capac 
ity of a lithium battery using the electrode assembly 10 is 
easily increased. 
0113. If the average particle diameter of the active material 
particles 2X is less than the above-mentioned lower limit, the 
pores of the active material molded body to be formed tend to 
be small such that the radius of each pore is several tens of 
nanometers, and it becomes difficult to allow a liquid con 
taining a precursor of the inorganic Solid electrolyte to pen 
etrate into each pore in the below-mentioned step depending 
on the type of the liquid. As a result, it may become difficult 
to form the solid electrolyte layer 3 which is in contact with 
the inner Surface of each pore. 
0114. If the average particle diameter of the active material 
particles 2X exceeds the above-mentioned upper limit, a spe 
cific Surface area which is a surface area per unit mass of the 
active material molded body to be formed is decreased, and 
thus, a contact area between the active material molded body 
2 and the solid electrolyte layer 3 is decreased. Therefore, 
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when forming a lithium battery using the obtained electrode 
assembly 10, a sufficient output power may not be able to be 
obtained. Further, the ion diffusion distance from the inside of 
the active material particle 2X to the solid electrolyte layer3 
is increased, and therefore, it may become difficult for the 
lithium composite oxide around the center of the active mate 
rial particle 2X to contribute to the function of a battery. 
0115 The average particle diameter of the active material 
particles 2X can be determined by, for example, dispersing 
the active material particles 2Xinn-octanolata concentration 
ranging from 0.1 to 10% by mass, and then, measuring the 
median diameter using a light scattering particle size distri 
bution analyzer (Nanotrac UPA-EX250, manufactured by 
Nikkiso Co., Ltd.). 
0116. Further, to the constituent material to be used for 
forming the active material particles 2X, an organic polymer 
compound such as polyvinylidene fluoride (PVdF) or poly 
vinyl alcohol (PVA) may be added as a binder. Such a binder 
is burned or oxidized in the heat treatment in this step, and the 
amount thereof is reduced. 
0117. Further, it is preferred to add a pore-forming mate 
rial in the form of particles composed of a polymer or a carbon 
powder to the material to be used for forming the active 
material particles 2X as a pore template when performing 
compact molding. By mixing Such a pore-forming material, 
the control of the porosity of the active material molded body 
is facilitated. Such a pore-forming material is decomposed 
and removed by burning or oxidation during the heat treat 
ment, and therefore, the amount thereof is reduced in the 
obtained active material molded body. 
0118. The average particle diameter of the pore-forming 
material is preferably from 0.5 to 10 Lum. 
0119 Further, it is preferred that the pore-forming mate 
rial contains particles (primary particles) composed of a deli 
quescent Substance. When the primary particles deliquesce, 
water generated around the primary particles function as a 
binder for bonding the lithium composite oxide in the form of 
particles, and therefore, it becomes possible to maintain the 
shape while the lithium composite oxide in the form of par 
ticles are compression-molded and Subjected to a heat treat 
ment. Due to this, the active material molded body can be 
obtained without adding another binder or while reducing the 
addition amount of a binder, and an electrode assembly hav 
ing a high capacity can be easily obtained. 
I0120 Examples of such primary particles include par 
ticles composed of polyacrylic acid. 
I0121 Further, it is preferred that the pore-forming mate 
rial further contains particles (secondary particles) composed 
of a non-deliquescent Substance. The pore-forming material 
containing Such secondary particles facilitates handling. Fur 
ther, when the pore-forming material has deliquescence, the 
porosity of the active material molded body sometimes devi 
ates from the desired set value depending on the amount of 
water around the pore-forming material, however, by includ 
ing the secondary particles which do not deliquesce along 
with the primary particles in the pore-forming material, it 
becomes possible to prevent the deviation of the porosity. 
0.122 2. Subsequently, as shown in FIGS. 3A and 3B, a 
liquid 3X containing a precursor of the solid electrolyte layer 
3 is applied to the surface of the active material molded body 
2 including the inside of each pore of the active material 
molded body 2 (FIG. 3A), followed by firing to convert the 
precursor to the inorganic solid electrolyte, whereby the solid 
electrolyte layer 3 is formed (FIG.3B). 
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0123. By doing this, the composite body 4 including the 
active material molded body 2 and the solid electrolyte layer 
3 is formed. 
0.124. The liquid 3X may contain a solvent which can 
dissolve the precursor in addition to the precursor. In the case 
where the liquid 3X contains a solvent, after applying the 
liquid 3X, the solvent maybe appropriately removed before 
firing. As the method for removing the solvent, a generally 
known method such as heating, pressure reduction, or air 
blowing, or a method in which two or more Such generally 
known methods are combined can be adopted. 
0125 Since the solid electrolyte layer 3 is formed by 
applying the liquid 3X having fluidity, it becomes possible to 
favorably form a solid electrolyte also on the inner surface of 
each fine pore of the active material molded body 2. Accord 
ingly, a contact area between the active material molded body 
2 and the solid electrolyte layer 3 is easily increased so that a 
current density at an interface between the active material 
molded body 2 and the solid electrolyte layer 3 is decreased, 
and thus, it becomes easy to obtain a high output power. 
0126 The liquid 3X can be applied by any of various 
methods as long as the method can allow the liquid 3X to 
penetrate into the inside of the pores of the active material 
molded body 2. For example, a method in which the liquid 3X 
is added dropwise to a place where the active material molded 
body 2 is placed, a method in which the active material 
molded body 2 is immersed in a place where the liquid 3X is 
pooled, or a method in which an edge portion of the active 
material molded body 2 is brought into contact with a place 
where the liquid 3X is pooled so that the inside of each pore 
is impregnated with the liquid 3X by utilizing a capillary 
phenomenon may be adopted. In FIG. 3A, a method in which 
the liquid 3X is added dropwise using a dispenser Damong 
the above methods is shown. 
0127 Examples of the precursor of the solid electrolyte 
layer 3 include the following precursors (A), (B), and (C); (A) 
a composition including salts containing metal atoms to be 
contained in the inorganic Solid electrolyte at a ratio accord 
ing to the compositional formula of the inorganic Solid elec 
trolyte, and converted to the inorganic solid electrolyte by 
oxidation; (B) a composition including metal alkoxides con 
taining metal atoms to be contained in the inorganic Solid 
electrolyte at a ratio according to the compositional formula 
of the inorganic Solid electrolyte; and (C) a dispersion liquid 
in which the inorganic solid electrolyte in the form of fine 
particles or a Sol in the form offine particles containing metal 
atoms to be contained in the inorganic Solid electrolyte at a 
ratio according to the compositional formula of the inorganic 
solid electrolyte is dispersed in a solvent, or (A), or (B). 
0128. The salt to be contained in the composition (A) 
includes a metal complex. Further, the precursor (B) is a 
precursor when the inorganic solid electrolyte is formed using 
a so-called sol-gel method. 
0129. The precursor is fired in an air atmosphere at a 
temperature lower than the temperature in the heat treatment 
for obtaining the active material molded body 2 described 
above. Specifically, the firing may be performed at a tempera 
ture of 300° C. or higher and 700° C. or lower. By the firing, 
the inorganic Solid electrolyte is produced from the precursor, 
thereby forming the solid electrolyte layer3. As the constitu 
ent material of the Solid electrolyte layer, LiosLaos TiO, 
can be preferably used. 
0130 By performing firing at a temperature in such a 
range, a solid phase reaction occurs at an interface between 
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the active material molded body 2 and the solid electrolyte 
layer 3 due to mutual diffusion of elements constituting the 
respective members, and the production of electrochemically 
inactive by-products can be suppressed. Further, the crystal 
linity of the inorganic Solid electrolyte is improved, and thus, 
the ion conductivity of the solid electrolyte layer 3 can be 
improved. In addition, at the interface between the active 
material molded body 2 and the solid electrolyte layer 3, a 
sintered portion is generated, and thus, charge transfer at the 
interface is facilitated. Accordingly, the capacity and the out 
put power of a lithium battery using the electrode assembly 10 
are improved. 
I0131 The firing may be performed by performing a heat 
treatment once, or may be performed by dividing the heat 
treatment into a first heat treatment in which the precursor is 
adhered to the surface of the porous body and a second heat 
treatment in which heating is performed at a temperature not 
lower than the treatment temperature in the first heat treat 
ment and 700° C. or lower. By performing the firing by such 
a stepwise heat treatment, the solid electrolyte layer 3 can be 
easily formed at a desired position. 
0.132. 3 Subsequently, by grinding and polishing both 
surfaces 4a and 4b of the composite body 4, both of the active 
material molded body 2 and the solid electrolyte layer 3 are 
exposed from these surfaces 4a and 4b (see FIG. 4A). 
0.133 At this time, on both of the one surface 4a and the 
other surface 4b, a scratch mark (a grinding and polishing 
mark), which is a mark of the grinding and polishing process 
is left. 
I0134) Incidentally, when the composite body 4 is formed 
in the above-mentioned step 2, both of the active material 
molded body 2 and the solid electrolyte layer 3 are sometimes 
exposed from both Surfaces 4a and 4b. In this case, grinding 
and polishing of both surfaces 4a and 4b of the composite 
body 4 can be omitted. 
0.135 (4 Subsequently, by supplying a composition for 
forming a lithium reduction resistant layer (the composition 
for forming a lithium reduction resistant layer according to 
the invention) to be used for forming the lithium reduction 
resistant layer 30 containing the above-mentioned Com 
pound I onto the other surface 4b of the composite body 4, a 
liquid coating film is formed, and thereafter, by heating this 
liquid coating film, the lithium reduction resistant layer 30 
containing a compound represented by the above general 
formula (I) is obtained (see FIG. 4B). 
0.136. Hereinafter, this step 4 will be described in detail. 
0.137 4-1 First, a composition for forming a lithium 
reduction resistant layer (precursor composition) is prepared, 
and thereafter, a liquid coating film is formed on the other 
Surface 4b by using this composition for forming a lithium 
reduction resistant layer (a first step). 
0.138. The composition for forming a lithium reduction 
resistant layer (the composition for forming a lithium reduc 
tion resistant layer according to the invention) is used for 
forming the lithium reduction resistant layer 30 containing 
the above-mentioned Compound I and is a liquid reactant 
containing a solvent, and a lithium compound, a lanthanum 
compound, a Zirconium compound, and a compound contain 
ing the above-mentioned metal M, each of which shows solu 
bility in the solvent, and in which with respect to the stoichio 
metric composition of the above-mentioned Compound I, the 
lithium compound is contained in an amount 1.05 times or 
more and 2.50 times or less, the lanthanum compound and the 
Zirconium compound are contained in an amount 0.70 times 
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or more and 1.00 times or less, and the compound containing 
the above-mentioned metal M is contained in an equal 
amount. 

0.139. The lithium compound, the lanthanum compound, 
the Zirconium compound, and the compound containing the 
above-mentioned metal Mare not particularly limited, but are 
preferably at least either a metal salt or a metal alkoxide of 
each of lithium, lanthanum, Zirconium, and the above-men 
tioned metal M. According to this, the above-mentioned 
Compound I can be obtained at a high production ratio from 
the composition for forming a lithium reduction resistant 
layer, which is a mixture of these compounds. 
0140. Examples of such a lithium compound (lithium 
Source) include lithium metal salts such as lithium chloride, 
lithium nitrate, lithium acetate, lithium hydroxide, and 
lithium carbonate, and lithium alkoxides such as lithium 
methoxide, lithium ethoxide, lithium propoxide, lithium iso 
propoxide, lithium butoxide, lithium isobutoxide, lithium 
sec-butoxide, lithium tert-butoxide, and dipivaloylmethana 
tolithium, and among these, one compound can be used or 
two or more compounds can be used in combination. 
01.41 Examples of the lanthanum compound (lanthanum 
Source) include lanthanum metal salts such as lanthanum 
chloride, lanthanum nitrate, and lanthanum acetate, and lan 
thanum alkoxides such as lanthanum methoxide, lanthanum 
ethoxide, lanthanum propoxide, lanthanum isopropoxide, 
lanthanum butoxide, lanthanum isobutoxide, lanthanum sec 
butoxide, lanthanum tert-butoxide, and dipivaloylmethanato 
lanthanum, and among these, one compound can be used or 
two or more compounds can be used in combination. 
0142. Examples of the Zirconium compound (zirconium 
Source) include Zirconium metal salts such as Zirconium chlo 
ride, Zirconium oxychloride, Zirconium oxynitrate, Zirco 
nium oxyacetate, and Zirconium acetate, and Zirconium 
alkoxides Such as Zirconium methoxide, Zirconium ethoxide, 
Zirconium propoxide, Zirconium isopropoxide, Zirconium 
butoxide, Zirconium isobutoxide, Zirconium sec-butoxide, 
Zirconium tert-butoxide, and dipivaloylmethanatoZirconium, 
and among these, one compound can be used or two or more 
compounds can be used in combination. 
0143. Examples of the compound containing the above 
mentioned metal M, in the case where the metal Mis niobium, 
include niobium metal salts such as niobium chloride, nio 
bium oxychloride, and niobium oxalate, niobium alkoxides 
Such as niobium ethoxide, niobium propoxide, niobium iso 
propoxide, and niobium sec-butoxide, and niobium acetylac 
etonate, and among these, one compound can be used or two 
or more compounds can be used in combination. 
0144. As the solvent, a solvent capable of dissolving each 
of the lithium compound, the lanthanum compound, the Zir 
conium compound, and the compound containing the above 
mentioned metal Mis used, and a single solvent Such as water 
oran organic solvent, or a mixed solventis used. According to 
this, the lithium compound, the lanthanum compound, the 
Zirconium compound, and the compound containing the 
above-mentioned metal M can be reliably dissolved in the 
composition for forming a lithium reduction resistant layer. 
0145 The organic solvent is not particularly limited, but 
examples thereof include methanol, ethanol, n-propyl alco 
hol, isopropyl alcohol, and allyl alcohol; glycols such as 
ethylene glycol, propylene glycol, butylene glycol, hexylene 
glycol, pentane diol, hexane diol, heptane diol, and dipropy 
lene glycol, ketones such as acetone, methyl ethyl ketone, 
methylpropylketone, and methyl isobutyl ketone; esters such 
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as methyl formate, ethyl formate, methyl acetate, and methyl 
acetoacetate; and ethers such as diethylene glycol monom 
ethyl ether, diethylene glycol monoethyl ether, diethylene 
glycol dimethyl ether, ethylene glycol monomethyl ether, 
ethylene glycol monoethyl ether, and dipropylene glycol 
monomethyl ether. 
0146 The formation of the liquid coating film on the other 
Surface 4b is performed by Supplying the composition for 
forming a lithium reduction resistant layer onto the other 
surface 4b, however, this supply of the composition for form 
ingalithium reduction resistant layer is preferably performed 
using a coating method. By using the coating method, the 
liquid coating film having a uniform film thickness, and as a 
result, the lithium reduction resistant layer 30 having a uni 
form film thickness can be easily formed on the other surface 
4b. 

0147 The coating method is not particularly limited, and 
examples thereof include a spin coating method, a casting 
method, a micro gravure coating method, a gravure coating 
method, a bar coating method, a roll coating method, a wire 
bar coating method, a dip coating method, a spray coating 
method, a screen printing method, a flexographic printing 
method, an offset printing method, a micro contact printing 
method, and a liquid droplet ejection method. 
0.148. Further, in the composition for forming a lithium 
reduction resistant layer, the lithium compound, the lantha 
num compound, the Zirconium compound, and the compound 
containing the above-mentioned metal Mare contained at a 
compositional ratio as described above, and according to this, 
the gelation of the composition for forming a lithium reduc 
tion resistant layer is Suppressed or prevented over a long 
period of time, so that the composition for forming a lithium 
reduction resistant layer can be maintained in a Sol Statestably 
over a long period of time. Due to this, the liquid coating film 
to be formed by Supplying the composition for forming a 
lithium reduction resistant layer onto the other surface 4b can 
be obtained as a film having a more uniform thickness. 
Accordingly, the lithium reduction resistant layer to be 
obtained in the Subsequent step 4-2 can be made to have a 
more uniform thickness. 

0149 4-2. Subsequently, by heating the liquid coating 
film, the lithium reduction resistant layer 30 containing Com 
pound I is formed on the other Surface 4b (a second step). 
0150. Here, in the invention, the compositional ratio of the 
lithium compound, the lanthanum compound, the Zirconium 
compound, and the compound containing the above-men 
tioned metal M contained in the composition for forming a 
lithium reduction resistant layer constituting the liquid coat 
ing film falls within a specific range. That is, with respect to 
the stoichiometric composition of the above-mentioned 
Compound I, the lithium compound is contained in an amount 
1.05 times or more and 2.50 times or less, the lanthanum 
compound and the Zirconium compound are contained in an 
amount 0.70 times or more and 1.00 times or less, and the 
compound containing the above-mentioned metal M is con 
tained in an equal amount. By setting the compositional ratio 
as described above, a ceramic material to be produced by a 
liquid phase reaction caused by heating the liquid coating film 
(the composition for forming a lithium reduction resistant 
layer) can be obtained at a high production ratio in terms of 
Compound I. As a result, the lithium reduction resistant layer 
30 containing this Compound I shows excellent Li ion con 
ductivity and Li reduction resistance. 
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0151. As described above, by using the composition for 
forming a lithium reduction resistant layer according to the 
invention, the lithium reduction resistant layer 30 containing 
this Compound I can be formed by producing Compound I 
through one step of heating the liquid coating film (the com 
position for forming a lithium reduction resistant layer). 
0152. It has been revealed according to the study by the 
present inventors that Compound I is obtained by heating (a 
heat treatment) of the composition for forming a lithium 
reduction resistant layer which is the liquid coating film (liq 
uid material) depending on the compositional ratio of the 
lithium compound, the lanthanum compound, the Zirconium 
compound, and the compound containing the above-men 
tioned metal M described above regardless of the types of 
these compounds. 
0153. For example, in the case where lithium carbonate is 
used as the lithium compound, lithium carbonate also func 
tions as a sintering additive, and a sintering effect that the 
crystallization (grain growth) of Compound I is promoted is 
obtained, however, if the lithium compound is contained in an 
amount exceeding 2.50 times (for example, 3.0 times), Com 
pound I is decomposed, and La-ZrO and La O which are 
contaminants are generated. Further, if the lithium compound 
is contained in an amount less than 1.05 times, LaZrO. 
which is a contaminant is generated, and also the sintering 
effect of lithium carbonate is not sufficiently obtained. 
0154 Further, the lithium compound may be contained in 
an amount 1.05 times or more and 2.50 times or less, but is 
preferably contained in an amount 1.25 times or more and 
2.50 times or less. According to this, crystals (primary par 
ticles) of Compound I having a smaller particle diameter are 
formed, and thus, it becomes possible to set the porosity of a 
porous body obtained by sintering particle bodies (secondary 
particles) formed by granulating the primary particles low, 
and therefore, the ion conductivity of the lithium reduction 
resistant layer 30 can be improved. 
0155 If each of the lanthanum compound and the zirco 
nium compound is contained in an amount less than 0.70 
times, LaZrO which is a contaminant is generated, and also 
the production ratio of Compound I tends to decrease remark 
ably. Further, if each of the lanthanum compound and the 
Zirconium compound is contained in an amount exceeding 
1.00 times, LaZrO which is a contaminant tends to be 
generated. 
0156 The heating of this liquid coating film (liquid mate 

rial) is preferably performed under the temperature condi 
tions that the highest temperature is set to 900° C. or lower, 
more preferably performed under the temperature conditions 
that the highest temperature is set to 800° C. or lower. Accord 
ing to this, Compound I to be produced by heating can be 
formed to have a cubic garnet-type crystal structure. As a 
result, the obtained lithium reduction resistant layer 30 shows 
more excellention conductivity. Further, by performing heat 
ing in a low temperature range in which the highest tempera 
ture is set to 800° C. or lower, the denaturation or degenera 
tion of the constituent materials of the active material molded 
body 2 and the solid electrolyte layer 3 included in the com 
posite body 4 can be reliably suppressed or prevented. 
0157. Further, the heating of the liquid coating film (liquid 
material) is preferably performed by a multistage heating 
treatment including a first heating treatment, a second heating 
treatment, and a third heating treatment in which Compound 
I is sintered. In Sucha multistage heating treatment, in the first 
heating treatment, the liquid coating film is dried, and in the 

Mar. 31, 2016 

second heating treatment, metal oxides of lithium, lantha 
num, Zirconium, and the above-mentioned metal M are 
formed. For example, in the case of Li, LiCO is formed 
through LiO by reacting LiO with CO, in the air. Then, in 
the thirdheating treatment, Compound I is produced, and also 
the crystals of the produced Compound I are subjected to 
grain growth, and the crystals of Compound I formed into 
particles are sintered. That is, in the first heating treatment, the 
liquid coating film is dried, and in the second heating treat 
ment, oxides of the respective metal components constituting 
Compound I are formed. Then, in the third heating treatment, 
Compound I is produced, and also the crystals are Subjected 
to grain growth, and the crystals of Compound I formed into 
particles are sintered. 
0158. By forming the lithium reduction resistant layer 30 
containing Compound I through Such a stage, in the lithium 
reduction resistant layer 30, Compound I can be formed to 
have a cubic garnet-type crystal structure, and also adjacent 
crystals of Compound I in the form of particles can be sintered 
with each other, and therefore, the lithium reduction resistant 
layer 30 shows more excellention conductivity. 
0159. In this case, the heating temperature in the first 
heating treatment is preferably 50° C. or higher and 250° C. or 
lower, more preferably 150° C. or higher and 200° C. or 
lower. 
0.160) Further, the heating temperature in the second heat 
ing treatment is preferably 400° C. or higher and 550° C. or 
lower, more preferably 500° C. or higher and 550° C. or 
lower. 
0.161 Further, the heating temperature in the third heating 
treatment is preferably 600° C. or higher and 900° C. or lower, 
more preferably 650° C. or higher and 800° C. or lower. 
0162 By setting the heating temperature in each of the 

first to third heating treatments in the above-mentioned range, 
Compound I having a cubic garnet-type crystal structure can 
be obtained at a higher production ratio. 
0163. Further, the heating time for the liquid coating film 
in the whole step is preferably 10 minutes or more and 2 hours 
or less, more preferably 10 minutes or more and 1.5 hours or 
less. 

0164. Further, in this step 4, as described above, the 
lithium reduction resistant layer 30 is formed by supplying 
the composition for forming a lithium reduction resistant 
layer in a liquid phase onto the other Surface 4b of the com 
posite body 4 in a solid phase. Therefore, on the other surface 
4b, the composition for forming a lithium reduction resistant 
layer wets and spreads on the active material molded body 2 
and the solid electrolyte layer 3 exposed from the other sur 
face 4b, thereby forming a liquid coating film, and then, this 
liquid coating film is heated, whereby the lithium reduction 
resistant layer 30 is formed. Therefore, an interface between 
the lithium reduction resistant layer30 and the active material 
molded body 2, and an interface between the lithium reduc 
tion resistant layer 30 and the solid electrolyte layer3 formed 
in the other surface 4b become a continuous layer (solid 
solution) in which the lithium reduction resistant layer30 and 
the active material molded body 2 are solid-dissolved, and a 
continuous layer (solid solution) in which the lithium reduc 
tion resistant layer 30 and the solid electrolyte layer 3 are 
Solid-dissolved, respectively. According to this, the resistivity 
at an interface between the lithium reduction resistant layer 
30 and the composite body 4 is decreased, and as a result, the 
transfer of lithium ions at the interface is carried out more 
Smoothly. 
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0165. Further, as described above, the lithium reduction 
resistant layer 30 obtained in this step 4 is constituted by a 
porous body including communication holes (pores), and in 
the case where a filling section filled with a filling material 
which is an amorphous material at room temperature is 
formed in this communication hole, after this step 4, a filling 
material which is an amorphous material at room temperature 
is supplied onto the lithium reduction resistant layer 30, and 
thereafter, the filling material may be heated. According to 
this, the filling section can be reliably formed. Further, the 
temperature at which the filling material is heated can be set 
in the same manner as the heating conditions in this step 4. 
0166 5) Subsequently, as shown in FIG. 4C, the current 
collector 1 is bonded to the one surface 4a of the composite 
body 4, and also the electrode 20 is bonded to the one surface 
30a of the lithium reduction resistant layer 30. 
0167. The bonding of the current collector 1 may be per 
formed by bonding the current collector formed as a separate 
body to the one surface 4a of the composite body 4, or the 
current collector 1 maybe formed on the one surface 4a of the 
composite body 4 by depositing the material for forming the 
current collector 1 described above on the one surface 4a of 
the composite body 4. 
0168 Further, the bonding of the electrode 20 may be 
performed by bonding the electrode formed as a separate 
body to the one surface 30a of the lithium reduction resistant 
layer 30, or the electrode 20 may beformed on the one surface 
30a of the lithium reduction resistant layer 30 by depositing 
the material for forming the electrode 20 described above on 
the one surface 30a of the lithium reduction resistant layer 30. 
0169. As the deposition methods for the current collector 
1 and the electrode 20, various physical vapor phase growth 
methods (PVD) and chemical vapor phase growth methods 
(CVD) can be used, respectively. 
0170 By undergoing the steps as described above, the 
lithium secondary battery 100 is produced. 

Second Embodiment 

0171 Next, a second embodiment of the lithium second 
ary battery according to the invention will be described. 
0172 FIG. 5 is a longitudinal cross-sectional view show 
ing a second embodiment of the lithium secondary battery 
according to the invention. 
0173 Hereinafter, with respect to a lithium secondary bat 
tery 100A of the second embodiment, different points from 
the above-mentioned lithium secondary battery 100 of the 
first embodiment will be mainly described, and a description 
of the same matter will be omitted. 
(0174. The lithium secondary battery 100A shown in FIG. 
5 is configured in the same manner as the lithium secondary 
battery 100 shown in FIG. 1 except that a composite body 4A 
having a different configuration from that of the composite 
body 4 is provided between the current collector 1 and the 
lithium reduction resistant layer 30 by being bonded to the 
current collector 1 and the lithium reduction resistant layer 
3O. 

(0175. That is, in the lithium secondary battery 100A of the 
second embodiment, the composite body 4A is configured 
such that an active material molded body 2A in the form of a 
layer and a solid electrolyte layer3A in the form of a layer are 
stacked in this order from the current collector 1 side to the 
electrode 20 side, and one surface 4a of the composite body 
4A is constituted by the active material molded body 2A 
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alone and the other surface 4b of the composite body 4A is 
constituted by the solid electrolyte layer 3A alone. 
0176 Such a lithium secondary battery 100A is config 
ured such that the solid electrolyte layer 3A and the lithium 
reduction resistant layer 30 are stacked on each other, and at 
an interface between the lithium reduction resistant layer 30 
and the solid electrolyte layer 3A, a continuous layer (solid 
solution) in which the lithium reduction resistant layer30 and 
the solid electrolyte layer 3A are solid-dissolved is formed in 
the same manner as the first embodiment. According to this, 
the resistivity at an interface between the lithium reduction 
resistant layer 30 and the composite body 4A (solid electro 
lyte layer 3A) is decreased, and as a result, the transfer of 
lithium ions at the interface is carried out more Smoothly. 
0177 Also according to such a lithium secondary battery 
100A of the second embodiment, the same effect as that of the 
first embodiment is obtained. 
0.178 Hereinabove, the composition for forming a lithium 
reduction resistant layer, the method for forming a lithium 
reduction resistant layer, and the lithium secondary battery 
according to the invention have been described based on the 
embodiments shown in the drawings, however, the invention 
is not limited thereto. 
0179 For example, the configuration of each part in the 
lithium secondary battery according to the invention can be 
replaced with an arbitrary configuration having a similar 
function, and also an arbitrary configuration may be added. 
Further, the invention may be composed of two or more 
arbitrary configurations (features) in combination in the 
above-mentioned embodiments. 
0180 Further, in the method for forming a lithium reduc 
tion resistant layer according to the invention, one or more 
arbitrary steps may be added. 

EXAMPLES 

0181. Next, specific examples of the invention will be 
described. 
1. Preparation of Solutions of Respective Metal Compounds 
Preparation of Butanol Solution of 1.0 mol/kg Lithium 
Nitrate 
0182 Lithium nitrate (1.3789 g) and butanol (18.6211 g) 
were weighed and placed in a 30-g reagent bottle made of 
Pyrex (registered trademark) equipped with a magnetic stirrer 
bar, and stirred at room temperature for 30 minutes using a 
magnetic stirrer to dissolve lithium nitrate completely, 
whereby a butanol solution of 1.0 mol/kg lithium nitrate was 
obtained. 
Preparation of Toluene/Propionic Acid Solution of 1.0 mol/ 
kg Lithium Acetate 
0183 Lithium acetate (1.3198 g), toluene (13.0761 g), 
and propionic acid (5.6041 g) were weighed and placed in a 
30-g reagent bottle made of Pyrex (registered trademark) 
equipped with a magnetic stirrer bar, and stirred at 80°C. for 
30 minutes using a magnetic stirrer with a temperature regu 
lator to dissolve lithium acetate completely. Then, the result 
ing solution was gradually cooled to room temperature, 
whereby a toluene/propionic acid solution of 1.0 mol/kg 
lithium acetate was obtained. 
Preparation of Propionic Acid Solution of 1.0 mol/kg Lithium 
Acetate 
0.184 Lithium acetate (1.3198 g) and propionic acid (18. 
6802 g) were weighed and placed in a 30-g reagent bottle 
made of Pyrex (registered trademark) equipped with a mag 
netic stirrer bar, and stirred at 80° C. for 30 minutes using a 
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magnetic stirrer with a temperature regulator to dissolve 
lithium acetate completely. Then, the resulting Solution was 
gradually cooled to room temperature, whereby a propionic 
acid solution of 1.0 mol/kg lithium acetate was obtained. 
Preparation of 2-Butoxyethanol Solution of 2.0 mol/kg 
Lithium Nitrate 

0185. Lithium nitrate (2.758 g) and 2-butoxyethanol (17. 
242 g) were weighed and placed in a 30-greagent bottle made 
of Pyrex (registered trademark) equipped with a magnetic 
stirrer bar, and stirred at 160° C. for 30 minutes using a 
magnetic stirrer with a temperature regulator to dissolve 
lithium nitrate completely, whereby a 2-butoxyethanol solu 
tion of 2.0 mol/kg lithium nitrate was obtained. 
Preparation of Ethanol Solution of 1.0 mol/kg Lithium 
Nitrate 

0186 Lithium nitrate (0.690 g) and ethanol (9.310 g) were 
weighed and placed in a 30-g reagent bottle made of Pyrex 
(registered trademark) equipped with a magnetic stirrer bar, 
and stirred at 160° C. for 30 minutes using a magnetic stirrer 
with a temperature regulator to dissolve lithium nitrate com 
pletely, whereby an ethanol solution of 1.0 mol/kg lithium 
nitrate was obtained. 

Preparation of Toluene/2-Butoxyethanol Solution of 0.4 mol/ 
kg Lanthanum 2-Ethylhexanoate 
0187 Lanthanum 2-ethylhexanoate (2.2741 g), toluene 
(5.4081 g), and 2-butoxyethanol (2.3178 g) were weighed 
and placed in a 20-g reagent bottle made of Pyrex (registered 
trademark), and ultrasound was applied thereto at room tem 
perature using an ultrasonic cleaner to dissolve lanthanum 
2-ethylhexanoate completely, whereby a toluene/2-butoxy 
ethanol Solution of 0.4 mol/kg lanthanum 2-ethylhexanoate 
was obtained. 

Preparation of Propionic Acid Solution of 0.4 mol/kg Lan 
thanum Acetate 1.5-Hydrate 
0188 Lanthanum acetate 1.5-hydrate (2.7445g) and pro 
pionic acid (17.2555 g) were weighed and placed in a 30-g 
reagent bottle made of Pyrex (registered trademark) equipped 
with a magnetic stirrer bar, and stirred at 80°C. for 30 minutes 
using a magnetic stirrer with a temperature regulator to dis 
solve lanthanum acetate 1.5-hydrate completely. Then, the 
resulting solution was gradually cooled to room temperature, 
whereby a propionic acid solution of 0.4 mol/kg lanthanum 
acetate 1.5-hydrate was obtained. 
Preparation of 2-Butoxyethanol Solution of 1.0 mol/kg Lan 
thanum Nitrate 6-Hydrate 
0189 Lanthanum nitrate 6-hydrate (4.330 g) and 2-bu 
toxyethanol (5.670 g) were weighed and placed in a 30-g 
reagent bottle made of Pyrex (registered trademark) equipped 
with a magnetic stirrer bar, and stirred at 80°C. for 30 minutes 
using a magnetic stirrer with a temperature regulator to dis 
solve lanthanum nitrate 6-hydrate completely. Then, the 
resulting solution was gradually cooled to room temperature, 
whereby a 2-butoxyethanol solution of 1.0 mol/kg lanthanum 
nitrate 6-hydrate was obtained. 
Preparation of Ethanol Solution of 1.0 mol/kg Lanthanum 
Nitrate 6-Hydrate 
0190. Lanthanum nitrate 6-hydrate (4.330 g) and ethanol 
(5.670 g) were weighed and placed in a 30-g reagent bottle 
made of Pyrex (registered trademark) equipped with a mag 
netic stirrer bar, and stirred at 80° C. for 30 minutes using a 
magnetic stirrer with a temperature regulator to dissolve lan 
thanum nitrate 6-hydrate completely. Then, the resulting 
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Solution was gradually cooled to room temperature, whereby 
an ethanol solution of 1.0 mol/kg lanthanum nitrate 6-hydrate 
was obtained. 
Preparation of Butanol Solution of 1.0 mol/kg Zirconium 
Butoxide 
(0191 Zirconium butoxide (3.8368 g) and butanol (6.1632 
g) were weighed and placed in a 20-g reagent bottle made of 
Pyrex (registered trademark) equipped with a magnetic stirrer 
bar, and stirred at 80° C. for 30 minutes. Then, the resulting 
Solution was gradually cooled to room temperature, whereby 
a butanol solution of 1.0 mol/kg Zirconium butoxide was 
obtained. 
Preparation of Propionic Acid Solution of 0.4 mol/kg Zirco 
nium Acrylate 
0.192 Zirconium acrylate (3.0020 g) and propionic acid 
(16.998.0 g) were weighed and placed in a 30-greagent bottle 
made of Pyrex (registered trademark) equipped with a mag 
netic stirrer bar, and stirred at 80° C. for 30 minutes using a 
magnetic stirrer with a temperature regulator to dissolve Zir 
conium acrylate completely. Then, the resulting solution was 
gradually cooled to room temperature, whereby a propionic 
acid solution of 0.4 mol/kg Zirconium acrylate was obtained. 
Preparation of 2-Butoxyethanol Solution of 1.0 mol/kg Zir 
conium Butoxide 
0193 Zirconium butoxide (7.674 g) and 2-butoxyethanol 
(12.326 g) were weighed and placed in a 20-g reagent bottle 
made of Pyrex (registered trademark) equipped with a mag 
netic stirrer bar, and stirred at 80°C. for 30 minutes. Then, the 
resulting solution was gradually cooled to room temperature, 
whereby a 2-butoxyethanol solution of 1.0 mol/kg Zirconium 
butoxide was obtained. 
Preparation of Ethanol Solution of 1.0 mol/kg Zirconium 
Butoxide 
0194 Zirconium butoxide (7.674 g) and ethanol (12.326 
g) were weighed and placed in a 20-g reagent bottle made of 
Pyrex (registered trademark) equipped with a magnetic stirrer 
bar, and stirred at 80° C. for 30 minutes. Then, the resulting 
Solution was gradually cooled to room temperature, whereby 
an ethanol Solution of 1.0 mol/kg Zirconium butoxide was 
obtained. 
Preparation of 2-Butoxyethanol Solution of 1.0 mol/kg Nio 
bium Pentaethoxide 
0.195 Niobium pentaethoxide (3.1821 g) and 2-butoxy 
ethanol (6.8179 g) were weighed and placed in a 10-greagent 
bottle made of Pyrex (registered trademark) equipped with a 
magnetic stirrer bar, and stirred at 80°C. for 30 minutes using 
a magnetic stirrer with a temperature regulator. Then, the 
resulting solution was gradually cooled to room temperature, 
whereby a 2-butoxyethanol solution of 1.0 mol/kg niobium 
pentaethoxide was obtained. 
Preparation of Ethanol Solution of 1.0 mol/kg Niobium Pen 
taethoxide 
0196. Niobium pentaethoxide (3.182 g) and ethanol 
(6.818 g) were weighed and placed in a 10-g reagent bottle 
made of Pyrex (registered trademark) equipped with a mag 
netic stirrer bar, and stirred at 80° C. for 30 minutes using a 
magnetic stirrer with a temperature regulator. Then, the 
resulting solution was gradually cooled to room temperature, 
whereby an ethanol solution of 1.0 mol/kg niobium penta 
ethoxide was obtained. 
Preparation of 2-Butoxyethanol Solution of 1.0 mol/kg Tan 
talum Pentaethoxide 
0.197 Tantalum pentaethoxide (3.182 g) and 2-butoxy 
ethanol (6.818 g) were weighed and placed in a 10-g reagent 
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bottle made of Pyrex (registered trademark) equipped with a 
magnetic stirrer bar, and stirred at 80°C. for 30 minutes using 
a magnetic stirrer with a temperature regulator. Then, the 
resulting solution was gradually cooled to room temperature, 
whereby a 2-butoxyethanol solution of 1.0 mol/kg tantalum 
pentaethoxide was obtained. 

2. Preparation of Composition for Forming Lithium 
Reduction Resistant Layer 

Example 1 

Preparation of LioLa(Zr, Nbo)O Precursor 
Solution 

0198 The propionic acid solution of 1.0 mol/kg lithium 
acetate (10.350 g), the propionic acid solution of 0.4 mol/kg 
lanthanum acetate 1.5-hydrate (6.375 g), the 2-butoxyethanol 
solution of 1.0 mol/kg zirconium butoxide (1.615 g), and the 
2-butoxyethanol solution of 1.0 mol/kg niobium pentaethox 
ide (0.100 g) were weighed and mixed by heating for 30 
minutes using a hot plate at 90°C. Then, the resulting solution 
was gradually cooled to room temperature, whereby a Li 
9La (Zr, Nb)O2 precursor Solution was obtained. 

Example 2 

Preparation of Lis. La(Zr, Nb)O Precursor 
Solution 

(0199 The butanol solution of 1.0 mol/kg lithium nitrate 
(12.750 g), the toluene/2-butoxyethanol solution of 0.4 mol/ 
kg lanthanum 2-ethylhexanoate (5.250 g), the butanol solu 
tion of 1.0 mol/kg zirconium butoxide (0.070 g), and the 
2-butoxyethanol solution of 1.0 mol/kg niobium pentaethox 
ide (1.900 g) were weighed and mixed by heating for 30 
minutes using a hot plate at 90°C. Then, the resulting solution 
was gradually cooled to room temperature, whereby a Lis. 
1 La (Zr, Nb)O precursor solution was obtained. 

Example 3 

Preparation of Lig. 7s Las (Zr,7s. Nbos)O12 Precursor 
Solution 

0200. The toluene/propionic acid solution of 1.0 mol/kg 
lithium acetate (10.125 g), the toluene/2-butoxyethanol solu 
tion of 0.4 mol/kg lanthanum 2-ethylhexanoate (5.250 g), the 
propionic acid solution of 0.4 mol/kg Zirconium acrylate 
(3.719 g), and the 2-butoxyethanol solution of 1.0 mol/kg 
niobium pentaethoxide (0.250 g) were weighed and mixed by 
heating for 30 minutes using a hot plate at 90° C. Then, the 
resulting solution was gradually cooled to room temperature, 
whereby a Lig. 7s La (Zr,7s. Nbos)O12 precursor Solution 
was obtained. 

Example 4 

Preparation of Lig. 7s Las (Zr,7s. Nbos)O12 Precursor 
Solution 

0201 The propionic acid solution of 1.0 mol/kg lithium 
acetate (10.125 g), the toluene/2-butoxyethanol solution of 
0.4 mol/kg lanthanum 2-ethylhexanoate (6.375 g), the 
butanol solution of 1.0 mol/kg zirconium butoxide (1.313 g). 
and the 2-butoxyethanol solution of 1.0 mol/kg niobium pen 
taethoxide (0.250 g) were weighed and mixed by heating for 
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30 minutes using a hot plate at 90° C. Then, the resulting 
Solution was gradually cooled to room temperature, whereby 
a Lig. 7s Las (Zr,7s. Nbos)O12 precursor Solution was 
obtained. 

Example 5 

Preparation of Lig. 7s Las (Zr 7s. Nbos)O12 Precursor 
Solution 

0202 The propionic acid solution of 1.0 mol/kg lithium 
acetate (13.500 g), the toluene/2-butoxyethanol solution of 
0.4 mol/kg lanthanum 2-ethylhexanoate (6.000 g), the propi 
onic acid solution of 0.4 mol/kg zirconium acrylate (3.500g), 
and the 2-butoxyethanol solution of 1.0 mol/kg niobium pen 
taethoxide (0.250 g) were weighed and mixed by heating for 
30 minutes using a hot plate at 90° C. Then, the resulting 
Solution was gradually cooled to room temperature, whereby 
a Lig. 7s Las (Zr,7s. Nbos)O12 precursor Solution was 
obtained. 

Example 6 

Preparation of Lie La (Zr, Nbo)O Precursor 
Solution 

0203 The butanol solution of 1.0 mol/kg lithium nitrate 
(11.813 g), the propionic acid solution of 0.4 mol/kg lantha 
num acetate 1.5-hydrate (5.625 g), the butanol solution of 1.0 
mol/kg zirconium butoxide (1.280 g), and the 2-butoxyetha 
nol solution of 1.0 mol/kg niobium pentaethoxide (0.400 g) 
were weighed and mixed by heating for 30 minutes using a 
hot plate at 90°C. Then, the resulting solution was gradually 
cooled to room temperature, whereby a LiLa(Zr, Nbo. 
4)O precursor Solution was obtained. 

Example 7 

Preparation of LiLa (Zr, Nb)O Precursor 
Solution 

0204 The propionic acid solution of 1.0 mol/kg lithium 
acetate (13.500 g), the toluene/2-butoxyethanol solution of 
0.4 mol/kg lanthanum 2-ethylhexanoate (5.250 g), the propi 
onic acid solution of 0.4 mol/kg Zirconium acrylate (1.875 g), 
and the 2-butoxyethanol solution of 1.0 mol/kg niobium pen 
taethoxide (1.000 g) were weighed and mixed by heating for 
30 minutes using a hot plate at 90° C. Then, the resulting 
Solution was gradually cooled to room temperature, whereby 
a LioLa(Zr, Nb)O precursor solution was obtained. 

Example 8 

Preparation of Liss La (Zros, Nb)O Precursor 
Solution 

0205 The propionic acid solution of 1.0 mol/kg lithium 
acetate (11.000 g), the toluene/2-butoxyethanol solution of 
0.4 mol/kg lanthanum 2-ethylhexanoate (6.000 g), the propi 
onic acid solution of 0.4 mol/kg zirconium acrylate (0.938 g), 
and the 2-butoxyethanol solution of 1.0 mol/kg niobium pen 
taethoxide (1.500 g) were weighed and mixed by heating for 
30 minutes using a hot plate at 90° C. Then, the resulting 
Solution was gradually cooled to room temperature, whereby 
a LissLa(Zros, Nb)O2 precursor Solution was obtained. 
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Precursor Solution 

0206. The 2-butoxyethanol solution of 2.0 mol/kg lithium 
nitrate (6.600g), the 2-butoxyethanol solution of 1.0 mol/kg 
lanthanum nitrate 6-hydrate (2.400 g), the 2-butoxyethanol 
solution of 1.0 mol/kg zirconium butoxide (1.20 g), the 2-bu 
toxyethanol solution of 1.0 mol/kg niobium pentaethoxide 
(0.200 g), and the 2-butoxyethanol solution of 1.0 mol/kg 
tantalum pentaethoxide (0.200 g) were weighed and mixed by 
heating for 30 minutes using a hot plate at 90° C. Then, the 
resulting solution was gradually cooled to room temperature, 
whereby a LiLa(Zr, Nbo, Tao)O1 precursor Solution 
was obtained. 

Example 10 

Preparation of LiesLa(Zrs, Nbo)O Precursor 
Solution 

0207. The 2-butoxyethanol solution of 2.0 mol/kg lithium 
nitrate (6.800g), the 2-butoxyethanol solution of 1.0 mol/kg 
lanthanum nitrate 6-hydrate (2.400 g), the 2-butoxyethanol 
solution of 1.0 mol/kg zirconium butoxide (1.35 g), and the 
2-butoxyethanol solution of 1.0 mol/kg niobium pentaethox 
ide (0.200 g) were weighed and mixed by heating for 30 
minutes using a hot plate at 90°C. Then, the resulting solution 
was gradually cooled to room temperature, whereby a Li 
8La (Zrs, Nb)O2 precursor Solution was obtained. 

Example 11 

Preparation of LiesLa(Zrs, Nbo)O Precursor 
Solution 

0208. The 2-butoxyethanol solution of 2.0 mol/kg lithium 
nitrate (6.800g), the 2-butoxyethanol solution of 1.0 mol/kg 
lanthanum nitrate 6-hydrate (2.400 g), the 2-butoxyethanol 
solution of 1.0 mol/kg zirconium butoxide (1.80 g), and the 
2-butoxyethanol solution of 1.0 mol/kg niobium pentaethox 
ide (0.200 g) were weighed and mixed by heating for 30 
minutes using a hot plate at 90°C. Then, the resulting solution 
was gradually cooled to room temperature, whereby a Li 
8La (Zrs, Nb)O precursor solution was obtained. 

Example 12 

Preparation of LiesLa(Zrs, Nbo)O Precursor 
Solution 

0209. The 2-butoxyethanol solution of 2.0 mol/kg lithium 
nitrate (5.100 g), the 2-butoxyethanol solution of 1.0 mol/kg 
lanthanum nitrate 6-hydrate (2.400 g), the 2-butoxyethanol 
solution of 1.0 mol/kg zirconium butoxide (1.80 g), and the 
2-butoxyethanol solution of 1.0 mol/kg niobium pentaethox 
ide (0.200 g) were weighed and mixed by heating for 30 
minutes using a hot plate at 90°C. Then, the resulting solution 
was gradually cooled to room temperature, whereby a Li 
8La (Zrs, Nb)O precursor solution was obtained. 

Example 13 

Preparation of LiesLa(Zrs, Nbo)O Precursor 
Solution 

0210. The 2-butoxyethanol solution of 2.0 mol/kg lithium 
nitrate (4.250 g), the 2-butoxyethanol solution of 1.0 mol/kg 
lanthanum nitrate 6-hydrate (2.400 g), the 2-butoxyethanol 
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solution of 1.0 mol/kg zirconium butoxide (1.80 g), and the 
2-butoxyethanol solution of 1.0 mol/kg niobium pentaethox 
ide (0.200 g) were weighed and mixed by heating for 30 
minutes using a hot plate at 90°C. Then, the resulting solution 
was gradually cooled to room temperature, whereby a Li 
sLa (Zrs, Nb)O precursor solution was obtained. 

Example 14 

Preparation of LiesLa (Zrzs, Nbos)O12 Precursor 
Solution 

0211. The ethanol solution of 1.0 mol/kg lithium nitrate 
(7.090 g), the ethanol solution of 1.0 mol/kg lanthanum 
nitrate 6-hydrate (2.400g), the ethanol solution of 1.0 mol/kg 
zirconium butoxide (1.75 g), and the ethanol solution of 1.0 
mol/kg niobium pentaethoxide (0.250 g) were weighed and 
mixed by heating for 30 minutes using a hot plate at 90° C. 
Then, the resulting solution was gradually cooled to room 
temperature, whereby a Lizsa (Zrzs, Nbos)O1 precur 
sor Solution was obtained. 

Comparative Example 1 

Preparation of Lig. 7s Las (Zr 7s. Nbos)O12 Precursor 
Solution 

0212. The propionic acid solution of 1.0 mol/kg lithium 
acetate (6.750 g), the propionic acid solution of 0.4 mol/kg 
lanthanum acetate 1.5-hydrate (5.250 g), the propionic acid 
solution of 0.4 mol/kg zirconium acrylate (3.063 g), and the 
2-butoxyethanol solution of 1.0 mol/kg niobium pentaethox 
ide (0.250 g) were weighed and mixed by heating for 30 
minutes using a hot plate at 90°C. Then, the resulting solution 
was gradually cooled to room temperature, whereby a Li 
75La(Zrs, Nbos)O precursor Solution was obtained. 

Comparative Example 2 

Preparation of Lig. 7s Las (Zr 7s. Nbos)O12 Precursor 
Solution 

0213. The butanol solution of 1.0 mol/kg lithium nitrate 
(6.750g), the toluene/2-butoxyethanol solution of 0.4 mol/kg 
lanthanum 2-ethylhexanoate (7.875 g), the propionic acid 
Solution of 0.4 mol/kg Zirconium acrylate (4.594g), and the 
2-butoxyethanol solution of 1.0 mol/kg niobium pentaethox 
ide (0.250 g) were weighed and mixed by heating for 30 
minutes using a hot plate at 90°C. Then, the resulting solution 
was gradually cooled to room temperature, whereby a Li 
75La(Zrs, Nbos)O precursor solution was obtained. 

Comparative Example 3 

Preparation of Lig. 7s Las (Zr 7s. Nbos)O12 Precursor 
Solution 

0214. The propionic acid solution of 1.0 mol/kg lithium 
acetate (17.213 g), the toluene/2-butoxyethanol solution of 
0.4 mol/kg lanthanum 2-ethylhexanoate (5.250 g), the propi 
onic acid solution of 0.4 mol/kg Zirconium acrylate (3.062g), 
and the 2-butoxyethanol solution of 1.0 mol/kg niobium pen 
taethoxide (0.250 g) were weighed and mixed by heating for 
30 minutes using a hot plate at 90° C. Then, the resulting 
Solution was gradually cooled to room temperature, whereby 
a Lig. 7s Las (Zr,7s. Nbos)O12 precursor Solution was 
obtained. 
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Comparative Example 4 

Preparation of Lig. 7s Las (Zr,7s. Nbos)O12 Precursor 
Solution 

0215. The propionic acid solution of 1.0 mol/kg lithium 
acetate (18.563 g), the toluene/2-butoxyethanol solution of 
0.4 mol/kg lanthanum 2-ethylhexanoate (7.875 g), the propi 
onic acid solution of 0.4 mol/kg Zirconium acrylate (4.594g), 
and the 2-butoxyethanol solution of 1.0 mol/kg niobium pen 
taethoxide (0.250 g) were weighed and mixed by heating for 
30 minutes using a hot plate at 90° C. Then, the resulting 
Solution was gradually cooled to room temperature, whereby 
a Liz's La (Zrzs, Nbos)O1 precursor Solution was 
obtained. 
0216. The amount of each metal compound with respect to 
the stoichiometric composition of the above-mentioned 
Compound I in each of the compositions for forming a lithium 
reduction resistant layer of the respective Examples and 
Comparative Examples is shown in Table 1. 

TABLE 1. 

Li La Zr Nb and Ta 
compound compound compound compounds 

X (times) (times) (times) (times) 

Example 1 O.10 1...SO O.85 O.85 OO 
Example 2 1.90 2.50 O.70 O.70 OO 
Example 3 O.25 1...SO O.70 O.85 OO 
Example 4 O.25 1...SO O.85 O.70 OO 
Example 5 O.25 2.OO O.80 O.8O OO 
Example 6 O40 1.75 0.75 O.8O OO 
Example 7 1.00 2.25 O.70 0.75 OO 
Example 8 1...SO 2.OO O.80 0.75 OO 
Example 9 O40 2.OO O.80 0.75 OO 
Example 10 O.20 2.OO O.80 0.75 OO 
Example 11 O.20 2.OO O.80 1.OO OO 
Example 12 O.20 1...SO O.80 1.OO OO 
Example 13 O.20 1.25 O.80 1.OO OO 
Example 14 O.25 1.OS O.80 1.OO OO 
Comparative O.25 1.OO O.70 O.70 OO 
Example 1 
Comparative O.25 1.OO 1.OS 1.OS OO 
Example 2 
Comparative O.25 2.55 O.70 O.70 OO 
Example 3 
Comparative O.25 2.75 1.OS 1.OS OO 
Example 4 

3. Formation of Lithium Reduction Resistant Layer 
0217 First, as a base material, a single crystal silicon 
substrate (20 mm (length)x20 mm (width)) was prepared, and 
on this base material, each of the compositions for forming a 
lithium reduction resistant layer of Examples 1 to 8 excluding 
Example 6, and the respective Comparative Examples was 
Supplied, whereby a liquid coating film was formed. 
0218. Subsequently, the liquid coating film was heated at 
700° C. for 0.5 hours, whereby a lithium reduction resistant 
layer was formed on the base material. 
0219. As for the composition for forming a lithium reduc 
tion resistant layer of Example 6, a lithium reduction resistant 
layer was formed on a base material as follows. 
0220 That is, on a single crystal silicon substrate (20 mm 
(length)x20 mm (width)), the composition for forming a 
lithium reduction resistant layer (precursor Solution) of 
Example 6 was applied by a spray coating method. Then, the 
temperature was raised at 10°C/min from room temperature, 
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and the solvent was dried at 180° C. for 5minutes. Thereafter, 
the temperature was further raised at 10°C./min, and heating 
was performed at 500° C. for 10 minutes, whereby a precursor 
film was obtained. In this Example 6, while heating was 
performed at 500° C. for 10 minutes, in the flux of lithium 
nitrate, the respective oxides of lithium, lanthanum, Zirco 
nium, and niobium were formed on the single crystal silicon 
Substrate, and while cooling to room temperature, lithium 
oxide reacted with CO in the air, whereby lithium carbonate 
was formed. 

4. Evaluation of Lithium Reduction Resistant Layer 

4.1. I-V Characteristics 

0221. The I-V characteristics were determined for the 
respective lithium reduction resistant layers formed on the 
base materials using the compositions for forming a lithium 
reduction resistant layer of Examples 1 to 8 and the respective 
Comparative Examples. 
0222. The I-V characteristics were determined by cyclic 
Voltammetry using a potentiostat/galvanostat meter (p-Au 
tolab II, manufactured by International Chemistry Co., 
Ltd.), and a potential window was evaluated. An evaluation 
cell was prepared by forming an Au electrode as a working 
electrode on one surface of a polycrystalline pellet of each 
Example, and pressing lithium metal as a counter electrode 
against the other surface thereof. The potential of the working 
electrode was operated within the range from -0.5 V to 9V 
(vs. Li"/Li). In the case of Examples 1 to 8, an electric current 
other than an electric current associated with the dissolution/ 
deposition of lithium in the vicinity of 0 V (vs. Li'/Li) was not 
observed. Based on these results, it can be said that the com 
pounds of Examples 1 to 8 each have a very wide potential 
window, that is, the compounds have high Li reduction resis 
tance. 

4.2. Analysis by X-ray Diffraction 
0223) An X-ray diffraction spectrum was obtained for 
each of the lithium reduction resistant layers formed on the 
base materials using the compositions for forming a lithium 
reduction resistant layer of Examples 1 to 8 and the respective 
Comparative Examples, and evaluation was performed for 
the obtained X-ray diffraction spectrum according to the fol 
lowing definition. 
0224. That is, it was defined that the intensities at 20s,30. 
7 (Liz La(Zr, Nb)O, 0<X-2) and 20s27.3° 
(LaZrOs) were compared, and when the intensity ratio was 
in the range of 0 to 2/100, it can be determined that the 
compound is (Liz La (Zr, Nb)O2, 0<X<2) with no con 
taminants. 
0225. The X-ray diffraction spectra measured for 
Examples 1 to 3 and Comparative Examples 1 and 2 are 
shown in FIG. 6 for reference. 
0226. As a result, in the case of Examples 1 to 8, the 
above-mentioned intensity ratio was 0 (LaZrO did not 
exist) in each case, and in the case of Comparative Examples 
1 to 4, the above-mentioned intensity ratio exceeded 100/100, 
and the main phase was LaZrO in each case. 

5. Molding of Final Fired Product Using Composition for 
Forming Lithium Reduction Resistant Layer 
0227 Each of the compositions for forming a lithium 
reduction resistant layer of Examples 9, 10, and 14 was heated 
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at 180°C. for 0.5 hours to dry the solvent, followed by heating 
at 360° C. for 0.5 hours to degrade the ligand, and thereafter 
temporary firing was performed by heating at 540° C. for 1.0 
hours, whereby a temporary fired product was obtained. Sub 
sequently, the temporary fired product was placed in an alu 
mina crucible and the crucible was closed with a lid. Then, 
final firing was performed at 700° C. for 8.0 hours in an 
electric muffle furnace, whereby a final fired product was 
obtained. 
0228. Further, each of the compositions for forming a 
lithium reduction resistant layer of Examples 11 to 13 was 
applied by a spray coating method onto an LCO (LiCoO) 
pellet (10 mp, manufactured by Toshima Manufacturing Co., 
Ltd.) with a high bulk density, and then, the temperature was 
raised at 10°C./min from room temperature, and the solvent 
was dried at 180° C. for 5 minutes. Thereafter, the tempera 
ture was further raised at 10° C./min, and the ligand was 
degraded at 360° C. for 5 minutes, and then, the temperature 
was raised at 10°C/min, and temporary firing was performed 
at 540°C. for 30 minutes, whereby a temporary fired product 
was obtained. Subsequently, the temporary fired product was 
placed in an alumina crucible and the crucible was closed 
with a lid. Then, final firing was performed at 700° C. for 8.0 
hours in an electric muffle furnace, whereby a final fired 
product molded on the LCO pellet was obtained. 

6. Analysis of Final Fired Product by X-ray Diffraction 

0229. An X-ray diffraction spectrum was obtained for 
each of the final fired products obtained by using the compo 
sitions for forming a lithium reduction resistant layer of 
Examples 9 to 14. The results are shown in FIGS. 7 and 8. 
0230. As a result, in the case of Examples 9 to 14, final 
fired products constituted by the objective compound were 
obtained in each case. 

What is claimed is: 

1. A composition for forming a lithium reduction resistant 
layer, comprising: 

a solvent; 
a lithium compound; a lanthanum compound; a Zirconium 
compound; and a compound containing a metal M. 
wherein 

the lithium compound, the lanthanum compound, the Zir 
conium compound, and the compound containing a 
metal Meach show solubility in the solvent, 

the lithium compound is contained in an amount 1.05 times 
or more and 2.50 times or less with respect to the sto 
ichiometric composition of a compound represented by 
the general formula (I), 

the lanthanum compound is contained in an amount 0.70 
times or more and 1.00 times or less with respect to the 
Stoichiometric composition of the compound repre 
sented by the general formula (I), 

the Zirconium compound is contained in an amount 0.70 
times or more and 1.00 times or less with respect to the 
Stoichiometric composition of the compound repre 
sented by the general formula (I), and 

the compound containing a metal M is contained in an 
equal amount with respect to the Stoichiometric compo 
sition of the compound represented by the general for 
mula (I): 
Li7 La3 (Zr2. M.)O12 (I) 
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(wherein the metal M represents at least one metal selected 
from Nb, Sc., Ti,V,Y, Hf, Ta, Al, Si, Ga, Ge, Sn, and Sb, 
and X represents 0 to 2). 

2. The composition for forming a lithium reduction resis 
tant layer according to claim 1, wherein 

the lithium compound is at least one compound selected 
from a lithium metal salt compound and a lithium alkox 
ide compound, 

the lanthanum compound is at least one compound selected 
from a lanthanum metal salt compound and a lanthanum 
alkoxide compound, 

the Zirconium compound is at least one compound selected 
from a Zirconium metal salt compound and a Zirconium 
alkoxide compound, and 

the compound containing a metal M is at least one com 
pound selected from a metal salt compound of the metal 
M and a metal alkoxide compound of the metal M. 

3. The composition for forming a lithium reduction resis 
tant layer according to claim 1, wherein the solvent is any of 
water, a single organic solvent, a mixed solvent containing 
water and at least one organic solvent, and a mixed solvent 
containing at least two or more organic solvents. 

4. A method for forming a lithium reduction resistant layer, 
comprising: 

forming a liquid coating film using the composition for 
forming a lithium reduction resistant layer according to 
claim 1; and 

heating the liquid coating film, wherein 
a lithium reduction resistant layer containing the com 

pound represented by the general formula (I) is obtained. 
5. The method for forming a lithium reduction resistant 

layer according to claim 4, wherein the liquid coating film is 
formed by using a coating method. 

6. The method for forming a lithium reduction resistant 
layer according to claim 4, wherein the heating of the liquid 
coating film includes a first heating treatment for drying the 
liquid coating film, a second heating treatment for producing 
metal oxides of lithium, lanthanum, Zirconium, and the metal 
M, and a third heating treatment for producing and sintering 
the compound represented by the general formula (I). 

7. The method for forming a lithium reduction resistant 
layer according to claim 6, wherein the heating temperature in 
the first heating treatment is 50° C. or higher and 250° C. or 
lower. 

8. The method for forming a lithium reduction resistant 
layer according to claim 6, wherein the heating temperature in 
the second heating treatment is 400°C. or higher and 550°C. 
or lower. 

9. The method for forming a lithium reduction resistant 
layer according to claim 6, wherein the heating temperature in 
the third heating treatment is 600° C. or higher and 900° C. or 
lower. 

10. A lithium secondary battery, comprising: 
a solid electrolyte layer; and 
a lithium reduction resistant layer disposed in contact with 

the solid electrolyte layer, wherein 
the lithium reduction resistant layer contains a compound 

represented by the general formula (I), and 
an interface between the lithium reduction resistant layer 

and the solid electrolyte layer is a continuous layer of the 
lithium reduction resistant layer and the solid electrolyte 
layer: 
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(wherein the metal M represents at least one metal selected 
from Nb, Sc., Ti, V.Y. Hf, Ta, Al, Si, Ga, Ge, Sn, and Sb, and 
X represents 0 to 2). 

11. The lithium secondary battery according to claim 10, 
wherein 

the lithium secondary battery further comprises an active 
material molded body, and 

the active material molded body is provided such that a first 
surface which is a part of the surface thereof is in contact 
with the lithium reduction resistant layer, and a second 
surface which is a surface other than the first surface is in 
contact with the solid electrolyte layer, and 

in the first surface, at an interface between the lithium 
reduction resistant layer and the active material molded 
body, a continuous layer of the lithium reduction resis 
tant layer and the active material molded body is formed. 

k k k k k 


