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DESCRIPTION

LITHIUM-MANGANESE COMPOSITE OXIDE, SECONDARY BATTERY,
AND ELECTRIC DEVICE

TECHNICAL FIELD
[0001]

The present invention relates to an object, a method, or a manufacturing
method. In addition, the present invention relates to a process, a machine, manufacture,
or a composition of matter. In particular, one embodiment of -the present invention
relates to a semiconductor device, a display device, a light-emitting device, a power
storage device, a storage device, a driving method thereof, or a manufacturing method
thereof. In particular, one embodiment of the present invention relates to a structure of
a secondary battery and a method for manufacturing the secondary battery. In
particular, one embodiment of the present invention relates to a positive electrode active
material of a lithium-ion secondary battery.

BACKGROUND ART
[0002] e

Examples of the secondary battery include a nickel-metal hydride battery, a
lead-acid battery, and a lithium-ion secondary battery.
[0003]

Such secondary batteries are used as power sources in portable information
terminals typified by mobile phones. In particular, lithium-ion secondary batteries
have been actively developed because capacity thereof can be increased and size thereof
can be reduced.

[0004]

[n a lithium-ion secondary battery, as a positive electrode active material, a
phosphate compound having an olivine structure and containing lithium and iron,
manganese, cobalt, or nickel, such as lithium iron phosphate (LiFePQ,), lithium
manganese phosphate (LiMnPOy), lithium cobalt phosphate (LiCoPQ,), and lithium
nickel phosphate (LiNiPO4), which are disclosed in Patent Document 1, has been

known.
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[0005]

Layered rock-salt compounds such as LiCoO, and LixMnOs and spinel
compounds such as LiMn,O4 are known as positive electrode active materials. Not
only the behavior of a battery when those compounds are used as positive electrode
active materials but also physical properties such as magnetic properties, have been
widely researched as disclosed in Non-Patent Documents 1 and 2, for example.
[Reference]

[Patent Document]

[0006]

[Patent Document 1] Japanese Published Patent Application No. H11-025983
[Non-Patent Document 1] Sanghyun Lee et al, "Antiferromagnetic ordering in
Li;zMnOs single crystals with a two-dimensional honeycomb lattice", Journal of
Physics: Condensed Matter, 2012, Vol. 24, 456004, pp. 1-9

[Non-Patent Document 2] Kazuhiko Mukai et al., "Magnetic Properties of the
chemically delithiated Li;Mn,Oy with 0.07 < x <1", Journal of Solid State Chemistry,
2011, Vol. 184, issue 5, pp. 10961104

DISCLOSURE OF INVENTION
[0007]

LiCoO;, is used as a positive electrode active material of a lithium-ion
secondary battery. However, cobalt, a raw material of LiCoO, is expensive. In view
of this problem, an object is to provide a positive electrode active material that can be
formed at low cost.

[0008]

Another object is to increase the amount of lithium ions that can be received
and released in and from a positive electrode active material to achieve high capacity
and high energy density of a secondary battery.

[0009]

Furthermore, high ion conductivity and high electron conductivity are required

as properties of a positive electrode active material of a lithium-ion secondary battery.

Thus, another object is to provide a positive electrode active material having high ion
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conductivity and high electron conductivity. Another object is to provide a novel
material. Another object is to provide a novel positive electrode active material.
[0010]

Another object is to achieve high capacity and high energy density of a positive
electrode of a lithium-ion secondary battery. Another object is to provide a novel
battery. Another object is to provide a novel lithium-ion secondary battery.

[0011]

Another object is to achieve high capacity and high energy density of a
lithium-ion secondary battery. |
[0012]

Another object is to provide a highly reliable lithium-ion secondary battery.
[0013]

Note that the description of these objects does not impede the existence of
other objects. In one embodiment of the present invention, there is no need to achieve
all the above objects. Other objects will be apparent from and can be derived from the
description of the specification, the drawings, the claims, and the like.

[0014]

A lithium-manganese composite oxide (also referred to as a lithium-manganese
oxide) is an oxide containing at least lithium and manganese. The lithium-manganese
composite oxide may contain another metal, or an element such as silicon or
phosphorus. In the case where the lithium-manganese composite oxide is used as a
positive electrode material of a lithium-ion secondary battery, lithium may be released
from the lithium-manganese composite oxide by charging.

[0015]

One embodiment of the present invention is a lithium-manganese composite
oxide represented by Li,Mn,M;O,,, where M is a metal element other than lithium and
manganese, or silicon or phosphorus, and y, z, and w are each greater than zero and
satisfy 0.26 < (y + 2)/w < 0.5. The lithium-manganese composite oxide has a layered
rock-salt crystal structure.

[0016]
Another embodiment of the present invention is a lithium-manganese

composite oxide represented by Li,Mn,M,O,,, where M is a metal element other than
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lithium and manganese, or silicon or phosphorus, and y, z, and w are each greater than
zero and satisfy 0.26 < (y + z)/w < 0.5. In the lithium-mavnganese composite oxide, one
particle includes a spinel crystal structure and a layered rock-salt crystal structure in
contact with the spinel crystal structure.

[0017]

Another embodiment of the present invention is a lithium-manganese
composite oxide represented by Li,Mn,M,0,,, where M is a metal element other than Li
and Mn, or Si or P, y and z are each greater than zero, and x, y, z, and w satisfy 0 < x/(y +
2)<2,026<(y+z2)/w<05,and 0.2 <z/y < 1.2.

[0018]

Another embodiment of the present invention is a lithium-manganese
composite oxide represented by Li;Mn,M;O,,, where M is a metal element other than Li
and Mn, or Si or P, y and z are each greater than zero, and x, y, z, and w satisfy 0 < x/(y +
z)y<2and 0.26 < (y + 2)/w <0.5. The lithium-manganese composite oxide includes at
least a layered rock-salt crystal that belongs to a space group C12/ml. In the layered
rock-salt crystal, the sum of an occupancy of Mn and an occupancy of the element
represented by M at a 2b site is greater than or equal to 40 %.

[0019]

In any of the above embodiments, the element represented by M is preferably a

metal element selected from Ni, Ga, Fe, Mo, In, Nb, Nd, Co, Sm, Mg, Al, Ti, Cu, and

Zn, or Sior P.  Note that Ni is particularly preferable.

[0020]

Another embodiment of the present invention is a lithium-manganese
composite oxide represented by Li,Mn,Ni,O,,, where y and z are each greater than zero,
X, ¥, z, and w satisfy 0 < x/(y + z) < 2 and 026 < (y + 2)/w < 0.5. The
lithium-manganese composite oxide includes at least a layered rock-salt crystal that
belongs to a space group C12/ml. An a-axis lattice constant of the layered rock-salt
crystal is larger than or equal to 0.494 nm and a b-axis lattice constant of the layered
rock-salt crystal is larger than or equal to 0.856 nm.

[(0021]

Another embodiment of the present invention is a lithium-manganese



10

15

20

25

30

WO 2015/008698 PCT/JP2014/068519

composite oxide represented by LipMn,M;O,,, where M is a metal element other than Li
and Mn, or Si or P, y and z are each greater than zero, and x, y, z, and w satisfy 1.35 <
DIy + z) < 2 and 0.2 < z/y < 1.2. Furthermore, the element represented by M is
preferably a métal element selected from Ni, Ga, Fe, Mo, In, Nb, Nd, Co, Sm, Mg, Al,
Ti, Cu, and Zn, or Si or P.

[0022]

Another embodiment of the present invention is a positive electrode in which a
positive electrode active material layer containing any of the lithium-manganese
composite oxides is over a positive electrode current collector.

[0023]

Another embodiment of the present invention is an electric device including the
positive electrode.
[0024]

A positive electrode active material that can be formed at low cost can be
provided.
[0025]

The amount of lithium ions that can be received and released in and from a
positive electrode active material can be increased to achieve high capacity and high
energy density of a secondary battery.

[0026) |

High ion convductivity and high electron conductivity are required as properties
of a positive electrode active material of a lithium-ion secondary battery. Thus, one
embodiment of the present invention can provide a positive electrode active material
having high ion conductivity and high electron conductivity.

[0027]

High capacity and high energy density of a lithium-ion secondary battery can
be achieved. |
[0028]

High capacity and high energy density of a lithium-ion secondary battery can
be achieved.

[0029]
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A novel material can be provided. A novel positive electrode active material
can be provided. A novel battery can be provided. A novel lithium-ion secondary
battery can be provided.

[0030]

The lithium-manganese composite oxide disclosed in this speciﬁcation has
high structural stability and high capacity. Furthermore, the lithium-manganese
composite oxide disclosed in this specification can be formed through a simple forming
process where a plurality of materials are weighed, pulverized in a ball mill or the like,
and mixed, and then the mixture is fired; thus, an effect of reducing cost can be obtained
and excellent mass productivity is achieved.

[0031]

Firing at a high temperature of 800 °C or higher in a synthesis process of the
lithium-manganese composite oxide disclosed in this specification allows the oxide to
have high crystallinity and excellent cycle characteristics.

[0032]

Note that the description of these effects does not impede the existence of other
effects. In one embodiment of the present invention, there is no need to obtain all the
above effects. Other effects will be apparent from and can be derived from the

description of the specification, the drawings, the claims, and the like.

BRIEF DESCRIPTION OF DRAWINGS
[0033]

FIG. 1 is a graph showing calculation results of the formation energy of one
embodiment of the present invention.

FIG. 2 illustrates a crystal structure of a comparative example of the present
invention.

FIG. 3 illustrates a crystal structure of one embodiment of the present
invention.

FIG. 4 illustrates a crystal structure of one embodiment of the present
invention.

FIG. 5 illustrates a crystal structure of one embodiment of the present

_ invention.
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FIG. 6 is a graph showing calculation results of the formation energy of one
embodiment of the present invention.

FIG. 7 illustrates a crystal structure of one embodiment of the present
invention.

FIG. 8 illustrates a crystal structure of one embodiment of the present

" invention.

FIG. 9 illustrates a crystal structure of one embodiment of the present
invention.

FIG. 10 illustrates a crystal structure of one embodiment of the present
invention. |

FIG. 11 is a conceptual diagram illustrating a lithium-ion secondary battery of
one embodiment of the present invention at the time of charging.

FIG. 12 is a conceptual diagram i]lustrating a lithium-ion secondary battery of
one embodiment of the present invention at the time of discharging.

FIG. 13 is a graph showing the relationship between discharge capacity and
voltage of one embodiment of the present invention and a comparative example.

FIG. 14 is a graph showing the relationship between discharge capacity and a
ratio of compositions in one embodiment of the present invention.

FIG. 15 is a graph showing measurement results of X-ray diffraction in one
embodiment of the present invention.

FIG. 16 is a graph showing the relationship between the occupancy of atoms
and a ratio of compositions in one embodiment of the present invention.

- FIG. 17 is a graph showing the relationship between the occupancy of atoms in
one embodiment of the present invention and a ratio of compositions in one
embodiment of the present invention.

FIG. 18 is a graph showing the relationship between a lattice constant and a
ratio of compositions in one embodiment of the present invention.

FIG. 19 is a graph showing the relationship between a lattice constant and a
ratio of compositions in one embodiment of the present invention.
| FIG. 20 is a graph showing the relationship between a lattice constant and a
ratio of compositions in one embodiment of the present invention.

FIG. 21 is a graph showing measurement results of X-ray diffraction in one
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embodiment of the present invention.

FIG. 22 is a graph showing measurement results of X-ray diffraction in one
embodiment of the present invention.

FIG. 23 is a graph showing measurement results of X-ray diffraction in one
embodiment of the present invention.

FIGS. 24A and 24B are each a graph showing a measurement result of X-ray
diffraction in one embodiment of the present invention.

FIGS. 25A and 25B are each a graph showing a measurement result of X-ray
diffraction in one embodiment of the present invention.

F1G. 26 is a graph showing a measurement result of X-ray diffraction in one

- embodiment of the present invention.

FIG. 27 is a model diagram illustraﬁng one embodiment of the present
invention.

FIG. 28 is a model diagram illustrating one embodiment of the present
invention.
' FIG. 29 is a cross-sectional TEM image of one embodiment- of the present
invention.

F1G. 30 is an enlarged partial image of FIG. 29.

FIG. 31 is a graph showing the relationship between discharge capacity and
voltage of one embodiment of the present invention.

FIGS.. 32A and 32B are model diagrams each illustrating a comparative
example.

FIG. 33 is a graph showing the relationship between discharge capacity and
voltage of one embodiment of the present invention and a comparative example.

FIG. 34 is a graph showing the relationship between discharge capacity and
voltage of a lithium-manganese composite oxide obtained in Example.

FIG. 35 is a graph showing the relationship between discharge capacity and
voltage of a secondary battery obtained in Example.

FIGS. 36A to 36C illustrate a coin-type storage battery.

FIGS. 37A and 37B illustrate a cylindrical storage battery.

FIGS. 38A and 38B each illustrate a laminated storage battery.

FIGS. 39A to 39E each illustrate a flexible laminated storage battery.
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FIGS. 40A and 40B illustrate an example of a power storage device.

FIGS. 41Al, 41A2, 41B1, and 41B2 each illustrate an example of a power
storage device.

FIGS. 42A and 42B each illustrate an example of a power storage device.

FIGS. 43A and 43B each illustrate an example of a power storage device.

FIG. 44 illustrates an example of a power storage device.

FIGS. 45A and 45B each illustrate an application example of a power storage
device. '

FIG. 46 is an external view of a storage battery.

FIG. 47 is an external view of a storage battery.

FIG. 48A illustrates electrodés of a storage battery and FIGS. 48B and 48C |
illustrate a method for forming the storage battery.

FIGS. 49A to 49C are each a graph showing the relationship between discharge

capacity and a ratio of compositions in one embodiment of the present invention.

BEST MODE FOR CARRYING OUT THE INVENTION
[0034]

Hereinafter, embodiments of the present invention will be described in detail
with reference to the accompanying drawings. However, the present invention is not
limited to the description below, and it is easily understood by those skilled in the art
that modes and details disclosed herein can be modified in various ways. The present
invention is not construed as being limited to descriptiohs of the embodiments and
examples.

[0035]
(Embodiment 1)
In this embodiment, an example of a lithium-manganese composite oxide of
one embodiment of the present invention will be described:
[0036]
[1-1. Lithium-manganese composite oxide}
In this embodiment, a lithium-manganese composite oxide formed by

combining LiMn,_4M4O4, which is a lithium manganese oxide, having a spinel crystal
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structure and Li;Mn,_pM3p0O; having a layered rock-salt (a-NaFeQO,) crystal structure is
described. Note that M is a metal element other than lithium (Li) and manganese (Mn),
or SiorP.

[0037]

The lithium manganese composite oxide has a spinel crystal structure in part of
the surface of each particle with a layered rock-salt crystal structure. In the case of
using the lithium manganese composite oxide as a positive electrode active material of a
lithium-ion secondary battery, lithium inside the particle is released or diffused through
the region with a spinel crystal strﬁcture of the surface of the particle, resulting in high
capacity. Furthermore, the lithium manganese composite oxide preferably includes a
plurality of portions each with a spinel crystal structure such that the each particle is
dotted with them. Note that in each particle of the lithium manganese composite oxide,
a region with a layered rock-salt crystal structure is preferably larger than the regions
each with a spinel crystal structure.

[0038]

Each particle contains a plurality of crystallites and the size of each crystallite
is smaller than that of the particle, specifically, less than or equal to 1 pm. Note that
whether the particle contains a plurality of crystallites can be determined with a high
resolution transmission electron microscope (TEM). Furthermore, a crystal structure
can be determined with the use of a fast Fourier transformation pattern (FFT pattern)
using a high resolution TEM ifnage (multiple wave interference image). By
comparison with data on Li-MnO3; with a layered rock-salt crystal structure or data on
LiMn,O4 with a spinel structure, wHich is contained in a JCPDS card (database on index
minerals for powder X-ray diffraction patterns), a crystal structure can be determined.
Thus, when some portions in the salme particle of the novel material are determined, at
least a spot corresponding to a spinel crystal structure and a spot corresponding to a
layered rock-salt crystal structure are observed. Note that a crystallite means the
largest aggregation that can be regarded as a single crystal and refers to a fine single
crystal. The size of one crystallite' can be calculated (by Scherrer formula) from peak
broadening of a diffraction pattern obtained using a powder X-ray diffraction method.

[0039]
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The lithium manganese composite oxide can also be referred to as a composite
material of crystallites of LiMn,4M,Os (spinel crystallites) and crystallites of
LizMn,_sMpOs (layered rock-salt crystallites). FIG. 27 is a model diagram illustrating
one particle of the lithium manganese composite oxide.

[0040]

FIG. 27 illustrates that one particle includes at least two kinds of crystallites: a
spinel crystallite 201 and a layered rock-salt crystallite 202. As in FIG. 27, in the
lithium manganese composite oxide, one particle has a spinel crystal structure and a
layered rock-salt crystal structure in contact with the spinel crystal structure. When a
lithium battery using the lithium manganese composite oxide as a positive electrode
active material is charged or discharged, lithium of Li;Mn;_gMpO; in each particle is
released or received through the spinel crystallites 201 which are scattered on the
surface of the particle.

[0041]

Alternatively, as in a lithium-manganese composite oxide illustrated in FIG. 28,
for example, the spinel crystallite 201 may be widely distributed on a surface of one
particle. |
[0042]

The lithium-manganese composite oxide obtained in this embodiment is
represented by LiMn,M. O, (M is a metal element other than lithium (Li) and
manganese (Mn), or Si or P). In Li;Mn,M.0O,, the element represented by M is
preferably a metal element selected from Ni, Ga, Fe, Mo, In, Nb, Nd, Co, Sm, Mg, Al,
Ti, Cu, and Zn, or Si or P, and Ni is the most preferable. Note that the number of kinds
of element selected as M is not necessarily one and may be two or more.

[0043]
[1-2. Synthesis of lithium-manganese composite oxide]

A synthesis method of the lithium-manganese composite oxide represented by
LiMn,M;O,, is described in detail below. Here, Ni is used as the element M.

[0044]
As raw materials of the lithium-manganese composite oxide, Li,CO3, MnCOs,

and NiO can be used, for example.
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[0045]

First, each of the raw materials is weighed to have the desired molar ratio.
[0046]

Next, acetone is added to the powder of these materials, and then, they are
mixed in a ball mill to prepare mixed powder. |
[0047]

After that, heating is performed to volatilize acetone, so that a mixed material
is obtained.
[0048]

_ Then, the mixed material is put into a crucible, and is subjected to first firing at
temperatures higher than or equal to 800 °C and lower than or equal to 1100 °C in the
air for 5 to 20 hours inclusive to synthesis a novel material.

[0049]

Subsequently, grinding is performed to separate the sintered particles. For the
grinding, acetone is added and then mixing is performed in a ball mill.
[0050]

After the grinding, heating is performed to volatilize acetone, and then, vacuum
drying is performed, so that a powdery novel material is obtained.
[0051] }

| "To increase the crystallinity or to stabilize the crystal, second firing may be

performed after the first firing. The second firing is performed at temperatures higher
than or equal to 500 °C and lower than or equal to 800 °C, for example.
[0052]

The second firing may be performed in a nitrogen atmosphere, for example.
[0053] )

Although Li;COs;, MnCO;, and NiO are used as starting materials in this
embodiment, the materials are not limited thereto and can be other materials.
[0054]

When the ratio for weighing (also referred to as the feed ratio of raw materials)
is changed, for example, a composite oxide with a layered rock-salt crystal structure and

a spinel crystal structure can be obtained.
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[0055]

The ratio for weighing is the molar ratio between the raw materials used. For
example, in the case where raw materials in which Li2CO3:MnCO3:NiO = 1:1.5:0.5 are
used, the ratio of MnCO; to NiO is 3 (MnCO3/NiO = 1.5 + 0.5). Note that the term
"Ni/Mn (feed ratio of raw materials)" or "raw material feed ratio of Ni to Mn", for
example, explains the molar ratio of Ni to Mn among raw materials used. In the case
where raw materials in which Li;CO3:MnCO;:NiO = 1:1.5:0.5 are used, for example,
Li/Niis 4 (Li/Mn = (1 x 2) + 0.5), whereas Mn/Ni is 3 (Mn/Ni = 1.5 + 0.5).

[0056]

Herc, the idea of changing the ratio for weighing is described.
[0057] ‘

In LiMn,O4 with a spinel structure, the atomic ratio of Li to Mn is 1:2, whereas
in Li;MnOs with a layered rock-salt structure, the atomic ratio of Li to Mn is 2:1.
Thus, when the ratio of Mn to Li is made larger than 1/2, the proportion of the spinel
structure can be increased, for example.

[0058]

Here, described is the case where Li;CO3; and MnCO; are used as starting
materials so that the spinel crystallites 201 are included at approximately 2 %.
[0059]

Li,CO3 and MnCO; are weighed to have the ratio of 0.98:1.01, pulverized in a
ball mill or the like, and fired at temperatures higher than or equal to 800 °C and lower

than or equal to 1100 °C.

[0060]

Note that "the spinel crystallites 201 are included at approximately 2 %" means
that the layered rock-salt crystallites 202 are included at approximately 98 %.
[0061)]

In the case where each particle includes the spinel crystallites 201 at
approximately 5 %, Li,CO; and MnCOj3; are weighed so that the ratio of Li,CO; to
MnCO; is 0.955:1.03, and they are pulverizéd in a ball mill or the like and fired.

[0062]

In the case where each particle includes the spinel crystallites 201 at
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approximately 50 %, Li2C03 and MnCOs are weighed so that the ratio of LiCO; to
MnCO; is 0.64:1.28, and they are pulverized in a ball mill or the like and fired.
[0063]

The novel material is formed by intentionally changing the feed ratio of raw
materials so that the spinel crystallites 201 are included at greater thah or equal to
approximately 2 % and less than or equal to 50 %.

[0064]

The above is the idea of changing the ratio for weighing.
[0065]

Note that even in the case where raw materials are weighed so that the spinel
crystallites are included at a predetermined proportion, the proportion of the spinel
crystallites in an actually synthesized lithium-manganese composite oxide might be
different from the predetermined proportion in some cases. As will be described in
detail in Example, it is suggested that the lithium-manganese composite oxide of one
embodiment of the present invention has a structure in which Mn is substituted at some
of Li sites in LiMnOs;.  Accordingly, in the case where the feed ratio is changed, that is,
in the case where the ratio of Mn to Li is increased, the increased Mn might be used for
both of the formation of spinel crystallites and the substitution of Mh at some Li sites in
LiMnO; with a layered' rock-salt structure.

[0066] _

Note that although the case where Ni is not contained is described here for easy -
understanding, the same applies to the case where Ni is contained.
[0067]

The feed ratio is changed to form a lithium manganese composite oxide having
a spinel crystal structure in part of the surface of each particle with a layered rock-salt
crystal structure.

[0068]

FIG. 29 is a cross-sectional TEM image of the novel material obtained in this

embodiment.
[0069]
FIG. 30 is an enlarged image of one of a plurality of particles in FIG. 29. As
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shown in FIG. 30, a region surrounded by a black dotted line corresponds to the spinel
crystallite 201, and a region surrounded by a white dotted line corresponds to the
layered rock-salt crystallite 202.

{0070]

When an FFT pattern is obtained by the FFT analysis from a part of the region
surrounded by the black dotted line in FIG. 30, the values determined by the positional
relationship (e.g., a distance and an angle) of the obtained spots correspond to the data
of JCPDS card (e.g., an incident angle and a diffraction intensity) on LiMn,O4 with a
spinel crystal structure. Thus, the region can be identified to have a spinel crystal
structure.

[0071]

Furthermore, the positional relationship (e.g., a distance and an angle) of spots
in an FFT pattern obtained by the FFT analysis from a part of the region surrounded by
the white dotted line in FIG. 30 and that in the data contained in a JCPDS card (e.g., an
incident angle and a diffraction intensity) on Li_MnOs with a layered rock-salt crystal
structure are compared. As a result, the region can be identified to have a layered
rock-salt crystal structure.

[0072]

FIG. 31 shows the discharge capacity of the obtained lithium-manganese
composite oxide. The vertical axis represents voltage (V), and the horizontal axis
represents discharge capacity (mAh/g). The plot denoted by "Novel material” shows
the discharge capacity of the lithium-manganese composite oxide obtained in this
embodiment. |
[0073]

FIG. 32A illustrates a corﬁparative example 1, and FIG. 32B illustrates a
comparative example 2. The novel material is greatly different from the comparative
examples 1 and 2 in structure and property. FIG. 32A illustrates a mixture of a
plurality of particles, that is, a mixture of particles each having a spinel crystal structure
and a size of several micrometers (Spi-LiMn,O4 particles 204) and Li,MnQ; particles
203 each having a layered rock-salt crystal structure and a size of several micrometers.
FIG. 32B illustrates a material 205 obtained by sintering the mixture in FIG. 32A at
high temperatures (e.g., 1000 °C). In obtaining the Li;MnOs5 particles 203 from the
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comparative example 1 or 2, Li;CO; (lithium carbonate) and MnCO3 (manganese
carbonate) are weighed so that the ratio of Li;CO; to MnCO; is 1:1, and they are
pulverized in a ball mill or the like and fired. In obtaining the Spi-LiMn,0, particles
204, Li,COj3; and MnCO; are weighed so that the ratio of Li;CO; to MnCOs is 0.5:2, and
they are pulverized in a ball mill or the like and fired.

[0074]

The comparative example 1, which corresponds to FIG. 32A, is a sample
formed in such a manner that particles each having a size of several micrometers and a
spinel crystal structure (Spi-LiMn,Oy particles 204) and the Li;MnOs particles 203 each
having a size of several micrometers and a layered rock-salt crystal structure are
separately synthesized and the Spi-LiMn,O, particles 204 and the Li;MnO; particles
203 are mixed.

[0075]

The comparative example 2, which corresponds to FIG. 32B, is a sample
obtained by firing the comparative sample 1 at 1000 °C.
{0076}

As shown in FIG. 31, the discharge capacity of the obtained lithium-manganese
composite oxide is superior to those of the comparative examples 1 and 2. Thus, the
obtained lithium-manganese composite oxide having a spinel crystal structure in part of
the surface of each layered rock-salt particle has a high capacity.

[0077]

Note that the layered rock-salt crystal structure represented by the general
formula Li,MO; (M is a metal element, Si, or P) includes one M atom and two Li atoms;
thus, if every Li contributes to charge and discharge, the capacity higher than that of the
spinel crystal structure represented by the general formula Lid,04 (M is a metal
element, Si, or P) can be obtained. However, as shown in FIG. 31, the discharge
capacity of the composite oxide of one embodiment of the present invention is much
higher than that of a mixture of LiM;04 and Li,MOs, such as thie comparative example 1
or the comparative example 2. However, when too many spinel crystal structures with
low capacity are mixed, the capacity of the obtained lithium-manganese composite
oxide becomes low. Thus, it is important to synthesize a lithium-manganese composite

oxide using spinel crystal structures as few as possible to obtain high capacity.
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[0078]

In the case where 100 % of the lithium-manganese composite oxide
LixMn,M;O,, (M is a metal element other than lithium (Li) and manganese (Mn), or Si
or P) is LiMn,M.O, (M is a metal element other than lithium (Li) and manganese (Mn),
or Si or P) having a spinel crystal structure, x = 1 and (y + z)/w = 0.5 are satisfied,
whereas in the case where 100 % of Li,Mn,AM,0,, is Li;MnO; having a layered rock-salt
crystal structure, x = 2 and (v + z)/w = 0.333 are satisfied. Here, x changes because of
charge and discharge; x is increased when lithium is released from a positive electrode
and is decreased when lithium is inserted. Note that because the above relationships of
x, ¥, z, and w are satisfied in the ideal case, the proportions of the elements might
fluctuate by approximately 20 % when either transition metals or oxygen is reduced
during synthesis, for example. For this reason, x <22,y >0,z> 0, w> 0, and 0.26 <
(y + 2)/w < 0.5 are satisfied. Since the proportion of the spinel crystal structures is
preferably small, it is preferable that 0.3 < (v + z)/w < 0.45 be also satisfied.

[0079]

This embodiment can be implemented in combination with any of the other
embodiments as appropriate. |
[0080]

(Embodiment 2)

In this embodiment, a lithium-manganese composite oxide of one embodiment
of the present invention will be described. ’
[0081]

[2-1. Lithium-manganese composite oxide Li,Mn,A;0O,,]

The inventors have found that high capacity can be obtained when a
lithium-manganese composite oxide represented by Li.Mn,M.O,, is used as a positive
electrode material of a lithium-ion secondary battery. In addition, it has been
suggested that the capacity depends on the ratio of Mn to the element M, and that high
capacity can be obtained when the ratio is within a particular range.

[0082]
The following describes the element M, and x, y, z, and w in the

lithium-manganese composite oxide represented by Li.Mn,M,O,, of one embodiment of
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the present invention. The element M is preferably a metal element other than lithium
and manganese, or silicon or phosphorus. Furthermore, 0 < x/(y +2) <2,y >0, z > 0,
and 0.26 < (v + z)/w < 0.5 are preferably satisfied. In addition, the ratio of the element
M to Mn (z/y) is preferably greater than 0.2 and less than 1.2, further preferably greater
than 0.2 and less than or equal to 0.9, still further preferably greater than or equal to
0.25 and less than or equal to 0.6.

[0083]

In the case where Ni is used as the element M in the lithium-manganese
composite oxide LiMn,M.0,, described in this embodiment, the ratio of Ni to Mn
(Ni/Mn) is set to greater than or equal to 0.276, so that the capacity of a battery in which
the lithium-ménganese composite oxide is used for a positive electrode active material
layer included in a positive electrode can be increased. Note that the ratio of Ni to Mn
(Ni/Mn) is the feed ratio of raw materials.

[0084]

In the lithium-manganese composite oxide LiMn,M.O,, Mn and M are
substituted at some of the Li sites. In the case where Ni is used as the element M and
the ratio of Ni to Mn (Ni/Mn, which is the feed ratio of raw materials) is greater than
0.2, preferably greater than or equal to 0.276, the 2b site, the 2c site, and the 44 site are
occupied by Ni and Mn. Furthermore, the sum of the occupancy of Ni and the
occupancy of Mn at the 25 site is greater than or equal to 40 %, preferably greater than
or equal to 40 % and less than or equal to 85 %, further preferably greater than or equal
to 40 % and less than or equal to 75 %. In addition, the sum of the occupancy of Ni at
the 2c¢ site and the 4/ site and the occupancy of Mn at the 2¢ site and the 4/ site is
greater than or equal to 0.2 %, preferably greater than or equal to 0.5 %.

[0085]

When at least one of the 25 site, the 2c¢ site, and the 44 site is occupied by Ni or
Mn, crystal distortion, a change in electron state, or the like occurs; thus, Li is easily
diffused. As a result, the capacity of the battery in which the lithium-manganese
composite oxide is used for the positive electrode active material layer included in the
positive electrode can be increased.

[0086]
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Although Ni is described as a typical example of M in the lithium-manganese
composite oxide Li,Mn,M.O,, here, another metal element other than lithium and
manganese, or silicon or phosphorus can be used as appropriate to obtain the same
effect.

{0087]
[2-2. X-ray diffraction]

Next, a crystal structure is described which is identified by X-ray diffraction
(XRD) measurement performed on an example of a lithium-manganese composite oxide
LizMn,M;O,, where Ni is used as M and the ratio of Ni to Mn (Ni/Mn, which is the feed
ratio of raw materials) is greater than or equal to 0.276.

[0088]
[2-3. Rietveld analysis 1]

The crystal structure data of the lithium-manganese composite oxide can be
acquired by the Rietveld analysis. As analysis software, TOPAS (DIFFRACP™
TOPAS Version 3) manufactured by Bruker AXS is used. On the assumption that the
obtained lithium-manganese composite oxide has the first phase and the second phase,
the Rietveld analysis is performed on the basis of the X-ray diffraction measurement.
Fitting is performed under the conditions where the initial first phase is Li;MnO; with a
layered rock-salt structure that belongs to the space group C12/m1 and the initial second
phase is LiMn;O4 with a spinel structure that belongs to the space group Fd-3m. Table
1 shows the crystal data of Li;MnOs; with a layered rock-salt structure (C12/ml).
Table 2 shows the crystal data of LiMn,O4 with a spinel structure (Fd-3m). Data in
Table 1 is cited from Non-Patent Document 1. Data in Table 2 is cited from TOPAS
(DIFFRACP™ TOPAS Version 3) database and thus is the same as crystal data described
in Non-Patent Document 2 although the expression is slightly different. Note that the
coordinates might be changed from the initial coordinates by the fitting; however, the
change does not greatly affect the symmetry. Note that here, for the calculation,
"preferred orientation" was set and the algorithm of spherical harmonics was used.
[0089]

[Table 1]

Layered rock-salt structure: Li;MnO3
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atom |site | x y z B[A"]
Mn 4g 0 0.1663 (0 0.73
Lil 2b 0 0.5 0 0.97
Li2 2¢ 0 0 0.5 0.97
Li3 4h 0 0.6560 |0 0.97
Ol 4i 70.2178 0 0.2253 0.64
02 8i 0.2537 ]0.3220 |0.2237 |0.64
[0090]

[Tabte 2]

Spinel structure: LiMn,O4

Space group: Fd-3m (No. 227)

a(A) = 8.2404

atom | site | x y z B
Mn |1l6¢c |0 0 0 0.73
Li 8b 0.3750 |0.3750 |0.3750 |0.97
O 32¢ [0.2380 |[0.2380 | 0.2380 | 0.64
[0091]

PCT/JP2014/068519

In Tables 1 and 2, B denotes a temperature factor called the Debye—Waller

factor. The weight proportion of the layered rock-salt structure that belongs to the

space group C12/m1 to the spinel structure that belongs to the space group Fd-3m was

calculated by the Rietveld analysis; accordingly, the weight proportion of the spinel

structure is less than or equal to approximately 1.1 % when the feed ratio of raw

materials Ni/Mn is greater than or equal to 0.276.
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[0092]
[2-4. Rietveld analysis 2]

Next, for more detailed examination of the occupancies of atoms at each site in
a layered rock-salt crystal structure, calculation is performed for the occupancies of Li,
Mn, and Ni at three sites: the 25 site, the 2¢ site, and the 44 site. Note that as shown in
Table I, in LixMnOs with a layered rock-salt structure that belongs to the space group
C12/m1, the 2b site, the 2¢ site, and the 44 site are occupied by Li. Here, to calculate
the occupancies of the atoms, the Rietveld analysis is performed on the assumption that
the obtained lithium-manganese composite oxide Li,Mn,M;O,, is a single layer bf a.
layered rock-salt structure. Note that the occupancy is the probability of existence of
an atom at a given site. '

[0093]

Because of the small difference of the X-ray scattering power between Ni and
Mn, Ni and Mn are hard to distinguish. For this reason, the sum of the occupancy of
Ni and the occupancy of Mn is discussed here.

[0094]

The occupancies of an element X at the 25 site, the 2¢ site, and the 44 site are
represented by A(X)2», A(X)zc, and A(X)s,. Note that the 2¢ site and the 44 site of
Li;MnOs are roughly distributed in a layered manner. Thus, the sum of the
occupancies at the 44 site and the 2c¢ site is calculated here. Because the number of the
4h sites are twice the number of the 2c¢ sites, the occupancy A(X)zcran, Which is the sum
of the occupancies at the 44 site and the 2c¢ site, is defined by Formula (1).

[0095]
AX)2eran = [A(X)2e X 1+ A(X)ar x 2] + (1 +2) Y]
{0096]
The occupancy of the element M at the 2b site can be represented by A(M),,

for example. Furthermore, the occupancy of Mn at the 2b site can be represented by -

) A(Mn)zb.

[0097]

Here, when the feed ratio of raw materials (Ni/Mn) is greater than or equal to

0.276, the sum of A(Ni)2; and A(Mn)2s, [A(Ni)2s + A(Mn)y), is greater than or equal to
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57.8 %, and the sum of A(Ni)zcan and A(Mn)zcran, [A(Ni)ocran + A(Mn)ycrap], is greater
than or equal to approximately 1 %. |

[0098]

[2-5. Calculation of formation energy]

5 In LizMnOs with a layered rock-salt structure that belongs to the space group
C12/ml, Ni is substituted at each atomic site, and the electron state and the formation
energy of the Ni substitution are calculated. The formation energy of the Ni
substitution is calculated by using the following Formula (2).

[0099]
10 - | Li;MnO; + xNiO — Li,.Ni,MnO; + xLiCOs (2)
[0100]
The cohesive energies of LiMnQOs;, NiO, Li>o\Ni;MnOs;, and LiCO; are
représented by E., Es, E., and Ey, respectively, the formation energy Ey,» is represented
by the following Formula (3).
15 [0101]
Epym=Eq+ Ep— (Ec + Ey) 3)
[0102]
The electron state and the formation energy were numerically measured under
the conditions shown in Table 3. The Vienna 45 initio Simulation Package (VASP)

20  was used for the measurement of the electron state.

[0103]
[Table 3]
Pseudopotential/Functional PAW/HSEO06
_Cut-off energy 800 eV
ka 0.10 [/A]
Sampling width of k-points kb 0.12 [/A]
ke 0.10 [/A}
Spin polarization setup
[0104]

The supercell used for the calculation includes 32 Li atoms, 16 Mn atoms, and

25 48 O atoms. Note that the supercell is a crystal lattice which is obtained by repeating
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the unit lattice (unit cell) natural number of times in the crystal axis directions and by
being defined as a crystal periodic unit. Here, the supercell including 2 x 1 x 2 unit
lattices (unit cells) is used. The unit lattice (unit cell) of Li,MnOs includes 8 Li atoms,
4 Mn atoms, and 12 O atoms. Note that a k-point is a lattice point in a reciprocal
lattice space, and the sampling width of the k-points is the distance between the k-points
used for sampling in a reciprocal lattice space.

[0105]

[2-5. A. One-site substitution]

In Condition (A1), Ni is substituted at any of the 2b site, the 2¢ site, and the 44
site. Condition (A1) is represented by the following chemical formula (Formula (4)).
[0106]

Lis2-1MnygNiOgg 4)

[0107]

In Condition (A2), Ni is substituted at the 4g site. Condition (A2) is
represented by the following chemical formula (Formula (5)).

[0108]

Li3sMn6-1NiOgg (5)

(0109}

FIG. 2 illustrates a crystal structure of LizMnQ; before Ni substitution. FIG.
1 shows the calculation results of the formation energy under each of Conditions (A1)
and (A2). FIG. 1 indicates that the minimum formation energy under Condition (A1)
is smaller than that under Condition (A2). Thus, it is assumed that Ni is rriore likely to
be substituted at the 25 site, the 2c¢ site, and the 44 site than at the 4g site, where a Mn
atom exists in Li;MnOs.

[0110]

FIGS. 3 to 5 illustrate crystal structures corresponding to the calculation results
in FIG. 1. FIGS. 3 and 4 each illustrate an example of atomic arrangement under
Condition (Al). FIG. 3 illustrates an example of the atomic arrangement with the
highest formation energy under Condition (A1) shown in FIG. 1, which is the case
where Ni is substituted at the 44 site. FIG. 4 illustrates an example of the atomic

arrangement with the lowest formation energy under Condition (A1), which is the case
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where Ni is substituted at the 25 site.
[o1in

FIG. 5 illustrates an example of atomic arrangement under Condition (A2).
[0112]

[2-5. B. Two-site substitution]

In Condition (B1), two Ni atoms are substituted at any of the 25 site, the 2¢ site,
and the 4h site. Condition (B1) is represented by the following chemical formula
(Formula (6)).

{0113]

Lizp-oMnNixOus (6)
[0114]

In Condition (B2), one Ni atom is substituted at any of the 2b site, the 2¢ site,
and the 4/ site and another Ni atom is substituted at the 4g site. Condition (B2) is
represented by the following chemical formula (Formula (7)).

[0115]

Liz2-;Mnys 1NizOugg (7
[0116]

In Condition (B3), two Ni atoms are substituted at the 4g sites. Condition
(B3) is represented by the following chemical formula (Formula (8)).

[0117]

Li3;Mn6-2N1,048 (8)
[0118]

FIG. 6 shows the calculation results of the formation energy under each of
Conditions (B1), (B2), and (B3). The formation en.ergy under Condition (B3), that is,
the formation energy of Ni substitution at the 4g site, is very high. In contrast, under
Condition (B2), which is the case where one Ni atom is substituted at any of the 25 site,
the 2¢ site, and the 44 site and another Ni atom is substituted at the 4g site, the
formation energy of Ni substitution is low.

[0119]
FIGS. 7 to 10 illustrate crystal structures corresponding to the calculation

results in FIG. 6. Note that each of the crystal structures illustrated in FIGS. 7 to 10 is
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little larger than one unit of the supercell used for the calculation; although the supercell
includes 32 Li atoms, 16 Mn atoms, and 48 O atoms as one unit, more atoms are
illustrated in each of FIGS. 7 to 10.

[0120]

FIGS. 7 and 8 each illustrate an example of atomic arrangement under

Condition (B1). FIG. 7 illustrates an example of the atomic arrangement with the

highest formation energy under Condition (B1) shown in FIG. 6, which is the case
where one Ni atom is substituted at the 24 site and another Ni atom is substituted at the
2c¢ site. FIG. 8 illustrates an example of the atomic arrangement with the lowest
formation energy under Condition (B1), which is the case where two Ni atoms are
substituted at the 26 sites. In FIG. 8, the substituted atoms are arranged close to each
other.

[0121}]

FIGS. 9 and 10 are each an example of atomic arrangement under Condition
(B2). FIG. 9 illustrates an example of the atomic arrangement with the highest"
formation energy under Condition (B2) shown in FIG. 6, which is the case where one
Ni is substituted at the 25 site and another Ni atom is substituted at the 4g site. |
[0122]

FIG. 10 illustrates the atomic arrangement with the lowest formation energy
under Condition (B2) shown in FIG. 6. FIG. 10 illustrates the case of Condition (B2)
as in FIG. 9, in which one Ni atom is substituted at the 2b site and another Ni atom is
substituted at the 4g site; FIG. 10 is different from FIG. 9 in that the Ni atoms are
arranged in the same layer.

[0123]

The above results suggest that the following applies to the case of Ni
substitution in LizMnO;. In the case of one-site substitution, the formation energy is
low when a Ni atom is substituted at the 25 site of Li sites in Li;MnOs, the 25 site, the
2c site, and the 44 site.  In the case of two-site substitution, the formation energy is low
when one Ni atom is substituted at any of Li sites in Li;MnQOs, the 25 site, the 2¢ site,
and the 44 site, and another Ni atom is substituted at the 4g site, which is a Mn site in
Li;MnO;.

[0124]
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Thus, also from the calculation of the formation energy, it is suggested that a Ni
atom is likely to be substituted at any of the 25 site, the 2c site, and the 44 site, which
are Li sites. In addition, the Rietveld analysis based on the X-ray diffraction suggests
that a Ni atom or a Mn atom is possibly substituted at any of the 25 site, the 2c¢ site, and
the 4h site, which are Li sites. Accordingly, a Ni atom or a Mn atom probably
occupies at least one of the 25 site, the 2¢ site, and the 44 site in the obtained
lithium-manganese composite oxide.

[0125]

When the lithium-manganese composite oxide described in this embodiment is
used for a lithium-ion secondary battery, the battery can have high capacity and high
energy density.

[0126]
{2-6. Synthesis of lithium-manganese composite oxide]

A synthesis method of the lithium-manganese composite oxide represented by
LiMn,M.O,, is described in detail below. Here, Ni is used as the element M.

[0127]

In  this embodiment, the ratio for weighing is varied to obtain the
lithium-manganese composite -oxide of one embodiment of the present invention.
[0128)]

For easy understanding, the case where z = 0, that is, the case of no Ni, is
described first.  In order to form Li;MnO3 with a layered rock-salt structure, which is a
comparative sample, the molar ratio of lithium to manganese -is set to 2:1, whereas in
order to form the lithium-manganese composite oxide of one embodiment of the present
invention, the ratio of lithium to manganese is decreased, for example.

[0129]

Here, the case where z > 0 is described. In that case, when the molar ratio of
lithium to manganese in the case where z = 0 is set to 1.68:1.12, some Mn atoms are
substituted with Ni atoms. When the molar ratio of Mn to Ni is 0.8062:0.318, for
example, the molar ratio of Li to Mn and Ni is set to 1.68:0.8062:0.318. In the case
where Li;COs3, MnCOs, and NiO are used as starting materials, the starting materials are
weighed so that the molar ratio of Li;CO3 to MnCOj3 and NiO is 0.84:0.8062:0.318.
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[0130]

Next, acetone is added to the powder of these materials, and then, they are
mixed in a ball mill to prepare mixed powder.
[0131]

After that, heating is performed to volatilize acetone, so that a mixed material
ts obtained.
[0132]

Then, the mixed material is put into a crucible, and is subjected to first firing at
temperatures higher than or equal to 800 °C and lower than or equal to 1100 °C in the
air for 5 to 20 hours inclusive to synthesis a novel material.

[0133]

Subsequently, grinding is performed to separate the sintered particles. For the
grinding, acetone is added and then mixing is performed in a ball mill.

[0134]

After the grinding, heating is performed to volatilize acetone, and then, vacuum
drying is performed, so that a powdery novel material is obtained.
[0135]

To further increase the capacity of the obtained Li.Mn,M;O,,, the ratio of the
element M to Mn (M/Mn, which is the feed ratio of raw materials) is preferably greater
than 0.2 and less than 1.2, further preferably greater than 0.2 and less than or equal to
0.9, still further preferably greater than or equal to 0.25 and less than or equal to 0.6.
[0136]

To increase the crystallinity or to stabilize the crystal, second firing may be
performed after the first firing. The second firing is pe.rformed at temperatures higher
than or equal to 500 °C and lower than or equal to 800 °C, for example.

[0137] _

The second firing may be performed in a nitrogen atmosphere, for example.
[0138]

Although Li;COs3, MnCOs;, and NiO are used as starting materials in this
embodiment, the materials are not limited thereto and can be other materials.

[0139]
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Accordingly, the obtained lithium-manganese composite oxide can be used as a
positive electrode active material to form a favorable positive electrode.
[0140]

This embodiment can be implemented in combination with any of the other
embodiments as appropriate.
[0141]

(Embodiment 3)

This embodiment shows an example in which Li;Mn,M,_,03 (M is a metal
element other than lithium (Li) and manganese (Mn), or Si or P) with a layered rock-salt
(c-NaFeOs) crystal structure is used as a positive electrode active material.

[0142]

A synthesis method of Li;Mn,M,_,Os is described below. In this embodiment,
the case where y = 0.9 is described as an example. Table 4 shows raw materials for
forming a comparative sample 150 and samples 151 to 166. In this embodiment, the
comparative sample 150 and the samples 151 to 166 are formed by combination of the
raw materials shown in Table 4. Note that "Li raw material”, "Mn raw material”, and
"M raw material" in Table 4 are, for example, raw materials containing Li, Mn, and M,
respectively. When M raw materials containing different elements M are used, various
kinds of LixMn,M;_,O3 containing different elements M can be synthesized, for
example.

[0143]
[Table 4]
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Li Material Mn Material | M Material
Sample 150 LCO; MnCO;3 -
Sample 151 LiCO3 MnCO;3 NiO
Sample 152 LiCOs3 MnCO; Gax0Os
Sample 153] LiCO3 MnCOs3 FeC204
Sample 154 LiCO;3 MnCOs3 MoO;
Sample 155] LpCO; MnCOs3 In20O3
Sample 156] LiCOs3 MnCOj3 Nb2Os
Sample 157} LpCOs3 MnCOs3 Nd203
Sample 158] LiCO; MnCO;3; Co304
Sample 159] LbCOs MnCOs3 Sm03
Sample 160{ LiCO;3 MnCO3 | NHsH2PO4
Sample 161 LiCOs; .| MnCO; MgO
Sample 162] LiCOs MnCOs3 Si0O;
Sample 163] LiCOs3 MnCOs3 AbOs
Sample 164] LiCOs3 MnCO;3; TrO3
Sample 165] LiCOs MnCOs3 CuO
Sample 166] LixCO3 MnCOs3 ZnO
[0144]

First, the materials shown as the Li raw materials, the Mn raw materials, and
the M raw materials in Table 4 are weighed. In this embodiment, samples in each of
which y is 0.9 are formed. This means that each of the samples is formed so that the -
raw material feed ratio (mol_ar ratio) of Li to Mn and M is adjusted to 2:0.9:0.1. In the
case of forming the sample 151, for example, raw materials are weighed so that the
molar ratio of lithium carbonate (Li,CO3) to manganese carbonate (MnCOQs) and nickel
oxide (NiO) is set to be 1:0.9:0.1.
materials are weighed so that the molar ratio of Li;CO3 to MnCOs and gallium oxide

(Ga,0s3) is set to 1:0.9:0.05.

In the case of forming the sample 152, raw

The comparative sample 150 and the samples 151 to 166
are formed in the same manner except for the feed ratios of raw materials.

[0145]
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Next, acetone is added to the raw materials, and then, the raw materials are
mixed in a ball mill to form a mixed material. In this embodiment, the weighed
materials, a zirconia ball with a diameter of 3 mm, and acetone are put into a pot made
of zirconia, and wet ball milling using a planetary ball mill is performed at 400 rpm for
2 hourS.

[0146]

After that, heating is performed to volatilize acetone, so that a mixed material
is obtained. In this embodiment, acetone in slurry subjected to the ball milling is
volatilized at 50 °C in the air to obtain the mixed material.

[0147]

Then, the mixed material is put into a melting pot, and is fired at temperatures
in the range from 500 °C to 1000 °C in the air for 5 to 20 hours inclusive to synthesize a
novel material. In this embodiment, an alumina melting pot is filled with the mixed
material that has been dried, and heating is performed at 900 °C for 10 hours.

[0148]

Subsequently, grinding is performed to separate the sintered particles. In this
embodiment, the fired material, a zirconia ball with a diameter of 3 mm, and acetone are
put into a pot made of zirconia, and wet ball milling Llsing a planetary ball mill is
performed at 200 rpm for 2 hours.

[0149] _

After the grinding, heating is performed to volatilize acetone, and then, vacuum
drying is performed, so that powdery novel materials are obtained. In this embodiment,
heating is performed on the mixture subjected to wet ball milling at 50 °C in the air to
volatilize acetone, and then, vacuum drying is performed at 170 °C.

[0150] .

FIG. 33 shows the measurement results of the discharge capacity of each of the
comparative sample 150 and the samples 151 to 166. An enlarged view of a part 170
in FIG. 33 is illustrated in the upper right portion of the same drawing.

[0151}
As illustrated in FIG. 33, each of the samples 151 and 166 has discharge

capacity higher than that of the comparative sample 150. In particular, the sample 151
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in which Ni is used as M has the highest discharge capacity.
[0152]

Thus, the novel material (any of the samples 151 to 166) can be used as a
positive electrode active material to form a favorable positive electrode.
[0153]

This embodiment can be implemented in combination with any of the other
embodiments as appropriate.

[0154]
(Embodiment 4) ‘

In this embodiment, the structure of a storage battery including the positive
electrode active material formed by the forming method described in Embodiment 1.
will be described with reference to. FIGS. 36A to 36C, FIGS. 37A and 37B, and FIGS.
38A and 38B.

[0155]
[Coin-type storage battery]

FIG. 36A is an external view of a coin-type (single-layer flat type) storage
battery, and FIG. 36B is a cross-sectional view thereof.
[0156]

In a coin-type storage battery 300, a positive electrode can 301 doubling as a
positive electrode terminal and a negative electrode can 302 doubling as a negative
electrode terminal are insulated from each other and sealed by a gasket 303 made of
polypropylene or the like. A positive electrode 304 includes a positive electrode
current collector 305 and a positive electrode active material layer 306 provided in -
contact with the positive electrode current collector 305. The positive electrode active
material layer 306 may further include a binder for increasing adhesion of positive
electrode active materials, a conductive additive for increasing the conductivity of the
positive electrode active material layer, and the like in addition to the active materials.
As the conductive additive, a material that has a large specific surface area is preferably
used; for example, acetylene black (AB) can be used. Alternatively, a carbon material
such as a carbon nanotube, graphene, or fullerene can be used.

[0157] | |

A negative electrode 307 includes a negative electrode current collector 308
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and a negative electrode active material layer 309 provided in contact with the negative
electrode current collector 308. The negative electrode active material layer 309 may
further include a binder for increasing adhesion of negative electrode active materials, a
conductive additive for increasing the conductivity of the negative electrode active
material layer, and the like in addition to the negative electrode active materials. A
separator 310 and an electrolyte (not illustrated) are provided between the positive
electrode active material layer 306 and the negative electrode active material layer 309.
[0158]

A material with which lithium can be dissolved and precipitated or a material
into and from which lithium ions can be inserted and extracted can be used for the
negative electrode active materials used for the negative electrode active material layer
309; for example, a lithium metal, a carbon-based material, and an alloy-based material
can be used. The lithium metal is preferable because of its low redox potential (3.045
V lower than that of a standard hydrogen electrode) and high specific capacity per unit
weight and per unit volume (3860 mAh/g and 2062 mAh/cm”).

[0159]

Examples of the carbon-based material include graphite, graphitizing carbon
(soft carbon), non-graphitizing carbon (hard carbon), a carbon nanotube, graphene,
carbon black, and the like.

[0160]

Examples of the graphite include artificial graphite such as meso-carbon
microbeads (MCMB), coke-based artificial graphite, or pitch-based artificial graphite
and natural graphite such as spherical natural graphite.

[0161]

Graphite has a low potential substantially equal to that of a lithium metal
(higher than or equal to 0.1 V and lower than or equal to 0.3 V vs. Li/Li") when lithium
ions are intercalated into the graphite (while a lithium-graphite intercalation compound
is formed). For this reason, a lithium-ion secondary battery can have a high operating
voltage. In addition, graphite is preferable because of its advantages such as relatively
high capacity per unit volume, small volume expansion, low cost, and safety greater
than that of a lithium metal.

[0162]
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For the negative electrode active materials, an alloy-based material which
enables charge-discharge reactions by an alloying reaction and a dealloying reaction
with lithium can be used. A material containing at least one of Al, Si, Ge, Sn, Pb, Sb,
Bi, Ag, Au, Zn, Cd, In, Ga, and the like can be used, for example. Such elements have
higher capacity than carbon. In particular, silicon has a significantly high theoretical
capacity of 4200 mAh/g. For this reason, silicon is preferably used for the negatiVe
electrode active materials. Examples of the alloy-based material using such elements
include SiO, Mg,Si, Mg,Ge, SnO, SnO,, MgzSn, SnS,, V,Sn3, FeSn,, CoSn,, NizSna,
CueSns, AgsSn, Ag;Sb, NiMnSb, CeSbs, LaSn;, LazCo,Sn;, CoSbs, InSb, SbSn, and
the like. Here, SiO is a material that contains silicon at higher proportion than SiO,

does.

- [0163)

Alternatively, for the negative electrode active materials, an oxide such as
titanium dioxide (TiOy), lithium titanium oxide (LisTisO)2), lithium-graphite
intercalation compound (LiCs), niobium pentoxide (Nb;Os), tungsten oxide (WO,), and
molybdenum oxide (MoO;) can be used.

[0164]

Still alternatively, for the negative electrode active materials, Lis-,M;N (M =
Co, Ni, or Cu) with a LisN structure, which is a nitride containing lithium and a
transition metal, can be used. For example, Li;6sC004N3 is preferable because of high
charge and discharge capacity (900 mAh/g and 1890 mAh/cm’).

[0165] ‘

A nitride containing lithium and a transition metal is preferably used, in which
case lithium ions are contained in the negative electrode active materials and thus the
negative electrode active materials can be used in combination with a material for a
positive electrode active material which does not contain lithium ions, such as V,0s or
Cr;0s. In the case of using a material containing lithium ions as a positive electrode
active material, the nitride containing lithium and a transition metal can be used for the
negative electrode active material by extracting the lithium ions contained in the
positive electrode active material in advance.

[0166]

Alternatively, a material which causes a conversion reaction can be used for the
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negative electrode active materials; for example, a transition metal oxide which does not
cause an alloy reaction with lithium, such as cobalt oxide (CoO), nickel oxide (NiO),
and iron oxide (FeO), may be used. Other examples of the material which causes a
conversion reaction include oxides such as Fe;Os, CuO, Cu;0, RuO,, and Cr,Os,
sulfides such as CoSpgy, NiS, and CuS, nitrides such as Zn3;N,, CusN, and Ge;N,,
phosphides such as NiP,, FeP,, and CoPs, and fluorides such as FeFs and BiFs.

[0167]

The current collectors 305 and 308 can each be formed using a highly
conductive material which is not alloyed with a carrier ion of lithium among other
elements, such as a metal typified by stainless steel, gold, platinum, zinc, iron, nickel,
copper, aluminum, titanium, and tantalum or an alloy thereof. Alternatively, an
aluminum alloy to which an element which improves heat resistance, such as silicon,
titanium, neodymium, scandium, and molybdenum, is added can be used. Stili
alternatively, a metal element which forms silicide by reacting with silicon can be used.
Examples of the metal element which forms silicide by reacting with silicon include
zirconium, titanium, hafnium, vanadium, niobium, tantalum, chromium, molybdenum,
tungsten, cobalt, nickel, and the like. The current collectors can each have a foil-like
shape, a plate-like shape (sheet-like shape), a net-like shape, a cylindrical shape, a coil
shape, a punching-metal shape, an expanded-metal shape, or the like as appropriate.
The current collectors each preferably have a thickness of 10 um to 30 um inclusive.
[0168]

Any of the positive electrode active materials described in Embodiment 1 can
be used for the positive electrode active material layer 306.

[0169]

As the separator 310, an insulator such as cellulose (paper), polyethylene with
pores, and polypropylene with pores can be used.
[0170]

As an electrolyte in the electrolytic solution, a material which contains carrier
ions is used. Typical examples of the electrolyte are lithium salts such as LiPFe,
LiClOs, LiAsFs, LiBF4, LiCF3SO;, Li(CF3SO2),N, and Li(C2FsSO;),N.  One of these
electrolytes may be used alone, or two or more of them may be used in an appropriate

combination and in an appropriate ratio.
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[0171]

Note that when carrier ions are alkali metal ions other than lithium ions,
alkaline-earth metal ions, beryllium ions, or magnesium ions, instead of lithium in the
above lithium salts, an alkali metal (e.g., sodium and potassium), an alkaline-earth metal
(e.g., calcium, strontium, barium, beryllium, and magnesium) may be used for the
electrolyte.

[0172]

As a solvent of the electrolytic solution, a material in which carrier ions can
transfer is used. As the solvent of the electrolytic solution, an aprotic organic solvent
is preferably used. Typical examples of aprotic organic solvents include ethylene
carbonate (EC), propylene carbonate, dimethyl carbonate, diethyl carbonate (DEC),
v-butyrolactone, acetonitrile, dimethoxyethane, tetrahydrofuran, and the like, and one or
more of these materials can be used. When a gelled high-molecular material is used as
the solvent of the electrolytic solution, safety against liquid leakage is improved.
Furthermore, the storage battery can be thinner and more lightweight. Typical
examples of gelled high-molecular materials include a silicone gel, an acrylic gel, an
acrylonitrile gel, polyethylene oxide, polypropylene oxide, a fluorine-based polymer,
and the like. Alternatively, the use of one or more of ionic liquids (room temperature
molten salts) which have features of non-flammability and non-volatility as a solvent of
the electrolytic solution can prevent the storage battery from exploding or catching fire
even when the storage battery internally shorts out or the internal temperature increases
owing to overcharging and others.

[0173]

Instead of the electrolytic solution, a solid electrolyte including an inorganic
material such as a sulfide-based inorganic material or an oxide-based inorganic material,
or a solid electrolyte including a macromolecular material such as a polyethylene oxide
(PEO)-based macromolecular material may alternatively be used. When the solid
electrolyte is used, a separator and a spacer are not necessary. Furthermore, the battery
can be entirely solidified; therefore, there is no possibility of liquid leakage and thus the
safety of the battery is dramatically increased.

[0174]

For the positive electrode can 301 and the negative electrode can 302, a metal
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having a corrosion-resistant property to an electrolytic solution in charging and
discharging a secondary battery, such as nickel, aluminum, and titanium, an alloy of any
of the metals, an alloy containing any of the metals and another metal (e.g., stainless
steel), a stack of any of the metals, a stack including any of the metals and any of the
alloys (e.g., a stack of stainless steel and aluminum), or a stack including any of the
metals and another metal (e.g., a stack of nickel, iron, and nickel) can be used. The
positive electrode can 301 and the negative electrode can 302 are electrically connected
to the positive electrode 304 and the negative electrode 307, respectively.

[0175] ‘

The negative electrode 307, the positive electrode 304, and the separator 310
are immersed in the electrolytic solu}tion. Then, as illustrated in FIG. 36B, the positive
electrode 304, the separator 310, the negative electrode 307, and the negative electrode -
can 302 are stacked in this order with the positi\;e electrode can 301 positioned at the -
bottom, and the positive electrode can 301 and the negative electrode can 302 are
subjected to pressure bonding with the gasket 303 interposed therebetween. In such a
manner, the coin-type storage battery 300 can be manufactured.

[0176]

Here, a current flow in charging a battery will be described with reference to
FIG. 36C. When a battery using lithium is regarded as a closed circuit, lithium ions
transfer and a current flows in the same direction. Note that in the battery using
lithium, an anode and a cathode change places in charge and discharge, and an oxidation
reaction and a reduction reaction occur on the corresponding sides; hence, an electrode
with a high redox potential is called a positive electrode and an electrode with a low
redox potential is called a negative electrode. For this reason, in this specification, the
positive electrode is referred to as a "positive electrode” and the negative electrode is
referred to as a "negative electrode” in all the cases where charge is performed,
discharge is performed, a reverse pulse current is supplied, and a charging current is
supplied. The use of the terms "anode" and "cathode" related to an oxidation reaction
and a reduction reaction might cause confusion because the anode and the cathode
change places at the time of charging and discharging. Thus, the terms "anode" and
"cathode" are not used in this specification. If the term "anode” or "cathode” is used, it

should be mentioned that the anode or the cathode is which of the one at the time of
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charging or the one at the time of discharging and corresponds to which of a positive
electrode or a negative electrode.
[0177]

Two terminals in FIG. 36C are connected to a charger, and a storage battery

400 is charged. As the charge of the storage battery 400 proceeds, a potential

difference between electrodes increases. The positive direction in FIG. 36C is the

~ direction in which a current flows from one terminal outside the storage battery 400 to a

positive electrode 402, flows from the positive electrode 402 to a negative electrode 404
in the storage battery 400, and flows from the negative electrode 404 to the other
terminal outside the storage battery 400. In other words, a current flows in the
direction of a flow of a charging current.

[0178]

[Cylindrical storage battery]

Next, an example of a cylindrical storage battery will be described with

-reference to FIGS. 37A and 37B. As illustrated in FIG. 37A, a cylindrical storage

battery 600 includes a positive electrode cap (battery cap) 601 on the top surface and a
battery can (outer can) 602 on the side surface and bottom surface. The positive

electrode cap 601 and the battery can 602 are insulated from each other by a gasket

- (insulating gasket) 610.

[0179]

FIG. 37B is a diagram schematically "illustrating a cross section of the
cylindrical storage battery. Inside the battery can 602 having a hollow cylindrical
shape, a battery element in which a strip-like positive electrode 604 and a strip-like
negative electrode 606 are wound with a stripe-like separator 605 interposed
therebetween is provided. Although not illustrated, the battery element is wound
around a center pin. One end of the battery can 602 is close and the other end thereof
is open. For the battery can 602, a metal having corrosion resistance to an electrolytic
solution, such as nickel, aluminum, or titanium, an alloy of such a metal, or an alloy of
such a metal and another metal (e.g., stainless steel) can be used. Alternatively, the
battery can 602 is preferably covered with a corrosive metal such as nickel, aluminum,
or the like in order to prevent corrosion caused by an electrolytic solution. For

example, plating is used. Inside the battery can 602, the battery element in which the
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positive electrode, the negative electrode, and the separator are wound is provided
between a pair of insulating plates 608 and 609 which face each other. Inside the
battery can 602, the battery element in which the positive electrode, the negative
electrode, and the separator are wound is interposed between a pair of insulating plates
608 and 609 which face each other. Furthermore, a nonaqueous electrolytic solution
(not illustrated) is injected inside the battery can 602 provided with the battery element.
As the nonaqueous electrolytic solution, a nonaqueous electrolytic solution which is
similar to that of the above coin-type storage battery can be used.

[0180]

Although the positive electrode 604 and the negative electrode 606 can be
formed in a manner similar to that of the positive electrode and the negative electrode of
the coin-type storage battery described above, the difference lies in that, since the
positive electrode and the negative electrode of the cylindrical storage battery are
wound, active materials are formed on both sides of the current collectors. A positive
electrode terminal (positive electrode current collecting lead) 603 is connected to the
positive electrode 604, and a negative electrode terminal (negative electrode current
collecting lead) 607 is connected to the negative electrode 606. Both the positive
electrode terminal 603 and the negative electrode terminal 607 can be formed using a
metal material such as aluminum. The positive electrode terminal 603 and the
negative electrode terminal 607 are resistance-welded to a safety valve mechanism 612
and the bottom of the battery can 602, respectively. The safety valve mechanism 612
is electrically connected to the positive electrode cap 601 through a positive temperature
coefficient (PTC) element 611. The safety valve mechanism 612 cuts off electrical
connection between the positive electrode cap 601 and the positive electrode 604 when
the internal pressure of the battery exceeds a predetermined threshold value. The PTC
element 611, which serves as a thermally sensitive resistor whose resistance increases as
temperature rises, limits the amount of current by increasing the resistance, in order to
prevent abnormal heat generation. Note that barium titanate (BéTiOg)—based
semiconductor ceramic can be used for the PTC element.

[0181]
[Laminated storage battery]

Next, an example of a laminated storage battery will be described with
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reference to FIG. 38A. ‘When a flexible laminated storage battery is used in an
electronic device at least part of which is flexible, the storage battery can be bent as the
electronic device is bent.

[0182]

A laminated storage battery 500 illustrated in FIG. 38A includes a positive
electrode 503 including a positive electrode current collector 501 and a positive
electrode active material layer 502, a negative electrode 506 including a negative
electrode current collector 504 and a negative electrode active material layer 505, a
separator 507, an electrolytic solution 508, and an exterior body 509. The separator
507 is provided between the positive electrode 503 and the negative electrode 506 in the
exterior body 509. The exterior-body 509 is filled with the electrolytic solution 508.

Any of the positive electrode active materials described in Embodiment 1 can be used

- for the positive electrode active material layer 502.

[0183]

In the laminated storage battery 500 illustrated in FIG. 38A, the positive
electrode current collector 501 and the negative electrode current collector 504 also
serve as terminals for an electrical contact with an external portion. For this reason,
each of the positive electrode current collector 501 and the negative electrode current
collector 504 is arranged so that part of the positive electrode current collector 501 and
part of the negative electrode current collector 504 are exposed to the outside the
exterior body 509. Alternatively, a.lead electrode and the positive electrode current
collector 501 or the negative electrode current collector 504 may be bonded to each
other by ultrasonic welding, and instead of the positive electrode current collector 501
and the negative electrode current collector 504, the lead electrode may be exposed to
the outside the exterior body 509.

[0184]

As the exterior body 509 in the laminated storage battery 500, for example, a
laminate film having a three-layer structure in which a highly flexible metal thin film of
aluminum, stainless steel, copper, nickel, or the like is provided over a film formed of a
material such as polyethylene, polypropylene, polycarbonate, ionomer, or polyamide,
and an insulating synthetic resin film of a polyamide-based resin, a polyester-based

resin, or the like is provided as the outer surface of the exterior body over the metal thin
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film can be used. With such a three-layer structure, permeation of the electrolytic
solution and a gas can be blocked and an insulating property can be obtained.
[0185]

FIG. 38B illustrates an example of the cross-sectional structure of the
laminated storage battery 500. Although FIG. 38A illustrates an example of including
only two current collectors for simplicity, the actual battery includes more electrode
layers.

[0186]

The example in FIG. 38B includes 16 electrode layers. The laminated storage
battery 500 has flexibility even though including 16 electrode layers. In FIG. 38B, 8
negative electrode current collectors 504 and 8 positive electrode current collectors 501
are included. Note that FIG. 38B illustrates a cross section of the lead portion of the
negative electrode, and 8 negative electrode current collectors 504 are bonded to each
other by ultrasonic welding. It is needless to say that the number of electrode layeré is
not limited to 16, and may be more than 16 or less than 16. In the case of a large
number of electrode layers, the storage battery can have high capacity. In contrast, in
the case of a small number of electrode layers, the storage battery can have small
thickness and high flexibility.

[0187]

FIGS. 46 and 47 each illustrate an example of the external view of the
laminated storage battery 500. In FIGS. 46 and 47, the positive electrode 503, the
negative electrode 506, the separator 507, the exterior body 509, a positive electrode
lead 510, and a negative electrode lead 511 are included.

[0188]

FIG. 48A illustrates the external views of the positive electrode 503 and the
negative electrode 506. The positive electrode 503 includes the positive electrode
current collector 501, and the positive electrode active material layer 502 is formed on a
surface of the positive electrode current collector 501. The positive electrode 503 also
includes an exposed region of the positive electrode current collector 501 (hereinafier,
also referred to as a tab region). The negative electrode 506 includes the negative
electrode current collector 504, and the negative electrode active material layer 505 is

formed on a surface of the negative electrode current collector 504. The negative
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electrode 506 also includes an exposed region of the negative electrode current collector
504, that is, a tab region. The areas and the shapes of the tab regions included in the
positive electrode and the negative electrode are not limited to those illustrated in FIG.
48A.

[0189]

[Method for forming laminated storage battery]

An example of a method for forming the larhinated storage battery whose
external view is illustrated in FIG. 46 will be described with reference to FIGS. 48B and
48C.

[0190]

First, the negatfve electrodé 506, the separator 507, and the positive electrode
503 are stacked. FIG. 48B illustrates a stack including the negative electrode 506, the
separator 507, and the positive e.lectrode 503. The battery described here as an
example includes 5 negative electrodes and 4 positive electrodes. Next, the tab regions
of the positive electrodes 503 are bonded to each other, and the tab region of the
positive electrode on the outermost surface and the positive electrode lead 510 are
bonded to each other. The bonding can be performed by ultrasonic welding, for
example. In addition, the tab regions of the negative electrodes 506 are bonded to each
other, and the tab region of the negative electrode on the outermost surface and the
negative electrode lead 511 are bonded to each other.

[0191]

After that, the negative electrode 506, the separator 507, and the positive
electrode 503 are placed over the exterior body 509.

[0192]

Subsequently, the exterior body 509 is folded along a dashed line as illustrated
in FIG. 48C. Then, the outer edge of the exterior body 509 is bonded. The bonding
can be performed by thermocompression, for example. At this time, a part (or one
side) of the exterior body 509 is left unbonded (to provide an inlet) so that the
electrolytic solution 508 can be introduced later.

[0193]
Next, the electrolytic solution 508 is introduced into the exterior body 509 from

the inlet of the exterior body 509. The electrolytic solution 508 is preferably
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introduced in a reduced pressure atmosphere or in an inert gas atmosphere. Lastly, the
inlet is bonded. In the above manner, the laminated storage battery 500 can be formed.
[0194]

Note that in this embodiment, the coin-type storage battery, the laminated
storage battery, and the cylindrical storage battery are given as examples of the storage
battery; however, any of storage batteries with a variety of shapes, such as a sealed
storage battery and a square-type storage battery, can be used. Furthermore, a structure
in which a plurality of positive electrodes, a plurality of negative electrodes, and a
plurality of separators are stacked or wound may be employed.

[0195]

For each of the positive'electrodes of the storage batteries 300, 500, and 600,
which are described in this embodiment, the positive electrode active layer of one
embodiment of the present invention is used. Thus, the discharge capacity of the
storage batteries 300, 500, and 600 can be increased.

[0196]
[Examples of electronic devices]

FIGS. 39A to 39E illustrate examples of electronic devices including flexible
laminated storage batteries. Examples of an electronic device including a flexible
power storage device include television devices (also referred to as televisions or
television receivers), monitors of computers or the like, cameras such as digital cameras
or digital video cameras, digital photo frames, mobile phones (also referred to as mobile
phones or mobile phone devices), portable game machines, portable information
terminals, audio reproducing devices, large game machines such as pachinko machines,
and the like.

[0197]

In addition, a flexible power storage device can be incorporated along a curved
inside/outside wall surface of a house or a building or a curved interior/exterior surface
of a car.

[0198]

FIG. 39A illustrates an example of a mobile phone. A mobile phone 7400 is

provided with a display portion 7402 incorporated in a housing 7401, an operation

button 7403, an external connection port 7404, a speaker 7405, a microphone 7406, and
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the like. Note that the mobile phone 7400 includes a power storage device 7407.
[0199]

The mobile phone 7400 illustrated in FIG. 39B is bent. When the whole
mobile phone 7400 is bent by the external force, the power storage device 7407
included in the mobile phone 7400 is also bent. FIG. 39C illustrates the bent power
storage device 7407. The power storage device 7407 is a laminated storage battery.
[0200] .

FIG. 39D illustrates an example of a bangle display device. A portable
display device 7100 includes a housing 7101, a display portion 7102, an operation
button 7103, and a power storage device 7104. FIG. 39E illustrates the bent power
storage device 7104.

[0201]
[Structural example of power storage device]

Structural examples of power storage devices (storage batteries) will be
described with reference to FIGS. 40A and 40B, FIGS. 41A1, 41A2, 41B1, and 41B2,
FIGS. 42A and 42B, FIGS. 43A and 43B, and FIG. 44.

[0202]

FIGS. 40A and 40B are external views of the power storage device. The
power storage device includes a circuit board 900 and a power storage unit 913. A
label 910 is attached to the power storage unit 913.  Further, as shown in FIG. 40B, the
power storage device includes a terminal 951 and a terminal 952, and includes an
antenna 914 and an antenna 915 between the power storage unit 913 and the label 910.
[0203]

The circuit board 900 includes terminals 911 and a circuit 912.  The terminals
911 are connected to the terminals 951 and 952, the antennas 914 and 915, and the
circuit 912. Note that a plurality of terminals 911 serving as a control signal input
terminal, a power supply terminal, and the like may be provided.

[0204]

The circuit 912 may be provided on the rear side of the circuit board 900.
Note that each of the antennas 914 and 915 is not limited to having a coil shape and
may have a linear shape or a plate shape. Further, a planar antenna, an aperture

antenna, a traveling-wave antenna, an EH antenna, a magnetic-field antenna, or a



10

20

25

30

WO 2015/008698 PCT/JP2014/068519

44

dielectric antenna may be used. Alternatively, the antenna 914 or the antenna 915 may
be a flat-plate conductor. The flat-plate conductor can serve as one of conductors for
electric field coupling. That is, the antenna 914 or the antenna 915 can serve as one of
two conductors of a capacitor. Thus, power can be transmitted and received not only
by an electromagnetic field or a magnetic field but also by an electric field.

[0205]

The line width of the antenna 914 is preferably larger than that of the antenna
915. This makes it possible to increase the amount of electric power received by the
antenna 914.

[0206]

The power storage device includes a layer 916 between the power storage unit
913 and the antennas 914 and 915. The layer 916 has a function of preventing the
power storage unit 913 from shielding an electromagnetic field. As the layer 916, for
example, a magnetic body can be used. The layer 916 may serve as a shielding layer.
[0207]

Note that the structure of the power storage device is not limited to that shown
in FIGS. 40A and 40B.

[0208]

For example, as shown in FIGS. 41A1 and 41A2, two opposing surfaces of the
power storage unit 913 in FIGS. 40A and 40B may be provided with respective
antennas. FIG. 41A1 is an external view showing one side of the opposing surfaces,
and FIG. 41A2 is an external view showing the other side of the opposing surfaces.
Note that for portions similar to those in FIGS. 40A and 40B, description on the power
storage device shown in FIGS. 40A and 40B can be referred to as appropriate.

[0209]

As shown in FIG. 41A1, the antenna 914 is provided on one of the opposing
surfaces of the power storage unit 913 with the layer 916 ‘provided therebetween, and as
sﬁown in FIG. 41A2, the antenna 915 is provided on the other of the opposing surfaces
of the power storage unit 913 with a layer 917 provided therebetween. The layer 917
has a function of preventing the power storage unit 913 from shielding an
electromagnetic field. As the layer 917, for example, a magnetic body can be used.

The layer 917 may serve as a shielding layer.
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[0210]

With the above structure, both of the antennas 914 and 915 can be increased in
size.
[0211]

Alternatively, as shown in FIGS. 41B1 and 41B2, two opposing surfaces of the
power storage unit 913 in FIGS. 40A and 40B may be provided with different types of

antennas. FIG. 41B1 is an external view showing one side of the opposing surfaces,

~and FIG. 41B2 is an external view showing the other side of the opposing surfaces.

Note that for portions similar to those in FIGS. 40A and 40B, description on the power
storage device shown in FIGS. 40A and 40B can be referred to as appropriate.
[0212]

As shown in FIG. 41B1, the antennas 914 and 915 are provided on one of the
opposing surfaces of the power storage unit 913 with the layer 916 provided
therebetween, and as shown in FIG. 41B2, an antenna 918 is provided on the other of
the opposing surfaces of the power storage unit 913 with the layer 917 provided
therebetween. The antenna 918 has a function of performing data communication with
an external device, for example. An antenna with a shape that can be applied to the
antennas 914 and 915, for example, can be used as the antenna 918. As a system for
communication using the antenna 918 between the power storage device and another

device, a response method which can be used between the power storage device and

. another device, such as NFC, can be employed.

[0213]

Alternatively, as shown in FIG. 42A, the power storage unit 913 in FIGS. 40A
and 40B may be provided with a display device 920. The display device 920 is
electrically connected to the terminal 911 via a terminal 919. It is possible that the
label 910 is not provided in a portion where the display device 920 is provided. Note
that for portions similar to those in FIGS. 40A and 40B, description on the power
storage device shown in FIGS. 40A and 40B can be referred to as appropriate.

[0214]

The display device 920 can display, for example, an image showing whether or

not charging is being carried out, an image showing the amount of stored power, or the

like. As the display device 920, electronic paper, a liquid crystal display device, an
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electroluminescent (EL) display device, or the like can be used. For example, power
consumption of the di.splay device 920 can be reduced when electronic paper is used.
[0215]

Alternatively, as shown in FIG. 42B, the power storage unit 913 in FIGS. 40A
and 40B may be provided with a sensor 921. The sensor 921 is electrically conneéted
to the terminal 911 via a terminal 922. Note that the sensor 921 may be provided
between the power storage unit 913 and the label 910.  Note that for portions similar to
those in FIGS. 40A and 40B, description on the power storage device shown in FIGS.
40A and 40B can be referred to as appropriate.

[0216]

The sensor 921 has a function of measuring displacement, position, speed,
acceleration, angular velocity, rotational frequency, distance, light, liquid, magnetism,
temperature, chemical substance, sound, time, hardness, electric field, electric current,
voltage, electric power, radiation, flow rate, humidity, gradient, oscillation, odor, or
infrared rays. With the sensor 921, for example, data on an environment (e.g.,
temperature) where the power storage device is placed can be detected and stored in a
memory inside the circuit 912.

[0217]

Further, structural examples of the power storage unit 913 are described with
reference to FIGS. 43A and 43B and FIG. 44.

[0218]

The power storage unit 913 shown in FIG. 43A includes a wound body 950
provided with the terminals 951 and 952 inside a housing 930. The wound body 950 is
soaked in an electrolytic solution inside the housing 930. The terminal 952 is in
contact with the housing 930. An insulator or the like prevents contact between the
terminal 951 and the housing 930. Note that in FIG. 43A, the housing 930 divided into
two pieces is illustrated for convenience; however, in the actual structure, the wound
body 950 is covered with the housing 930 and the terminals 951 and 952 extend to the
outside of the housing 930. For the housing 930, a metal material (e.g., aluminum) or
a resin material can be used.

[0219]
Note that as shown in FIG. 43B, the housing 930 in FIG. 43A may be formed
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using a plurality of materials. For example, in the power storage unit 913 in FIG. 43B,
a housing 930a and a housing 930b are attached to each other and the wound body 950
is provided in a region surrounded by the housing 930a and the housing 930b.

[0220]

For the housing 930a, an insulating material such as an organic resin can be
used. In particular, when a material such as an organic resin is used for the side on
which an antenna is formed, shielding of an electric field by the power storage unit 913
can be prevented. Note that when the effect of electric field shielding by the housing
930a is low, an antenna such as the anténnas 914 and 915 may be provided inside the
housing 930. For the housing 930b, a metal material can be used, for example.

[0221] , .
FIG. 44 shows a structure of the wound body 950. The wound body 950
includes a negative electrode 931, a positive electrode 932, and a separator 933. The
wound body 950 is obtained by winding a sheet of a stack in which the negative
electrode 931 over‘laps with the positive electrode 932 with the separator 933 provided
therebetween. Note that a plurality of layers each including the negative electrode 931,
the positive electrode 932, and the separator 933 may be stacked.

[0222]

The negative electrode 931 is connected to the terminal 911 in FIGS. 40A and
40B via one of the terminals 951 and 952. The positive electrode 932 is connected to
the terminal 911 in FIGS. 40A and 40B via the other of the terminals 951 and 952.
[0223]

[Examples of electric devices: vehicles]

Next, examples where a storage battery is used in a vehicle are described.
The use of storage batteries in vehicles can lead to next-generation clean energy
vehicles such as hybrid electric vehicles (HEVs), electric vehicles (EVs), and plug-in
hybrid electric vehicles (PHEVs).

[0224]

FIGS. 45A and 45B each illustrate an example of a vehicle using one
embodiment of the present invention. An automobile 8100 illustrated in FIG. 45A is
an electric vehicle which runs on the power of the electric motor.  Alternatively, the

automobile 8100 is a hybrid electric vehicle capable of driving using either the electric



20

25

30

WO 2015/008698 PCT/JP2014/068519

48

motor or the engine as appropriate. One embodiment of the present invention achieves
a high-mileage vehicle. The automobile 8100 includes the power storage device.
The power storage device is used not only for driving the electric motor, but also for
supplying electric power to a light-emitting device such as a headlight 8101 or a room
light (not illustrated).

[0225]

The power storage device can also supply electric power to a display device
included in the automobile 8100, such as a speedometer or a tachometer. Furthermore,
the power storage device can supply electric power to a semiconductor device included
in the automobile 8100, such as a navigation system:.

[0226]

F1G. 45B illustrates an automobile 8200 including the power storage device.
The automobile 8200 can be charged when the power storage device is supplied with
electric power through external charging equipment by a plug-in system, a contactless
power supply system, or the like. In FIG. 45B, the power storage device included in
the automobile 8200 is charged with the use of a ground-based charging apparatus 8021
through a cable 8022. In charging, a given method such as CHAdeMO (registered
trademark) or Combined Charging System may be referred to for a charging method,
the standard of a connector, or the like as appropriate. The charging apparatus 8021
may be a charging station provided in a commerce facility or a power source in a house.
For example, with the use of a plug-in technique, the power storage device included in
the automobile 8200 can be charged by being supplied with electric power from outside.
The charging can be performed by converting AC electric power into DC electric power
through a converter such as an AC-DC converter. |
[0227]

Further, although not illustrated, the vehicle may include a power receiving
device so as to be charged by being supplied with electric power from an above-ground
power transmitting device in a contactless manner. In the case of the contactless
power supply system, by fitting the power transmitting device in a road or an exterior
wall, charging can be performed not only when the automobile stops but also when
moves. In addition, the contactless power supply system may be utilized to perform

transmission/reception between vehicles. Furthermore, a solar cell may be provided in
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the exterior of the automobile to charge the power storage device when the automobile
stops or moves. To supply electric power in such a contactless manner, an
electrdmagnetic induction method or a magnetic resonance method can be used.
[0228] |

According to one embodiment of the present invention, the power storage
device can have improved cycle charécteristics and reliability. Furthermore, according
to one embodiment of the present invention, the power storage device itself can be made
more compact and lightweight as a result of improved characteristics of the power
storage device. The compact and lightweight power storage device contributes to a
reduction in the weight of a vehicle, and thus increases the driving distance. Further,
the power storage device included in the vehicle can be used as a power source for
supplying electric power to products other than the vehicle. In that case, the use of a
commercial power supply can be avoided at peak time of electric power demand.
[0229]

This embodiment can be implemented in combination with any of the other
embodiments as appropriate.
[Example 1]
[0230] _

In this example, a lithium-manganese composite oxide was synthesized in
accordance with Embodiment 1, and the composition of the obtained
lithium-manganese composite oxide was measured by inductively coupled plasma—
mass spectrometry (ICP-MS) and transmission electron microscopy—energy dispersive
X-ray spectroscopy (TEM—-EDX). |
[0231]

A procedure for synthesizing a lithium-manganese composite oxide will be
described in detail below.
[0232]

The weighed materials, a zirconia ball with a diameter of 3 mm, and acetone
were put into a pot made of zirconia, and wet ball milling using a planetary ball mill
was performed at 400 rpm for 2 hours (Step 1).
[0233]
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Then, acetone in slurry subjected to the ball milling was volatilized at 50 °C in

the air to obtain a mixed material (Step 2).
[0234]

Next, the mixed material was dried and an alumina crucible was filled with the
dried material, and firing was performed at 1100 °C in the air for 10 hours to obtain an
objective (Step 3).

[0235]

Subsequently, grinding was performed to separate the sintered particles. The
fired material, zirconia balls with diameters of 3 mm and 10 mm, and acetone were put
into a pot made of zirconia, and wet ball milling using a planetary ball mill was
performed at 400 rpm for 2 hours (Step 4).

[0236]

The ground slurry was heated at 50 °C in the air to volatilize acetone (Step 5).
Then, vacuum drying was performed (Step 6). Through the above steps, a
lithtum-manganese composite oxide, which is a positive electrode active material of an
electrode, was synthesized. The obtained lithium-manganese composite oxide is.
called Sample A. The measurement results of the composition of the synthesized
lithium-manganese composite oxide (i.e., Sample A) by ICP-MS and TEM-EDX are
shown in the row (a) in Table 5. Table 5 shows elemental compositions. Values in
the column "Mn/Ni" in Table 5 are obtained by dividing the composition of Mn by the
composition of Ni, and values in the column "(Mn + Ni)/O" are obtained by dividing the
sum of the composition of Mn and the composition of Ni by the composition of O.
Note that values in parentheses are obtained by normalizing by the amount of raw

material Mn, 0.8062.

[0237]
[Table 5]
Analysis method Li Mn Ni o Mu/Ni %\/ll)r; (—)i—
ICP-MS 59.8 28.2 12.1 _ 2331 _
(a) After (1.710) (0.8062) § (0.346) ’
synthesis
TEM-EDX - 19.70 8.97 71.35 J2.196 | 0.402
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Average value of (0.8062) §(0.367) § (2.920)

measurements at 6

points.

ICP-MS — —_ —_ —_ — _
b) After
ih)arge and TEM-EDX
discharee Average value of _ 20.04 8.50 71.48 5353 0.399

© measurements at 5 (0.8062) | (0.342) | (2.876) |~ :
~ points.

[0238]

The row (a) in Table 5 shows that the atomic ratio of Ni to Mn is high as
compared with a feed ratio of raw materials of Li,CO3:MnCO;:NiO, 0.84:0.8062:0.318.
[Example 2]

[0239]

In this example, Sample A obtained in Example 1 was used as a positive
electrode active material, and the composition ratio of Mn to Ni and O in the
lithium-manganese composite oxide was analyzed by TEM—-EDX after charging and
discharging.

[0240]

First, with the use of a positive electrode active material, a conductive additive,
a binder, and a disperse medium, a positive electrode paste was formed. The positive
electrode paste was applied on a positive electrode current collector and dried. Thus, a
positive electrode including a positive electrode active material layer was formed.

[0241]

In this example, the lithium-manganese composite oxide was used as the
positive electrode active material, acetylene black was used as the conductive additive,
and polyvinylidene fluoride (PVdF) was used as the binder. Lithium iron phosphate,
acetylene black, and polyvinylidene fluoride were mixed in a ratio of 80:15:5. As the
disperse medium for viscosity adjustment, NMP was added to and mixed with the
mixture. Thus, the positive electrode paste was formed.

[0242]

The positive electrode paste formed by the above method was applied to the
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positive electrode current collector (20-pum-thick aluminum) and dried at 80 °C for 40
minutes, and then dried at 170 °C in a reduced pressure environment for 10 hours,
whereby the positive electrode active material layer was formed.
[0243] | |

_ Next, a half cell including the positive electrode was formed and was charged
and diséharged. The evaluation was performed using a coin cell. In the coin cell, a
lithium metal was used for a negative electrode, polypropylene (PP) was used for a
separator, and an electrolytic solution was formed in such a manner that lithium
hexafluorophosphate (LiPF¢) was dissolved at a concentration of 1 mol/L in a solution
in which ethylene carbonate (EC) and diethyl carbonate (DEC) were mixed at a volume
ratio of 1:1 was used. Charging was performed at a constant current and a rate of 0.2
C (it takes five hours for charging) until the voltage reached a termination voltage of 4.8
V. Discharging was performed at a constant current and a rate of 0.2 C (it takes five
hours for discharging) until the voltage reached a termination voltage of 2 V. The
environmental temperature was set at 25 °C.
[0244)]

The -coin cell was decomposed after the first charge and discharge, and the
composition ratio of Mn to Ni and O in the lithium-manganese composite oxide in the
positive electrode was analyzed by TEM—EDX. The results are shown in the row (b)
in Table 5.

[0245]

The row (b) in Table 5 shows that, after the charge and discharge, as well as
after the synthesis, the atomic ratio of Ni to Mn is high as compared with the
compounding ratio of materials of Li;CO3:MnCO;:NiO, 0.84:0.8062:0.318. The

comparison between the rows (a) and (b) in Table 5 suggests that the charge and

. discharge might slightly decrease the ratio of O to Mn.

[0246]

The compositions before the charge and discharge (i.e., after the synthesis) and
after the charge and discharge can be obtained as shown in the rows (a) and (b) in Table
5. The composition might be changed by charge and discharge.

[0247]
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Next, a half cell was formed using Sample A obtained in Example 1 as a
positive electrode active material, and was subjected to charge and discharge twice.
The discharge characteristics obtained after the second charge and discharge are shown
in FIG. 34, FIG. 34 indicates that favorable discharge capacity can be obtained even
after the second charge and discharge. Accordingly, a lithium-manganese composite
oxide can have high capacity even with the composition after charge and discharge,
which is shown in the row (b) in Table 5.

[Example 3]
[0248]

A laminated storage battery was formed using the lithium-manganese
composite oxide described in Embodiment 1 as a positive electrode active material.
[0249]

A procedure for synthesizing a lithium-manganese composite oxide will be
described in detail below.

[0250]

The weighed materials, a zirconia ball with a diameter of 3 mm, and acetone
were put into a pot made of zirconia, and wet ball milling using a planetary ball mill
was performed at 400 rpm for 2 hours.

[0251]

Then, acetone in slurry subjected to the ball milling was volatilized at 50 °C in
the air to obtain a mixed material.
[0252]

Next, the mixed material was dried and an alumina crucible was filled with the
dried material, and firing was performed at 1100 °C in the éir for 10 hours to obtain an
objective.

[0253]

Subsequently, grinding was performed to separate the sintered particles. The
fired material, zirconia balls with diameters of 3 mm and 10 mm, and acetone were put
into a pot made of zirconia, and wet ball milling using a planetary ball mill was
performed at 400 rpm for 2 hours.

[0254]



10

20

25

30

WO 2015/008698 PCT/JP2014/068519

54

After the grinding, heating was performed on the mixture subjected to wet ball
milling at 50 °C in the air to volatilize acetone. Then, heating was performed at 600
°C in the air atmosphere for 3 hours, so that powdery lithium-manganese composite
oxide was obtained. The positive electrode 503 was formed using the obtained
lithium-manganese composite oxide as a positive electrode active material. The
thickness of the formed positive electrode was 85 pum.

[0255]

Next, with the use of a negative electrode active material, a conductive
auxiliary agent, a binder, and a disperse medium, a negative electrode paste was formed.
The negative electrode paste was applied on the negative electrode current collector 504
(18-um-thick copper) and dried. -~ Thus, the negative electrode 506 including the
negative electrode active matetial layer 505 was formed. In this example, the negative
electrode 506 was formed using Ga as a negative electrode active material. The
thickness of the formed negative electrode was 45 pm.

[0256]
A single-layer laminated storage battery Was formed using the obtained

positive electrode 503 and negative electrode 506. FIG. 38A illustrates the laminated

“storage battery 500. The laminated storage battery 500 includes the positive electrode

503 including the positive electrode current collector 501 and the positive electrode
active material layer 502, the negative electrode 506 including the negative electrode
current collector 504 and the negative electrode active material layef 505, the separator
507 (25-pm-thick), the electrolytic solution 508, and the exterior body 509. The
separator 507 is provided between the positive electrode 503 and the negative electrode
506 in the exterior body 509. The exterior body 509 is filled with the electrolytic
solution 508. Note that lead electrodes that are connected to the positive electrode
current collector 501 and the negative electrode current collector 504 are not illustrated
in FIG. 38A.
[0257]

FIG. 35 shows the discharge characteristics of the formed laminated storage
battery. The horizontal axis represents the discharge capacity which is normalized by

the sum of the capacities of the positive electrode, the negative electrode, and the
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separator. The lithium-manganese composite oxide obtained in one embodiment of the
present invention was used as a positive electrode active material, whereby a favorable
laminated storage battery was able to be formed.
[Example 4]
[0258]

In this example, in accordance with the feed ratios of raw materials shown in
Table 6, plural kinds of lithium-manganese composite oxides were synthesized by the

synthesis method described in Embodiment 1. The synthesized lithium-manganese

composite oxides were subjected to X-ray diffraction measurement and composition

analysis. .
[0259]
[1. Synthesis of lithium-manganese composite oxides]

Lithium-manganese composite oxides represented by LiMn,M.O, were
synthesized. Table 6 shows raw materials of a comparative sample 100 and samples
101 to 109 and the feed ratios of the raw materials. In this example, the comparative
sample 100 and the samples 101 to 109 were formed by the combination of the raw
materials shown in Table 6. Note that the synthesis of the sample 105 was repeated
four times, and the obtained samples are referred to as a sample 105a, a sample 105b, a-
sample 105¢, and a sample 105d.

[0260]
[Table 6]
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Feed ratio of raw materials NiMn
< i >
Comparison Example Lb,CO3 MnCO; = 111 0
Sample 100
Sample 101 LbCO;:MnCO;5 = 0.84:1.12 0
Sample 102 LCO; MaCO;NIO 0.091
= 0.84:1.03:0.0937
Sample 103 LCO; MoCO; NO 0.176
= 0.84:0.9560.168
Sample 104 LoCOsMnCONIO | 5
= 0.84:0.8812:0.243
Sample 105 LLCO; MnCO;NO 0.394
~ 0.840.8062:0.318
Sample 106 LpCO;MnCONIO 0.537
= 0.84:0.7312:0.393
Sample 107 LCO;MnCO;:NIO 0.72
= 0.84:0.65:0.468
Sample 108 LpCO;MnCO;:NIO 0.935
= 0.84:0.581:0.543
Sample 109 LCO; MnCO;NO 1.221
= 0.84:0.506:0.618
[0261]

First, LixCO;3;, MnCOs, and NiO were weighed as starting materials in
accordance with Table 6. Table 6 shows molar ratios. Note that the sample 101 and
the comparative sample 100.were formed without containing NiO as a raw material.
The comparative sample 100 has the mixture ratio of raw materials for the purpose of
obtaining Li;MnO; with a layered rock-salt structure. Note that in the case where
Li;MnO; with a layered rock-salt structure is formed, the ratio of lithium to manganese
is 2:1. In the sample 101, the ratio of lithium to manganese was 1.68:1.12. In other
words, the ratio of lithium to manganese was decreased. In each of the samples 102 to
109, part of manganese in the sample 101 was replaced with the element M (here, Ni).
[0262]

Next, acetone was added to the powder of these materials, and then, they were
mixed in a ball mill to prepare mixed powder.

[0263]

After that, heating was performed to volatilize acetone, so that a mixed material
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was obtained.
[0264]

Then, the mixed materials were put into a crucible and were fired at 1000 °C
for 10 hours in the air at a flow rate of 10 L/min., so that a novel material was
synthesized.

[0265]

Subsequently, grinding was performed to separate the sintered particles. For
the grinding, acetone was added and then mixing was performed in a ball mill.

[0266]

After the grinding, heating was performed to volatilize acetone, and then,
vacuum drying was performed.
[0267]

Next, firing was performed at 600 °C for 3 hours in the air at a flow rate of 10
L/min. Through the above steps, powdery novel material was obtained.

[0268]

The comparative sample 100 and the samples 101 to 109 were formed in the
same manner except for the feed ratios of raw materials.

[0269]
[2. X-ray diffraction]

 Next, the lithium-manganese composite oxides synthesized using the raw
materials shown in Table 6' were subjected to X-ray diffraction (XRD) measurement.
FIG. 15 shows the measurement results. FIGS. 21 to 23 are enlarged views of FIG. 15;
[0270]

FIG. 15 and FIGS. 21 to 23 show that two peaks at around 21° and around 22°
are found in the comparative sample 100, the sample 101, and the sample 102, whereas
those peaks tend to be weak in the samples 103 to 109. The two peaks are unique to
Li;MnOs with a layered rock-salt structure that belongs to the space group C12/ml.
As suggested by the results of the Rietveld analysis described later, the higher the ratio
of Ni to Mn (Ni/Mn) in a layered rock-salt structure is, the greater the sum of the
occupancy of Mn and the occupancy of Ni is at three sites: the 24 site, the 2¢ site, and

the 44 site. In Li;MnO; with a layered rock-salt structure that belongs to the space
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group C12/m1, the two peaks might be weakened because the periodicity of the crystal
is disturbed when a Ni atom or a Mn atom is substituted at any of the 25 site, the 2¢ site,
and the 4/ site, which are Li sites.

[0271]

In the samples 101 and 102, a peak at around 36° can be observed in addition
to a peak at around 37°. This might be due to LiMn,O4 with a spinel structure that
belongs to the space group Fd-3m. The peak is weakened in other samples probably
because the proportion of the spinel structure is small as suggested by the results of the
Rietveld analysis described later.

[0272]
FIGS. 24A and 24B, FIGS. 25A and 25B, and FIG. 26 show enlarged views of

‘the measurement results of X-ray diffraction (26 is in the range from 25° to 50°)

' performed on the samples 102, 103, 105¢, 106, and 108.)

[0273]

Table 7 and Table 8 show the values of 26 and the intensities of some obvious
peaks obtained by X-ray diffraction. Table 7 shows the results of Peaks 1 to 5, and
Table 8 shows the results of Peaks 6 to 9. Note that [1 shown in Table 7 and Table 8 is
the peak intensity, and 12 is the ratio of the intensity of each peak to the intensity of
Peak 1. The peaks without data do not always mean that no peak was observed; the
some data are not shown because the intensity is low (200 counts or lower). Peak 1
has the maximum value where 28 is in the range from 18.6° to 18.8°, and is probably
assigned to a (001) plane. Peak 2 has the maximum value where 28 is in the range
from 20.65° to 20.90°, and is probably assigned to a (020) plane. Peak 3 has the
maximum value where 28 is in the range from 21.5° to 21.85°, and is probably assigned
to a (110) plane. Peak 4 is probably due to the spinel structure as described above.
Peak 5 has the maximum value where 26 is in the range from 36° to 37.5°, and is
probably assigned to a (130) plane. Peak 6 has the maximum value where 26 is in the
range from 37.8° to 39.3°. Peak 7 has the maximum value where 28 is in the range
from 43.7° to 44.7°. Peak 8 has the maximum value where 26 is in the range from
43.8° to 45.3°. Peak 9 has the maximum value where 26 is in the range from 48° to

49.5°,
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[0274]

When the ratio of Ni to Mn (Ni/Mn, which is the feed ratio of raw materials) is
greater than or equal to 0.276 (in the case of the samples 104 to 109), the ratio of the
intensity of Peak 6 to the intensity of Peak 1 (I2) becomes greater than or equal to 0.05.
To obtain high capacity, 12 of Peak 6 is preferably greater than or equal to 0.04.
Furthermore, 12 of Peak 9 also becomes greater than or equal to 0.052 in the samples
104 to 109. To obtain high capacity, 12 of Peak 9 is preferably greater than or equal to
0.04. In other words, the maximum value where 26 is in the range from 18.6° to 18.8°
to the maximum value where 28 is in the range from 48° to 49.5° is preferably greater

than or equal to 0.04.

[0275]
[Table 7]
Peak | Peak 2 Peak 3 Peak 4 Peak 5
26 [°] 18.74 20.85 21.80 36.34 37.06
Sample 101 |II 6509 616 513 469 974
2 - 0.095 0.079 0.072 0.150
26 [°] 18.68 20.81 21.73 36.42 36.98
Sample 102 |11 6890 629 340 378 1511
| - 0.091 0.049 0.055 0.219
26 [°] 18.66 20.81 21.73 - 36.94
Sample 103 (Il 6350 493 244 - 1387
2 - 0.078 0.038 - 0.218
26 [°] 18.66 20.71 21.6 - 36.81
Sample 104 |11 5931 412.8 211.6 - 1664
2 - 0.070 0.036 - 0.281
26 [°] 18.69 20.7 - - 36.82
Sample 105¢ |I1 6832 408 - - 1624
12 - 0.060 - - 0.238
20 [°] 18.73 20.77 - - 36.83
Sample 106 (11 4776 224 - - 1138
12 - 0.046965 - - 0.238
20 [°] 18.71 - - - 36.77
Sample 108 |11 2040 - - - 499
12 - - - - 0.245
26 [°] 18.72 - - - 36.68
Sample 109 |11 5480 - - - 1236
12 - - - - 0.226
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[0276]
[Table 8]
Peak 6 | Peak 7 | Peak 8 | Peak 9
26 [°] - 44.13 44 83 -
Sample 101 (T1 - 437 2166 -
2 - 0.067] 0.333 -
26 [°] 38.62| - 44.70 -
Sample 102 |1 265 - 2459 -
12 0.038 - 0.357 -
260 [°) 38.61 - 44.65 48.75
Sample 103 |1 2221 - 2576 300
12 0.035 - 0.406 0.047
28 [°] 38.42 - 44.53 - 48.66
Sample 104 |11 387 - 3379 383
12 0.065 - 0.570 0.065
26 [°] 38.43 - 44 .53 48.65
Sample 105¢ |T1 342 - 3229 358
12 0.050 - 0.473 - 0.052
20 °] 38.46 - 44.55 - 48.65
Sample 106 |I1] 316 - 2430 321
12 0.066 - 0.509 0.067
26 [°] 38.34 - 44.43 48.59
Sample 108 |11 222 - 1465 208
12 0.109 - 0.718 0.102
20 [°] 38.30 - 44.37 48.55
Sample 109 |11 499 - 3408 . 395
12 0.091 - 0.622 0.072
[0277]

[3. Rietveld analysis 1]

Next, the crystal structure data acquired by the Rietveld analysis is described
below. Fitting was performed under the conditions where the initial first phase was
Li;MnOs with a layered rock-salt structure that belongs to the space group C12/m1 and

the initial second phase was LiMn;O, with a spinel structure that belongs to the space
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group Fd-3m. Since the analysis conditions were the same as those described in
Embodiment 1, the detailed description is omitted here.
[0278]

The weight proportion of a layered rock-salt structure to a spinel structure was
calculated by the Rietveld analysis. Note that the initial states for the calculation were
basically the same as those in Table 1 and Table 2. The lattice constants of the sample
105¢ were calculated using the values in Table 1 and Table 2 as the initial values, and
the lattice constants of other samples were calculated using the lattice constants of the
sample 105¢ as the initial values. The lattice constants of the sample 105¢c were as
follows: a = 0.4959 nm, b = 0.8583 nm, and ¢ = 0.5033 nm. Each site was analyzed on
the assumption that the 25 sites in a layered rlock-salt structure are occupied by Li and
Mn. Note that as described later, Mn and Ni are hard to distinguish in X-ray
diffraction. The calculation was started with an occupancy of Li at the 25 sites of 70
% and an occupancy of Mn at the 25 sites of 30 % as the initial values. It was assumed
that other sites in the layered rock-salt structure were occupied by the atoms shown in
Table 1 at 100 %, and the sites in the spinel structure were occupied by the atoms shown
in Table 2 at 100 %.

[0279]

Table 9 shows weight proportions in the first phase and the second phase
obtained by the Rietveld analysis.
[0280]

[Table 9]
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Sample NiMn Weight proportion of spinel

structure [%o]
Sample 101 0.000 16.00
Sample 102 0.091 9.52
Sample 103 0.176 6.39
Sample 104 0.276 0.03
Sample 105a 0.394 Not calculated
Sample 105b 0.394 1.07
Sample 105¢ 0.394 0.84
Sample 105d 0.394 Not calculated
Sample 106 0.537 0.63
Sample 107 0.720 Not calculated
Sample 108 0.935 | 0.04
Sample 109 1.221 0.02

[0281]

As shown in Table 9, in the samples having Ni/Mn (the feed ratio of raw
materials) of greater than or equal to 0.276, the weight proportions of the spinel
structures were lower than or equal to approximately 1.1 %. |
[0282]

[4. Rietveld analysis 2]

Next, for more detailed examination of the occupancies of atoms at each site in
a layered rock-salt crystal structure, calculation is performed for the occupancies of Li,
Mn, and Ni at four sites: the 25 site, the 2c site, the 44 site, and the 4g site. Here, to
calculate the occupancies of the atoms and the lattice constants, the Rietveld analysis is
performed on the assumption of a single layer of a layered rock-salt structure.

[0283]

The initial states for the calculation were basically the same as those in Table 1
and Table 2. The lattice constants of the sample 105¢ were calculated using the values
in Table 1 and Table 2 as the initial values, and the lattice constants of other samples
were calculated using the lattice constants of the sample 105¢ as the initial values. The
lattice constants of the samples 105 are shown in Table 10 below.

[0284] ‘
The calculation results of the samples 105a to 105d obtained by the Rietveld

analysis are shown in Table 10, for example. Because of the small difference of the
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X-ray scattering power between Ni and Mn, Ni and Mn are hard to distinguish. For
this reason, the sum of the occupancy of Ni and the occupancy of Mn is discussed here.

[0285]

[Table 10)
Sample 105a | Sample105b | Sample 105¢ | Sample 105d
a(A) : 4.959 4.959 4.956 4.948
b(A) 8.601 8.595 8.591 8.599
c(A) 5.031 5.031 5.028 5.025
B() 109.1 109.1 109.1 109.0
' 4g site | 92.1% 89.4% | 89.6% 85.7 %
SZ?Jf,ﬁﬂZgﬁfﬁi? 2b site | 63.0% 62.6 % 63.7 % 62.8 %
factor of Ni [%] 2c site 1.9 % 6.1 % 0.4 % 0.0 %
ahsie | 6.4% 1.0 % 43% 2.0%
Rexp ©3.33 3.70 3.14 3.13
Rwp 435 4.45 445 5.03
Rp 3.29 3.42 3.20 3.43
GOF ' 1.30 1.20 1.42 1.61

[0286]

Here, Rwp is obtained by dividing the residual sum of squares by the sum total
of the observed intensities, and Rp is a difference between the observed intensities and
the theoretical diffraction intensities. ~Furthermore, Rexp is the expected value of Rwp,
which is the statistically estimated minimum Rwp. In addition, GOF, which stands for
"good of fitness", is obtained by dividing Rwp by Rexp and is preferably close to 1.
[0287]

Focusing on the sum of the occupancy of Ni and the occupancy of Mn in
Li;MnO3, the 2b site (the initial coordinates: (0,0.5,0)), the 2c¢ site (the initial
coordinates: (0,0,0.5)), and the 44 site (the initial coordinates: (0,0.6560,0)), which are
Li sites, are examined. Table 10 shows that 63.0 % of the 25 sites in the sample 105a
are occupied by Ni and Mn. In addition, Table 10 shows that 1.9 % of the 2¢ sites and
6.4 % of the 44 sites were are occupied by Ni and Mn.

[0288]
FIG. 16 shows the sum of A(Ni)2, and A(Mn),, [A(Ni)2; + A(Mn)ys], and FIG.
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17 shows the sum of A(Ni)aciap and AMn)acian, [AND2cran + A(Mn)oeiap], of a layered
rock-salt structure, which belongs to the space group C12/m1 and which is the first
phase, of the samples 101 to 109. The horizontal axis represents Ni/Mn (the feed ratio
of raw materials) of each sample. Note that the sample 107 was not analyzed.

[0289)

First, in a region where Ni/Mn (the feed ratio of raw materials) is less than 0.2,
the 2b sites are occupied by Niand Mn. In a region where Ni/Mn is greater than 0.2,
the occupancies at the 2c¢ site and the 44 sites are increased. Thus, it can be considered
that the 25 sites, the 2¢ sites, and the 44 sites are occupied by Ni and Mn when the
capacity is increased, that is, when Ni/Mn (the feed ratio of raw materials) is 0.2758
(equivalent to the conditions of the sample 104) or greater. Here, A(Ni),, + A(Mn) is
preferably greater than or equal to 40 %, further preferably greater than or equal to 40 %
and less than or equal to 85 %, still further preferably greater than or equal to 40 % and
less than or equal to 75 %. In addition, A(Ni)sccan + A(Mn)aciap is preferably greater
than or equal to 0.2 %, further preferably greater than or equal to 0.5 %.

[0290] .

Consideration is given to the reason why the capacity is increased in the case
where Ni/Mn (the feed ratio of raw materials) is 0.2758 (equivalent to the conditions of
the sample 104) or greater. In the region where Ni/Mn is less than 0.2, the sum of the
occupancies of Ni and Mn is increased not only at the 25 sites but also at the 2¢ site and
the 44 site.  Since at least one of the 25 site, the 2¢ site, and the 44 site is occupied by
Ni or Mn, crystal distortion or a change in electron state occurs, for example; thus, Li
might be easily diffused.

[0291]

FIG. 18, FIG. 19, and FIG. 20 respectively show lattice constants a, b, and ¢ of
the samples 101 to 109. The horizontal axis represents Ni/Mn (the feed ratio of raw
materials) of each sample. A straight line obtained by linear approximation is shown
in each of FIGS. 18 to 20. The approximate line was obtained by using three points
where Ni/Mn are 0, 0.935, and 1.221. As an example where the lattice constant is
linearly changed, the case where Vegard's law is obeyed can be given. In general,

Vegard's law is obeyed in solid solutions, and the lattice constant is linearly changed
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depending on the concentration of the solution.
[0292] ‘

FIGS. 18 and 19 show that when the capacity starts to increase, that is, when
Ni/Mn (the feed ratio of raw materials) is around 0.2758 (equivalent to the conditions of
the sample 104), the lattice constants a and b are likely to be outside the approximate
line. It is assumed that Ni is not dissolved in a region outside the approximate line, for
example. The lattice constant a is preferably larger than or equal to 0.494 nm, further

preferably larger than or equal to 0.494 nm and smaller than or equal to 0.4975 nm, still

- further preferably larger than or equal to 0.494 nm and smaller than or equal to 0.4965

nm. The lattice constant b is preferably larger than or equal to 0.856 nm, further

- preferably larger than or equal to 0.856 nm and smaller than or equal to 0.864 nm, still

further preferably larger than or equal to 0.856 nm and smaller than or equal to 0.862
nm.
[0293}

FIG. 20 shows that the lattice constant ¢ is significantly increased when Ni/Mn
(the feed ratio of raw materials) is larger than or equal to 0.0915. The lattice constant
c is preferably larger than or equal to 0.5021 nm, further preferably larger than or equal
to 0.5021 nm and smaller than or equal to 0.5038 nm, still further preferably larger than
or equal to 0.5021 nm and smaller than or equal to 0.5035 nm.

[Example 5]
[0294]

In this example, a half cell was formed using the lithium-manganese composite
oxide synthesized in Example 4, and the discharge characteristics were examined.
[0295]

[1. Fabrication of cell]

A half cell was fabricated using an electrode containing the lithium-manganese
composite oxide synthesized in Example 4, and charge and discharge characteristics
were measured. Note that in the half cell, a lithium-manganese composite oxide was
used for a positive electrode and lithium metal was used for a negative electrode.

[0296]
Here, the operation of the half cell is described. FIG. 11 shows the case of

charging the half cell, and FIG. 12 shows the case of discharging the half cell.
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[0297]
FIG. 11 illustrates the connection between a lithium-ion secondary battery 141
that is charged and a charger 142. In the case of charging the lithium-ion secondary

battery, a reaction of Formula (9) occurs at a positive electrode.

[0298]
LiMn,M.O,; = Liy «MnM.O,, + aLi* + ae” O]
[0299] '
In addition, a reaction of Formula (10) occurs in the negative electrode.
[0300]
ali’ +ae” > ali . (1)
[0301]
In Formula (9) and Formula (10), 0 < a < x is satisfied.
[0302]

FIG. 12 illustrates the connection between a lithium-ion secondary battery 141
that is discharged and a load 143. In the case of discharging the lithium-ion secondary

battery, a reaction of Formula (11) occurs at a positive electrode.

[0303]

Lix-eMnyM;O,, + aLi” + ae” — LixMn, MO, _ (11)
[0304] |

In addition, a reaction of Formula (12) occurs in the negative electrode.
[0305]

ali— aLi" + ae” (12)
[0306]

In Formula (11) and Formula (12), 0 < a < x is satisfied.
[0307]

First, a lithium-manganese composite oxide synthesized using the raw
materials shown in Table 1, a PVdF resin, and AB as a conductive additive were
dissolved in N-methyl-2-pyrrolidon (NMP), a polar solvent, and were mixed to form
slurry. The compounding ratio of the lithium-manganese composite oxide to AB and
PVdF was adjusted to be 80:15:5 in weight ratio. Then, the slurry was applied on a

current collector and dried. Note that a surface of the current collector was covered
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with an undercoat in advance. Here, the "undercoat" refers to a film formed over a
current collector before applying a positive electrode paste onto the current collector for
the purpose of reducing the interface resistance between an active material layer and the
current collector or increasing the adhesion between the active material layer and the
current collector. Note that the undercoat is not necessarily formed in a film shape,
and may be formed in an island shape. For the undercoat, a carbon material can be
used, for example. Examples of the carbon material are graphite, carbon black such as
acetylene black or ketjen black, and carbon nanotubes.

[0308]

Forming the undercoat over the current collector can reduce the resistance at
the interface between the current collector and the active material layer formed later,
and/or can increase adhesion between the active material layer and the current collector.
The undercoat is preferably not dissolved by a reducing solution in the process of
reducing graphene oxide. Note that if there is no problem with the adhesion between
the current collector and the active material layer, the electrode strength, and the
interface resistance between the current collector and the electrode, it is not necessary to
apply the undercoat to the current collector.

[0309]

A lithium metal was used for a negative electrode and a space between a
positive electrode and the negative electrode was filled with an electrolytic solution, so
that the half cell was fabricated. Note that the electrolytic solution was formed by
dissolving LiPFs as a salt in a mixed solution containing ethylene carbonate (EC) and
diethyl carbonate (DEC), which were aprotic organic solvents, at a volume ratio of 1:1.
As the separator, polypropylene (PP) was used.

[0310]
[2. Discharge characteristics examination]

FIG. 13 shows the discharge capacities of half cells including the formed
samples 100 to 109. The vertical axis represents voltage (V), and the horizontal axis
represents discharge capacity (mAh/g). Charging was performed at a constant current
with a current density of 30 mA/g until the voltage reached a termination voltage of 4.8
V. Discharging was performed at a constant current with a current density of 30 mA/g

until the voltage reached a termination voltage of 2.0 V. The temperature during the
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charge and discharge measurement was 25 °C.
[0311]

FIG. 14 shows a graph in which the raw material feed ratios of Ni to Mn are
plotted on the horizontal axis and the discharge capacities are plotted on the vertical axis,
in accordance with FIG. 13. Note that the discharge capacity of the comparative
sample 100 is not plotted here. In the samples whose Ni/Mn (the feed ratio of raw
materials) is 0.2758 ‘(equivalent to the conditions of the sample 104) or greater, the
capacity is high.

[0312]

The ratio of the Li composition to the sum of the Ni composition and the Mn
composition in Li;Mn,M;O,, is represented by x/(y + z), and is preferably less than 2,
further preferably less than 1.6. In addition, the ratio of the Ni composition to the Mn
composition is repreéented by z/y, and the ratio of the Li composition to the Mn
composition is represented by x/y.

[Exampie 6]
[0313]

In this example, in accordance with the feed ratios of raw materials shown in
Table 11, plural kinds of lithium-manganese composite oxides were synthesized by the
synthesis method described in Embodiment 1.

[0314]
[1. Synthesis of lithium-manganese composite oxides]

Lithium-manganese composite oxides represented by Li.Mn,A0, were
synthesized. Table 11 shows raw materials of samples 121 to 131 and the molar ratios
of the raw materials. Table 11 shows values Li/(Mn + Ni) obtained by dividing the
molar quantity of lithium (raw material) by the sum of the molar quantity of manganese
(raw material) and the molar quantity of nickel (raw material). Table 11 also shows
values Ni/Mn obtained by dividing the molar quantity of nickel (raw material) by the
molar quantity of manganese (raw material).

[0315]
[Table 11]
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Lp,CO; : MnCO; NiO LVMn+Ni) | NiMn |

(Molar ratio) |
Sample 121 0.64 : 0.857 : 0428 1.00 0.50
Sample 122 0.7838 1.125 : 0.12 1.26 0.11
Sample 123 0.7838 : 1.0313 : 0.2138 1.26 0.21
Sample 124 0.77 : 08545 . 0.327 1.30 0.38
Sample 125 0.8 : 0.8062 . 0318 1.42 0.39
Sample 126 0.92 0.8 : 036 1.59 0.45
Sample 127 0.92 1 . 0.16 ‘ 1.59 0.16
Sample 128 0924 . 08062 : 0318 1.64 0.39
Sample 129 0915 : 038 . 0.26 1.73 . 0.33
Sample 130 0915 058 . 048 1.73 0.83
Sample 131 0915 - 0.89 . 0.17 1.73 0.19

[0316]

First, Li;COs;, MnCO;, and NiO were weighed as starting materials in
accordance with Table 11.
[0317]

Next, acetone was added to the powder of these materials, and then, they were
mixed in a ball mill to prepare mixed powder.
[0318]

After that, heating was performed to volatilize acetone, so that a mixed material

was obtained.

[0319]

Then, the mixed materials were put into a crucible and were fired at 1000 °C
for 10 hours in the air at a flow rate of 10 L/min., so that a novel material was
synthesized.

[0320]

Subsequently, grinding was performed to separate the sintered particles. For
the grinding, acetone was added and then mixing was performed in a ball mill.

[0321]

After the grinding, heating was performed to volatilize acetone, and then,
vacuum drying was performed.

[0322]



10

15

20

WO 2015/008698 PCT/JP2014/068519

70

Through the above steps, powdery novel material was obtained.
[0323]

Next, half cells were formed using the samples 121 to 131, and the discharge
characteristics were examined.
[0324] |
[2. Fabrication of cell]

Half cells were fabricated using an electrode including the samples 121 to 131,
and charge and discharge characteristics were measured. Note that in the half cell, a
lithium-manganese composite oxide was used for a positive electrode and lithium metal
was.used for a negative electrode.
[0325] B

A method for forming the electrodes is described. First, a PVdF resin, AB for
a conductive additive, and each of lithium-manganese composite oxides synthesized
using the raw materials shown in Table 11 were dissolved in N-methyl-2-pyrrolidon
(NMP), a polar solvent, and were mixed to form slurry. Table 12 shows the
compounding ratios of the lithium-manganese composite oxides ("active material” in
Table 12) to AB and PVdF in weight ratios. Then, the slurry was applied on a current
collector, and then is dried at 80 °C to form the electrodes. After that, the electrodes
were heated at respective temperatures shown in Table 12.
[0326]
[Table 12]
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Composition [weight%] | Heating temperature of

Active materialAB:PVDF electrode
Sample 121 - 80:15:5 170 °C
Sample 122 90:5:5 250 °C
Sample 123 90:5:5 250 °C
Sample 124 80:15:5 . 170 °C
Sample 125 90:5:5 250 °C
Sample 126 80:15:5 170 °C
Sample 127 90:5:5 250 °C
Sample 128 90:5:5 250 °C
Sample 129 80:15:5 170 °C
Sample 130 80:15:5 - 170°C
Sample 131 80:15:5 170 °C

[0327]

A surface of the current collector was covered with an undercoat in advance.
Here, the "undercoat” refers to a film formed over a current collector before\applying a
positive electrode paste onto the current collector for the purpose of reducing the
interface resistance between an active material layer and the current collector or
increasing the adhesion between the active material layer and the current collector.
Note that the undercoat is not necessarily formed in a film shape, and may be formed in
an island shape. -For the undercoat, a carbon material can be used, for example.
Examples of the carbon material are graphite, carbon black such as acetylene black or
ketjen black, and carbon nanotubes. '

[0328]

Forming the undercoat over the current collector can reduce the resistance at
the interface between the current collector and the active material layer formed later,
and/or can increase adhesion between the active material layer and the current collector.
The undercoat is preferably not dissolved by a reducing solution in the process of
reducing graphene oxide. Note that if there is no problem with the adhesion between
the current collector and the active material layer, the electrode strength, and the
interface resistance between the current collector and the electrode, it is not necessary to
apply the undercoat to the current collector.

[0329]

A lithium metal was used for a negative electrode and a space between a
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positive electrode and the negative electrode was filled with an electrolytic solution, so
that the half cell was fabricated. Note that the electrolytic solution was formed by
dissolving LiPF¢ as a salt in a mixed solution containing ethylene carbonate (EC) and
diethyl carbonate (DEC), which were aprotic organic solvents, at a volume ratio of 1:1.
As the separator, polypropylene (PP) was used.

[0330]

[3. Discharge characteristics examination]

FIGS. 49A to 49C are graphs in which the discharge capacities of half cells
including the samples 121 to 131 are plotted on the vertical axis and the raw material
feed ratios of Ni to Mn are plotted on the horizontal axis. FIG. 49A shows the
discharge capacities that can be obtained in the case of using the samples with which
Li/(Mn + Ni) are 1.00, 1.26, and 1.30 in Table 11. FIG. 49B shows the discharge -
capacities that can be obtained in the case of using the samples with which Li/(Mn + Ni)
are 1.42 and 1.59 in Table 11. Note that the results of the case where Li/(Mn + Ni) is
1.49 in FIG. 49B were plotted using the data shown in FIG. 13 in Example 5. FIG.
49C shows the discharge capacities that can be obtained in the case of using the samples
with which Li/(Mn + Ni) are 1.64 and 1.73 in Table 11.

[0331]

From FIGS. 49A and 49B, the case where Li/(Ni + Mn) is greater than or equal
to 1.46 is preferred to the case where Li/(Ni + Mn) is less than or equal to 1.30 to
achieve high capacity. " In addition, the results in FIG. 49C indicate that high discharge
capacity can be obtained when Li/(Ni + Mn) is 1.64 or 1.73.

[0332]

Next, examination is performed focusing on Ni/Mn. The comparison between
FIGS. 49B and 49C indicates that the range of Ni/Mn with which high capacitance can
be obtained is largér in the case where Li/(Ni + Mn) is 1.49 than in the case where
Li/(Ni + Mn) is 1.73.

[0333]

Accordingly, in a lithium-manganese composite oxide represented by

LipMn,Ni;Oy, D/(y + z) is preferably greater than or equal to 1.35 and less than 2,

further preferably greater than or equal to 1.4 and less than 1.8, still further preferably
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greater than or equal to 1.4 and less than 1.6. In addition, 0.2 < z/y < 1.2 is preferably
satisfied. Note that in storage batteries, lithium is released from a lithium-manganese
composite oxide by charge or the like, for example. Here, D denotes, for example, the
amount of lithium contained in a lithium-manganese composite oxide before the lithium
is released by charge or the like, or the amount of lithium contained” in a
lithtum-manganese composite oxide after lithium is released by charge and inserted by

discharge or the like.

EXPLANATION OF REFERENCE

[0334]

100: comparative sample, 101: sample, 102: sample, 103: sample, 104: sample, 105:
sample, 105a: sample, 105b: sample, 105¢c: sample, 105d: sample, 106: sample, 107:
sample, 108: sample, 109: sample, 121: sample, 122: sample, 123: sample, 124: sample,
125: sample, 126: sample, 127: sample, 128: sample, 129: sample, 130: sample, 131:
sample, 141: lithium-ion secondary battery, 142: charger, 143: load, 150: comparative
sample, 151: sample, 152: sample, 153: sample, 154: sample, 155: sample, 156: sample,
157: sample, 158: sample, 159: sample, 160: sample, 161: sample, 162: sample, 163:
sample, 164: sample, 165: sample, 166: sample, 170: part, 201: spinel crystallite, 202:
layered rock-salt crystallite, 203: Li,MnOs particle, 204: Spi-LiMn,O4 particle, 205:
sintered material, 300: storage battery, 301: positive electrode can, 302: negative
electrode can, 303: gasket, 304: positive electrode, 305: positive electrode current
collector, 306: positive electrode active material layer, 307: negative electrode, 308:
negative electrode current collector, 309: negative electrode active material layer, 310:
separator, 400: storage battery, 402: positive electrode, 404: negative electrode, 500:
storage battery, 501: positive electrode current collector, 502: positive electrode active
material layer, 503: positive electrode, 504: negative electrode current collector, 505:
negative electrode active material layer, 506: negative electrode, 507: separator, 508:
electrolytic solution, 509: exterior body, 600: storage battery, 601: positive electrode cap,
602: battery can, 603: positive electrode terminal, 604: positive electrode, 605: separator,
606: negative electrode, 607: negative electrode terminal, 608: insulating plate, 609:
insulating plate, 610: gasket, 611: PTC element, 612: safety valve mechanism, 900:

circuit board, 910: label, 911: terminal, 912: circuit, 913: power storage unit, 914:
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antenna, 915: antenna, 916: layer, 917: layer, 918: antenna, 919: terminal, 920: display
device, 921: sensor, 922: terminal, 930: housing, 930a: housing, 930b: housing, 931:
negative electrode, 932: positive electrode, 933: separator, 951: terminal, 952: terminal,
7100: portable display device, 7101: housing, 7102: display portion, 7103: operation
button, 7104: power storage device, 7400: mobile phone, 7401: housing, 7402: display
portion, 7403: operation button, 7404: external connection port, 7405: speaker, 7406:
microphone, 7407: power stbrage device, 8021: charging device, 8022: cable, 8024:
power storage device, 8100: automobile, 8101; headlight, and 8200: automobile.

This application is based on Japanese Patent Application serial no.
2013-147170 filed with Japan Patent Office on July 15, 2013 and Japanese Patent
Application serial no. 2013-198871 filed with Japan Patent Office on September 25,

2013, the entire contents of which are hereby incorporated by reference.
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CLAIMS

1. A lithium-manganese composite oxide represented by Li,Mn,M;O,,,
wherein M is a metal element other than Li and Mn, Si, or P, and

wherein y, z, and w are each greater than zero and satisfy 0.26 < (y + z)/w < 0.5.

2. The lithium-manganese composite oxide according to claim 1,
wherein the lithium-manganese composite oxide comprises a layered rock-salt
cfystal structure and a spinel crystal structure, and

wherein x, y, and z satisfy 0 < x/(y +z) < 2and 0.2 < z/y < 1.2.

3. The lithium-manganese composite oxide according to claim 1, wherein the
element represented by M is a metal element selected from Ni, Ga, Fe, Mo, In, Nb, Nd,

Co, Sm, Mg, Al, Ti, Cu, and Zn, or Si or P.

4. A lithium-ion secondary battery comprising the lithium-manganese

composite oxide according to claim 1 as a positive electrode active material.

5. An electric device comprising the lithium-ion secondary battery according to

claim 4.

6. A lithium-manganese composite oxide represented by Li,Mn,M,0O,,,

wherein M is a metal element other than Li and Mn, Si, or P,

wherein ¥, z, and w are each greater than zero and satisfy 0.26 < (y + z)/w < 0.5,
and

wherein one particle in the lithium-manganese composite oxide comprises a
spinel crystal structure and a layered rock-salt crystal structure in contact with the spinel

crystal structure.

7. The lithium-manganese composite oxide according to claim 6, wherein the

element represented by M is a metal element selected from Ni, Ga, Fe, Mo, In, Nb, Nd,
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Co, Sm, Mg, Al, Ti, Cu, and Zn, or Si or P.

8. A lithium-ion secondary battery comprising the lithium-manganese

composite oxide according to claim 6 as a positive electrode active material.

9. An electric device comprising the lithium-ion secondary battery according to

claim 8.

10. A lithium-manganese composite oxide represented by Li,Mn,M.O,,,

wherein M is a metal element other than Li and Mn, or Sior P,

wherein y and z are each greater than zero,

wherein x, y, z, and w satisfy 0 <x/(y +z) <2 and 0.26 < (y + z)/w < 0.5,

wherein the lithium-manganese composite oxide comprises a layered rock-salt
crystal structure and a spinel crystal structure,

wherein the layered rock-salt crystal structure belongs to a space group C12/m1,
and

wherein in the layered rock-salt crystal structure, the sum of an occupancy of

Mn and an occupancy of the element represented by M at a 25 site is greater than or

equal to 40 %.

11. The lithium-manganese composite oxide according to claim 10, wherein in
the layeréd rock-salt crystal structure, the sum of an occupancy of Mn at a 2c site and an
occupancy of Mn at a 44 site, A(Mn)ac.4n, represented by Formula (1) and an occupancy
of M at the 2¢ site and an occupancy of M at the 44 site, A(M) 2c.an, represented by
Formula (2) is greater than or equal to 0.2, where A(Mn),. is the occupancy of Mn at the
2c¢ site, A(M);. is the occupancy of M at the 2c¢ site, A(Mn)ay, is the occupancy of Mn at
the 44 site, and A(M)4y is the occupancy of M at the 44 site.

AMn)eian = [AMN)oe x 1+ A(Mn)sy x 2] = (1 + 2) Formula (1)

AM) seran = [A(M)ze x 1 + A(M)ap, x 2] + (1 + 2) Formula (2)

12. The lithium-manganese composite oxide according to claim 10, wherein the
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element represented by M is a metal element selected from Ni, Ga, Fe, Mo, In, Nb, Nd,

Co, Sm, Mg, Al, Ti, Cu, and Zn, or Si or P.

13. A lithium-ion secondary battery comprising the lithium-manganese

composite oxide according to claim 10 as a positive electrode active material.

14. An electric device comprising the lithium-ion secondary battery according

to claim 13.

- 15. A lithium-manganese composite oxide represented by Li,Mn,Ni,O,,,
wherein y and z are each greater than zero,
wherein x, y, z,-and w satisfy 0 < x/(y + z) < 2 and 0.26 < (y + z)/w < 0.5,
wherein the lithium-manganese composite oxide comprises a layered rock-salt
crystal structure and a spinel crystal structure,
wherein the layered rock-salt crystal structure belongs to a space group C12/ml,
and
wherein in the layered rock-salt crystal structure, an a-axis lattice constant is
larger than or equal to 0.494 nm and a b-axis lattice constant is larger than or equal to

0.856 nm.

16. The lithium-manganese composite oxide according to claim 15, wherein a
c-axis lattice constant of the layered rock-salt crystal structure is larger than or equal to

0.5021 nm.

17. A lithium-ion secondary battery comprising the‘ lithium-manganese

composite oxide according to claim 15 as a positive electrode active material.

18. An electric device comprising the lithium-ion secondary battery according

to claim 17.

19. A lithium-manganese composite oxide represented by LipMn,M;O,,,

wherein M is a metal element other than Li and Mn, or Si or P,
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wherein y and z are each greater than zero, and

wherein x, y, z, and w satisfy 1.35<D/(y +z)<2and 0.2 <z/y < 1.2.

20. The lithium-manganese composite oxide according to claim 19, wherein the
5  element represented by M is a metal element selected from Ni, Ga, Fe, Mo, In, Nb, Nd,
Co, Sm, Mg, Al, Ti, Cu, and Zn, or Si or P.

21. A lithium-ion secondary battery comprising the lithium-manganese
composite oxide according to claim 19 as a positive electrode active material.
10
22. An electric device comprising the lithium-ion secondary battery according

to claim 21.'
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