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NEGATIVE ELECTRODE ACTIVE
MATERIAL FOR LITHIUM ION
SECONDARY BATTERY, METHOD FOR
PRODUCING THE SAME, NEGATIVE
ELECTRODE, AND BATTERY

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation-in-part of Inter-
national Application No. PCT/JP2014/057967, filed on Mar.
24, 2014 with claiming priority of two Japanese patent
Application No. 2013-075474 filed on Mar. 30, 2013 and
No. 2013-178679 filed on Aug. 29, 2013 respectively, and
also claims priority to Japanese patent Application No.
2014-157999 filed on Aug. 1, 2014. Each of these applica-
tion is incorporated in their entirely by reference.

TECHNICAL FIELD

[0002] The present invention relates to a negative elec-
trode active material for a secondary battery, such as a
lithium ion secondary battery, and particularly relates to a
negative electrode active material for a secondary battery,
containing silicon, copper and oxygen as major constitu-
tional elements, a method for producing the same, a negative
electrode for a secondary battery using the negative elec-
trode active material, and a secondary battery using the
negative electrode.

BACKGROUND ART

[0003] In association with the remarkable progress of
portable electronic devices, communication devices and the
like in recent years, a lithium ion secondary battery having
a high energy density is strongly demanded from the stand-
point of the economy and the reduction in size and weight
of the devices. As a measure for increasing the capacity of
the lithium secondary battery of this type, various measures
have been investigated including improvement of a positive
electrode and a positive electrode active material, improve-
ment of a negative electrode and a negative electrode active
material, and the like. The improvement of a negative
electrode and a negative electrode active material having
been investigated includes the use of silicon (Si) or a silicon
compound as a negative electrode active material. Silicon
exhibits a theoretical capacity of 4,200 mAh/g, which is far
higher than the theoretical capacity, 372 mAl/g, of a carbon
material having been subjected to practical use, and thus is
greatly expected for reduction in size and increase in capac-
ity of the battery. Furthermore, silicon is capable of forming
an alloy with lithium, and thus has excellent characteristics
as a negative electrode material that it may not cause internal
short-circuit due to the formation of dendrite on charge and
discharge.

[0004] For example, JP-A-5-074463 describes a lithium
secondary battery using single crystal silicon as a support of
a negative electrode active material. For imparting conduc-
tivity to a negative electrode material, JP-A-2000-243396
describes a technique of mechanically alloying silicon oxide
and graphite and then subjecting to a carbonization treat-
ment, and JP-A-2000-215887 describes a technique of cov-
ering a surface of silicon particles with a carbon layer by a
chemical vapor deposition method. In these ordinary tech-
niques, the conductivity of the negative electrode material
may be improved by providing a carbon layer on a surface
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of silicon particles, but the problematic low cycle charac-
teristic of the silicon negative electrode active material due
to the large volume change associated with charge and
discharge have not yet been solved.

[0005] In the case where silicon is alloyed with lithium,
the volume thereof is increased at most approximately 4
times. On repeated charge and discharge, accordingly, it is
considered that a large internal strain occurs within the
silicon particles and finely pulverizes the silicon particles to
deteriorate the cycle characteristics. Various measures have
been investigated for solving the problem of the low cycle
characteristics of the silicon negative electrode active mate-
rial. JP-A-2004-335271 describes a technique of providing
a negative electrode active material by mechanically alloy-
ing silicon with a metal, such as titanium, nickel or copper,
in a ball mill. JP-A-2010-244767 describes a technique of
providing a negative electrode active material by treating
silicon particles and copper particles with a dry attritor.
JP-A-2012-113945 describes a technique of providing an
aggregated material by pulverizing coarse powder of silicon
with a bead mill and subsequently adding copper powder as
conductive base powder thereto, followed by applying a
shearing force thereto.

[0006] However, even by using these techniques, the
improvement of the battery characteristics due to the nega-
tive electrode active material, such as the battery capacity
per unit mass of the negative electrode active material, and
the cycle characteristics, has not yet been sufficient, and it is
the current situation that a secondary battery using a nega-
tive electrode active material using silicon is not used
widely.

SUMMARY OF INVENTION

Technical Problem

[0007] A negative electrode active material using silicon
or a silicon compound is largely expected in reduction in
size and increase in capacity of the battery due to the large
theoretical capacity thereof, but it is the current situation that
the battery capacity per unit mass of the negative electrode
active material and the cycle characteristics may not be
enhanced simultaneously to certain levels or higher. An
object to be achieved by the invention is to provide a
negative electrode active material that has good cycle char-
acteristics and has a large battery capacity that practically
achieves a negative electrode active material for a lithium
ion secondary battery, and a method for producing the same.
Another object of the invention is to provide a negative
electrode and a secondary battery using the negative elec-
trode active material, and methods for producing the same.

Solution to Problem

[0008] As a result of earnest investigations made by the
inventors, it has been found that a negative electrode active
material for a secondary battery, containing silicon, copper
and oxygen as major constitutional elements may be
obtained in such a manner that silicon and copper (1) oxide
are charged in a pulverization device and pulverized, and
simultaneously the pulverized product is mixed, or in such
a manner that silicon, metallic copper (i.e., copper(0)) and
water are charged in a pulverization device and pulverized,
and simultaneously the pulverized product is mixed, and the
negative electrode active material for a secondary battery of
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the invention has good cycle characteristics and is such a
negative electrode active material that has a large battery
capacity that practically achieves a negative electrode active
material for a lithium ion secondary battery, and thus the
invention has been completed.

[0009] While the reason why the negative electrode active
material of the invention has good cycle characteristics as
compared to the negative electrode active materials
described in JP-A-2004-335271, JP-A-2010-244767 and
JP-A-2012-113945, which are obtained by applying a shear-
ing force to silicon and metallic copper, is not currently
determined, the inventors are considering as follows.
[0010] The negative electrode active material of the inven-
tion is obtained by charging silicon and copper oxide, or
silicon, metallic copper and water in a pulverization device
and subjecting them to pulverization and mixing simultane-
ously, and in the process of pulverization and mixing, it is
considered that silicon partially reduces copper oxide, and
silicon itself is partially oxidized in the case where silicon
and copper oxide are used as raw materials. In the case
where silicon, metallic copper and water are used as raw
materials, it is considered that silicon is reacted with water
and is partially oxidized. It is considered that the reaction
product obtained by partially oxidizing silicon is present in
the negative electrode active material, thereby improving the
cycle characteristics.

[0011] For achieving the aforementioned objects, the
invention provides the following. Specifically, there is pro-
vided a negative electrode active material for a lithium ion
secondary battery, containing fine particles of silicon having
an average crystallite diameter (D,) of Si measured by an
X-ray diffractometry of 50 nm or less, and preferably 30 nm
or less, and more preferably 20 nm or less, and has elemental
ratios Cu/(Si+Cu+0) and O/(Si+Cu+0) where the elemental
ratios are shown by molar ratios of from 0.02 to 0.30,
preferably from 0.04 to 0.20, and more preferably from 0.05
to 0.12.

[0012] The negative electrode active material for a lithium
ion secondary battery may contain an amorphous silicon
oxide as a constitutional substance thereof. In such a case,
the peak area ratio of the negative electrode active material
(Si0x/Si(0)) calculated from the X-ray photoelectron spec-
troscopy (XPS) measurement may be of from 0.06 to 0.72.
[0013] And, the negative electrode active material for a
lithium ion secondary battery may contain an intermetallic
compound of silicon and copper, such as Cu;Si, as a
constitutional substance thereof. In such a case, the peak
intensity ratio (Cu,Si/Si) calculated from the X-ray diffrac-
tometry (XRD) measurement may be of from 0.05 to 1.5.
[0014] The invention also provides the following as a
method for producing a negative electrode active material
for a lithium ion secondary battery. Specifically, in a first
embodiment, there is provided a method for producing a
negative electrode active material for a lithium ion second-
ary battery, containing a step of charging silicon and copper
(II) oxide as raw materials for a negative electrode active
material for a lithium ion secondary battery in a pulveriza-
tion device, pulverizing silicon and copper (II) oxide, and
simultaneously mixing silicon and copper (I1I) oxide thus
pulverized.

[0015] In a second embodiment, there is provided a
method for producing a negative electrode active material
for a lithium ion secondary battery, containing a step of
charging silicon, metallic copper and water as raw materials
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for a negative electrode active material for a lithium ion
secondary battery in a pulverization device, pulverizing
silicon and metallic copper, and simultaneously mixing
silicon and metallic copper thus pulverized.

[0016] The negative electrode active material for a lithium
ion secondary battery of the invention encompasses all the
negative electrode active materials that are produced by the
production methods according to the first and second
embodiments.

[0017] A negative electrode for a lithium ion secondary
battery may be produced by using the negative electrode
active material obtained by the invention, and a lithium ion
secondary battery may be produced by using the negative
electrode for a lithium ion secondary battery.

Advantageous Effects of Invention

[0018] In the invention, silicon and copper (II) oxide, or
silicon, metallic copper and water are pulverized, and simul-
taneously the pulverized product is mixed, thereby provid-
ing a negative electrode active material for a lithium ion
secondary battery containing silicon, copper and oxygen as
major constitutional elements. The negative electrode active
material for a secondary battery has good cycle character-
istics and has a large battery capacity that practically
achieves a negative electrode active material for a lithium
ion secondary battery. Furthermore, a negative electrode for
a lithium secondary battery and a lithium ion secondary
battery using the negative electrode active material may be
provided.

BRIEF DESCRIPTION OF DRAWINGS

[0019] FIG. 1 shows the XPS measurement results of the
negative electrode active materials of Examples 2 and 5.
[0020] FIG. 2 is the scanning electron micrograph of the
negative electrode active material obtained by pulverizing
and simultaneously mixing silicon and copper (II) oxide.
[0021] FIG. 3(a) shows the XRD measurement results of
the negative electrode active materials of Examples 1 to 4.
[0022] FIG. 3(b) shows the XRD measurement results of
the negative electrode active materials of Examples 5 to 8.
[0023] FIG. 3(c) shows the XRD measurement results of
the negative electrode active materials of Examples 9 to 12.
[0024] FIG. 3d) shows the XRD measurement results of
the negative electrode active materials of Comparative
Examples 1, 2 and Example 13.

[0025] FIG. 4 is the transmission electron micrograph of
the negative electrode active material of Example 1.
[0026] FIG. 5(a) is the transmission electron micrograph
of the negative electrode active material of Example 1.
[0027] FIG. 5(b) is the transmission electron micrograph
of the negative electrode active material of Example 1.
[0028] FIG. 6 is the scanning electron micrograph of the
negative electrode active material obtained by pulverizing
and simultaneously mixing silicon, metallic copper and
water.

DESCRIPTION OF EMBODIMENTS

Negative Electrode Active Material

[0029] The negative electrode active material for a lithium
ion secondary battery of the invention is obtained by pul-
verizing silicon and copper (II) oxide, or silicon, metallic
copper and water, as raw materials in a known pulverizing
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device, and simultaneously mixing the pulverized raw mate-
rials. The timing of charging the raw materials depends on
the size of the raw materials used, and the raw materials may
not be necessarily charged simultaneously. However, in
view of the surface oxidation reaction of silicon described
later, it is necessary to ensure a period of time where silicon
and copper (II) oxide, or silicon and metallic copper are
simultaneously pulverized and mixed, and the raw materials
are preferably charged simultaneously.

[0030] In an X-ray diffractometry (XRD) pattern of a
specimen of silicon and copper (II) oxide before pulverizing
and mixing, a peak corresponding to copper (II) oxide is
observed, but in an XRD pattern of the negative electrode
active materials obtained in Examples, a peak corresponding
to copper (II) oxide is not observed. It is considered that this
is because copper (1) oxide is reduced with silicon and loses
the whole or a part of oxygen in the pulverizing and mixing
treatment in the pulverization device. In the XRD patterns of
the negative electrode active materials obtained in
Examples, a peak is observed around 20 of 44.8°, which
shows the presence of Cu,Si. The half value width of the
peak corresponding to silicon is increased through the
pulverization treatment, from which it is understood that fine
crystallization of silicon occurs.

[0031] Inthe case where silicon, metallic copper and water
are pulverized and mixed, the increase of the half value
width of the peak corresponding to silicon is observed, and
thus it is apparent that fine crystallization of silicon occurs
in this case.

[0032] FIG. 1 shows the spectra of the 2p peak of silicon
obtained by the X-ray photoelectron spectroscopy (XPS) for
the negative electrode active materials obtained in Examples
2 and 5 described later. In the Si 2p spectrum, peaks
corresponding to plural kinds of oxides with different oxi-
dation states are observed in addition to a peak correspond-
ing to silicon in a metallic state (Si(0)), from which it is
understood that oxides of silicon including lower oxides,
i.e., SiO, (wherein 0<x<2), are present therein. Accordingly,
it is considered that when silicon and copper (II) oxide are
pulverized and mixed, silicon functions as a reducing agent
and removes the whole or a part from oxygen of copper (1I)
oxide, and the silicon itself is oxidized. In FIG. 1, the
measurement is performed at a photoelectron takeoff angle
of 45° after performing sputter etching of the specimen
surface under the condition that the silicon substrate is
etched to a depth of 100 nm. The similar Si 2p spectrum is
also obtained in the case where silicon, metallic copper and
water are charged and subjected to pulverization and mixing,
and it may be understood in this case that silicon and water
are reacted.

[0033] The mechanism of the improvement in cycle char-
acteristics of the electrode active material obtained by the
pulverization and mixing treatment in the invention is cur-
rently unclear, but for example, the following mechanism
may be estimated from the measurement results.

[0034] The composite material of the negative electrode
active material obtained by practicing the invention contains
a copper-silicon compound, such as Cu;Si, formed as a
result of reaction of silicon and copper in the raw materials
through the pulverization treatment, in addition to the silicon
that is finely crystallized through the pulverization treat-
ment. In addition, furthermore, a silicon oxide formed as a
result of reaction of oxygen of copper oxide or water with
silicon is also present in a certain amount or more. It is

Jun. 29, 2017

understood from Comparative Example 2 described later
that a negative electrode active material that is obtained by
pulverizing silicon and metallic copper as the ordinary
technique contains a copper-silicon compound, such as
Cu;Si, formed as a result of reaction of silicon and copper
in the raw materials through the pulverization treatment, in
addition to the silicon that is finely crystallized. It is under-
stood therefrom that copper element and oxygen element are
contained in certain amounts or more in addition to silicon
having been finely crystallized, thereby relaxing the stress
due to volume expansion and contraction of silicon caused
by absorption and release of lithium ion, but the detailed
mechanism thereof is currently unclear. The amount of
Cu,Si contained in the negative electrode active material for
a lithium secondary battery obtained in the invention is
preferably from 0.05 to 1.5, in term of the peak intensity
ratio (Cu;Si/Si) calculated from the X-ray diffractometry
(XRD) measurement described later. The case where the
peak intensity ratio is less than 0.05 is not preferred since the
cycle characteristics may not be sufficiently improved in
some cases. The case where the peak intensity ratio exceeds
1.5 is not preferred since the proportion of crystalline Si is
less in the negative electrode active material, so that the
initial discharge capacity may not sufficiently obtained in
some cases. It is considered that the composite material of
the electrode active material of the invention contains a
slight amount of fine particles of copper (II) oxide that has
not been reduced through the treatment, but the presence
thereof may not cause any particular problem.

[0035] When silicon crystals are made fine, the absolute
value of volume fluctuation of the silicon fine crystals is
decreased, and from the standpoint of preventing the dete-
rioration in battery characteristics due to the volume fluc-
tuation of the silicon fine crystals caused by absorption and
release of lithium ion, it is considered that the silicon fine
crystals are preferably made further fine.

[0036] The average particle diameter of the silicon fine
crystals contained in the negative electrode active material
for a lithium secondary battery obtained in the invention is
preferably 50 nm or less, and more preferably 30 nm or less,
and more preferably 20 nm or less, in terms of an average
crystallite diameter (D,) measured by an X-ray diffractom-
etry (XRD) described later. The case where the crystallite
diameter exceeds 50 nm is not preferred since the cycle
characteristics may not be sufficiently improved in some
cases. The lower limit of D, may not be particularly deter-
mined and may be practically 1 nm or more since it is
difficult to decrease to less than 1 nm by the pulverization
treatment.

[0037] The negative electrode active material for a lithium
ion battery of the invention contains silicon, copper and
oxygen as major constitutional elements, and the elemental
ratios Cu/(Si+Cu+0) and O/(Si+Cu+O) where the elemental
ratios are shown by molar ratios each are preferably from
0.02 to 0.30. The elemental ratios are more preferably from
0.04 to 0.20, and further preferably from 0.05 to 0.12. The
case where the elemental ratios are less than 0.02 is not
preferred since the cycle characteristics may not be suffi-
ciently improved in some cases, and the case where the
elemental ratios exceed 0.30 is not preferred since the
battery capacity per unit mass of the active material may be
small in some cases. From the standpoint of enhancing the
cycle characteristics and the capacity per unit mass of the
active material simultaneously, the elemental ratios each are
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preferably from 0.04 to 0.20, and further preferably from
0.05 to 0.12. These values may be controlled by changing
the mixing ratios of the raw materials.

[0038] Even it the case where the negative electrode active
material of the invention, which is obtained by pulverizing
simultaneously silicon and copper (II) oxide, or silicon,
copper and water with a pulverization device, such as a ball
mill and a bead mill, contains substances containing other
constitutional elements than silicon, copper and oxygen, the
advantageous effects of the invention may be exhibited
when the mixed amounts thereof are certain values or less.
The negative electrode active material for a lithium ion
secondary battery containing silicon, copper and oxygen as
major constitutional elements means that the total content of
silicon, copper and oxygen in the negative electrode active
material is 70% by mass or more, and the total content is
preferably 80% by mass or more, and more preferably 90%
by mass or more.

Starting Materials

Silicon

[0039] Silicon as a starting material used for producing the
negative electrode substance for a lithium ion secondary
battery of the invention is not particularly limited in the form
thereof, as far as the material is formed of silicon. Examples
thereof used include pure silicon, such as a commercially
available silicon substrate (including a single crystal sub-
strate and a polycrystalline substrate), polycrystalline silicon
for raw material and amorphous silicon, and also include
silicon alloys. The method for producing a negative elec-
trode active material of the invention contains a pulveriza-
tion step with a pulverization device, and thus the size of
silicon as the starting material is not particularly limited and
is preferably 1 mm or less from the standpoint of workabil-

1ty.

Copper (II) Oxide

[0040] Silicon and copper (II) oxide are pulverized and
simultaneously mixed in the pulverization device, thereby
providing the negative electrode active material of the
invention. While the reason why the cycle characteristics
and the battery capacity are enhanced by the pulverization
treatment is currently unclear, it is considered that this is
because through the pulverization treatment, silicon as the
raw material is made fine, and a reaction product is formed
as a result of partial reaction of oxygen in copper oxide with
silicon as the raw material and is present in the negative
electrode active material. Any material may be used as
copper (II) oxide used as the starting material, for example,
commercially available copper (II) oxide powder.

Metallic Copper and Water

[0041] Silicon, metallic copper and water are pulverized
and simultaneously mixed in the pulverization device,
thereby providing the negative electrode active material of
the invention. While the reason why the cycle characteristics
and the battery capacity are enhanced by the pulverization
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treatment is currently unclear, it is considered that this is
because through the pulverization treatment, silicon as the
raw material is made fine, and a reaction product is formed
as a result of partial reaction of oxygen in water with silicon
as the raw material in the presence of copper and is present
in the negative electrode active material. Metallic copper
used as the starting material may be commercially available
metallic copper powder or the like. In the case where silicon,
metallic copper and water are used as raw materials, it may
be considered that the surface of metallic copper may be
reacted with water through the pulverization to form par-
tially copper hydroxide and copper oxide, and metallic
copper herein includes these substances.

[0042] The purity of water is not particularly limited, and
high purity water, such as ion exchanged water, reverse
osmosis water and distilled water, is preferably used from
the standpoint of decrease of impurities. When the amount
of water that is charged to the pulverization device is
excessive, the elemental ratio O/(Si+Cu+O) of the resulting
negative electrode active material obtained through the
pulverization treatment may be too large in some cases.
Specifically, the mass ratio of water with respect to silicon
(H,O/8i) is preferably 0.5 or less, and more preferably 0.2
or less.

Pulverization Device

[0043] In the method for producing a negative electrode
active material for a lithium ion secondary battery of the
invention, a pulverization device is used for pulverizing and
simultaneously mixing silicon and copper (TT) oxide, or
silicon, copper and water. Any of ordinary pulverization
devices, such as a vibration mill and a ball mill, may be used
as the pulverization device. In the case where the raw
materials used have sizes that are largely different from each
other, such a method may be used that the raw material
having a large size is firstly pulverized, and then the balance
of the raw materials are charged, and pulverized and simul-
taneously mixed. The pulverization medium is also not
particularly limited, and zirconia balls or the like may be
used. Silicon and copper (T]) oxide, or silicon, copper and
water as the starting materials are weighed and charged in
the pulverization device, and the starting materials are
pulverized under agitation, thereby providing the negative
electrode active material of the invention. The starting
materials may be pulverized with an agitation solvent
charged in the pulverization device along with the pulveri-
zation medium. The agitation solvent used may be a non-
polar organic solvent. The vessel of the pulverization device,
in which silicon and copper (II) oxide, or silicon, copper and
water are charged, may have a structure capable of being
sealed, for enhancing the controllability of the elemental
ratio (O/(Si+Cu+0)) of the resulting negative electrode
active material.

[0044] In the pulverization treatment, the suitable ranges
of the conditions for the pulverization treatment including
the rotation number, the vibration number and the treating
time, vary depending on the conditions including the
charged amount of the raw material, the specification of the
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device and the pulverization medium, and thus may be
determined appropriately. In the case where the pulveriza-
tion treatment is performed with the pulverization medium,
the pulverization medium may be removed with a sieve or
the like after completing the pulverization, thereby provid-
ing the negative electrode active material of the invention.

Negative Electrode for Lithium Ion Secondary Battery

[0045] A negative electrode for a lithium ion secondary
battery may be produced by using the negative electrode
active material of the invention according to a known
method. For example, a suitable binder is mixed with the
negative electrode active material, with which suitable con-
ductive powder is mixed for enhancing the conductivity
depending on necessity. A solvent capable of dissolving the
binder is added to the resulting mixture, and the mixture is
sufficiently agitated depending on necessity with a known
agitator to forma slurry. The slurry containing the negative
electrode active material is coated on an electrode substrate
(collector), such as a rolled copper foil, with a doctor blade
or the like, followed by drying, and then densified by rolling
or the like depending on necessity, thereby producing a
negative electrode for a non-aqueous electrolyte secondary
battery.

Lithium Ion Secondary Battery

[0046] A lithium ion secondary battery may be fabricated
by using the negative electrode thus produced above, and
other non-aqueous electrolyte secondary batteries may also
be produced. A lithium ion secondary battery contains as a
basic structure a negative electrode, a positive electrode, a
separator and a non-aqueous electrolyte, and the lithium ion
secondary battery may be fabricated by using the negative
electrode thus produced according to the aforementioned
manner, a known positive electrode, a known separator and
a known electrolyte.

Production Method of Battery for Evaluation

[0047] The performance evaluation of the negative elec-
trode active material for a lithium ion secondary battery
obtained in the invention was performed in the following
manner.

[0048] 0.29 part by mass of artificial graphite (average
particle diameter. D50: 4 um) was added to 1.0 part by mass
of the resulting powder (negative electrode active material)
to form a mixture. 3.12 parts by mass of a polyimide resin
(U-Varnish A, a trade name, produced by Ube Industries,
Ltd.: solid content: 18% by mass) and 0.86 part by mass of
N-methylpyrrolidone were added thereto, followed by agi-
tating, to provide a slurry. The slurry was coated on a copper
foil (negative electrode collector) having a thickness of 10
um with a doctor blade of 50 pm, dried in a nitrogen
atmosphere at 70° C. for 20 minutes, and then baked in
vacuum at 650° C. for 3 hours. After baking, the assembly
was pressurized at 19.6 MPa (200 kgf/cm®) and punched
into 1.5 cm?, thereby providing a negative electrode molded
article.
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[0049] A battery for evaluation was produced in the fol-
lowing manner. LiCoO, was used as an active material of a
positive electrode, and a single layer sheet using an alumi-
num foil (produced by Hohsen Corporation) was used as a
positive electrode collector. A non-aqueous electrolyte solu-
tion obtained by dissolving lithium hexafluorophosphate in
a mixed solution of ethylene carbonate, diethyl carbonate
and dimethyl carbonate (60/25/15 by volume) to a concen-
tration of 1 mol/lL was used as the non-aqueous electrolyte
solution, with which a coin type lithium ion secondary
battery was produced by using a polyethylene fine porous
film having a thickness of 50 um as a separator. The battery
for evaluation thus obtained was used for evaluating the
initial charge and discharge efficiency and the cycle char-
acteristics of the negative electrode molded article.

Evaluation Method for Battery Capacity and Cycle
Characteristics

[0050] The lithium ion secondary battery for evaluation
thus produced was allowed to stand at room temperature for
3 hours and then charged by using a charge and discharge
equipment (produced by Hokuto Denko Corporation) in
such a manner that the battery was charged at a constant
current of 0.3 mA until the voltage of the test cell reached
0.02 V, and after reaching 0.02 V, the battery was charged
with a current that was decreased to maintain a constant cell
voltage of 0.02 V. The charge was completed at the time
when the current became less than 10 pA. The discharge was
performed at a constant current of 0.3 mA, the discharge was
completed at the time when the cell voltage became more
than 3.8 V, and then the discharge capacity was obtained.
[0051] The lithium ion secondary battery for evaluation
was subjected to a 50-cycle charge and discharge test by
repeating the aforementioned charge and discharge test 50
times. The evaluation results of Examples and Comparative
Examples shown later are shown in Table 1. In Table 1, the
discharge capacity after one cycle is designated as the initial
discharge capacity, and the ratio of the discharge capacity
after 50 cycles with respect to the initial discharge capacity
is designated as the capacity maintenance ratio after 50
cycles (%) The charge and discharge capacity herein means
the capacity per unit mass of the negative electrode active
material. In Example 1 and Comparative Example 1, the
charge and discharge test of 100 cycles was also performed,
and the results thereof are shown in Table 1.

Measurement Method of Elemental Ratio of Negative
Electrode Active Material

[0052] The elemental ratio of the resulting negative elec-
trode active material was measured in the following manner
by using a scanning electron microscope (Hitachi SU-8000)
and an energy dispersive X-ray microanalysis system for
electron microscope (NORAD System 7, NSS312E, pro-
duced by Thermo Fisher Scientific, Inc.).

[0053] The specimen was measured at 10 points respec-
tively for the elemental ratio of Si, Cu and O in a measure-
ment field of 200 umx200 um at an acceleration voltage of
10 kV, and the elemental ratios (Si/(Si+Cu+0O), (O/(Si+Cu+
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0) and Cu/(Si+Cu+0)) were calculated from the average
value of the 10 measured values.

[0054] The local elemental ratio was measured in the
following manner.

[0055] A specimen having a thickness of 100 nm was
formed for the resulting negative electrode active material
by using a focused ion beam apparatus (FIB apparatus). The
specimen was measured for the local elemental ratio by
using STEM-EDX (Model HD-2700, produced by Hitachi,
Ltd.) under measurement conditions of an acceleration volt-
age of 200 kV.

X-Ray Diffractometry Evaluation Method of Negative
Electrode Active Material

[0056] The resulting negative electrode active material
was measured with an X-ray diffractometry apparatus
(MINT-2000, produced by Rigaku Corporation) under con-
ditions of a Cu radiation source (40 kV/20 mA) for evalu-
ating X-ray diffractometry (XRD), thereby providing an
X-ray diffraction pattern.

[0057] In the case where the average crystallite diameter
(D,) of Si is calculated from the measurement results of
XRD, the crystallite diameter (D,) is calculated by substi-
tuting the half value width  of the (111) plane of the Si
phase obtained from the X-ray diffraction pattern into the
Scherrer equation, D=(K-A)/(-cos 0). In the Scherrer equa-
tion, D represents the crystallite diameter (nm), [} represents
the wavelength of the X-ray used for measurement (nm), 3
represents the diffraction width due to the crystallite (half
value width, radian), 6 represents the Bragg angle of the
diffraction angle, and K represents the Scherrer constant,
and in the equation, the wavelength A of the X-ray used for
measurement was 0.154 nm, and the Scherrer constant K
was 0.9.

[0058] From the measurement results of XRD, the peak
intensity ratio (Cu;Si/Si) is calculated in the following
manner, wherein numerator is the peak height corresponding
to Cu;Si and denominator is the peak height corresponding
to Si. First, the peak separation is conducted in order to
separate the diffraction peak corresponding to Cu,Si, 20 of
which peak center is in the vicinity of 44.8°, and the
diffraction peak corresponding to Si, 26 of which peak
center is in the vicinity of 47.4°. Then, the peak intensity
ratio (Cu;Si/Si) is calculated from the height of the peak
corresponding to Cu;Si obtained by the peak separation, 20
of which peak center is in the vicinity of 44.8° and the
height of the peak corresponding to Si, 20 of which peak
center is in the vicinity of 28.4°,

X-Ray Photoelectron Spectroscopy Evaluation Method of
Negative Electrode Active Material

[0059] Inthe X-ray photoelectron spectroscopy evaluation
of the negative electrode active material, the measurement
was performed with an AlKa line having been made mono-
chromatic with a monochromater as the X-ray radiation
source under conditions of a measurement field of 0.62 mm
in diameter and a photoelectron takeoff angle of 45°. Before
the measurement, the surface of the specimen was subjected
to Ar sputter etching under conditions where the silicon
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substrate was etched to a depth of 100 nm. In Si2p spectra,
in addition to the peak corresponding to the metallic state of
silicon (Si (0)), a plurality of peaks shifted to the high
binding energy side than the peak of Si (0) was observed.
These peaks shifted to the high binding energy side are
considered to be the peaks corresponding to the plural
oxides having different oxidation states (oxides of silicon
comprising a lower oxide, that SiOx (although 0<x<2)).
After the peak separation of the peaks corresponding to Si
(0) and SiOx, the peak area ratios, (SiOx/Si (0), is calcu-
lated, wherein SiOx is the sum of the areas of the peaks
corresponding to SiOx, and Si (0) is the area of the peak
corresponding to Si (0).

EXAMPLE

Example 1

[0060] 1.56 g of Si particles having an average particle
diameter of 5 um (produced by Kojundo Chemical Lab. Co.,
Ltd., purity: 99.9%), 0.44 g of CuO powder (produced by
Rare Metallic Co., Ltd., purity: 99.9% by mass, average
particle diameter of 1 um) and 7 pieces of zirconia balls
having a diameter of 15 mm were placed in a pulverizing pot
(formed of stainless steel, capacity: 45 cm®), which was then
sealed. The pulverizing pot was mounted on a planetary ball
mill (Pulverisette-7, produced by Fritsch GmbH), and the
pulverization treatment was performed under conditions of
a rotation speed of 600 rpm for 3 hours. The zirconia balls
were separated from the content of the pulverizing pot to
provide a negative electrode active material. The elemental
ratio, the half value width of the Si (111) peak in XRD, the
crystallite diameter, and the peak intensity ratio (Cu,;Si/Si)
of' the resulting negative electrode active material are shown
in Table 1, and the scanning electron micrograph thereof is
shown in FIG. 2. In the XRD patterns of the negative
electrode active materials obtained in Examples 1 to 13
(FIG. 3), a peak was observed around 26 of 44.8°, which
showed the presence of Cu,Si.

[0061] FIG. 4 shows the dark field image of a scanning
transmission electron micrograph (STEM) of the negative
electrode active material. The three regions (shown with an
arrow) seen whitish in the STEM dark field image were
measured for elemental ratio with STEM-EDX, and as a
result, the Cu/Si molar ratio was from 2.73 to 3.27, which
confirmed the formation of Cu,Si.

[0062] FIGS. 5(a) and 5(b) show the STEM images of the
negative electrode active material obtained in Example 1.
FIG. 5(a) shows the bright field STEM image, and FIG. 5(54)
shows the dark field STEM image. The dark field STEM
image shows that Cu,Si is not formed in the lower half of the
micrograph. Si in metallic state shows good crystallinity, but
an amorphous region with crystal lattice turbulence are
present therearound, and it is considered that the region is an
amorphous Si oxide. In the bright field STEM image, it is
considered that crystalline Si is present in the lower right
region, and the amorphous Si oxide is present in the lower
left region.
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[0063] A battery for evaluation was produced by using the
resulting negative electrode active material according to the
aforementioned manner, and the negative electrode active
material was evaluated for performance. The results of the
charge and discharge test are shown in Table 1. The results
of Examples 2 to 13 and Comparative Examples 1 and 2 are
also shown in Table 1.
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Example 3

[0067] A negative electrode active material and a battery
using the same were produced and evaluated in the same
manner as in Example 1 except that in the production of the
negative electrode active material, the amount of Si particles
was changed from 1.56 g to 1.824 g, and the amount of the
CuO powder was changed from 0.44 g to 0.176 g.

TABLE 1
Main- Peak
Elemental Discharge capacity tenance in-
Amount of raw material ratio of Elemental ratio of active mAh/g ratio Half tensity
of negative electrode active material material (% by mol) After After 50 value Dx ratio
active material (g) (% by mass SY(Si+ O/(Si+ Cw(Si+ 50 100 cycles  width (Si) CusSi/
Si CuO Cu H,O Si (@) Cu Cu+0) Cu+O) Cu+ O) Initial cycles cycles (%) ®) nm Si
Example 1 156 04 O 0 78.2 43 175 837 8.1 8.3 1296 1324 1165 102.2% 0.68 12.0 0.345
Example 2 1.077 0923 0 0 51.6 9.1 393 60.7 18.8 20.4 939 714 — 76.0% 0.68 12.0 1.356
Example 3 1.824 0.176 0O 0 90.7 1.8 75 933 33 3.4 494 431 — 87.2% 0.76 10.8 0.094
Example 4 1.75 025 0 0 87.7 2.4 9.9 911 4.4 4.6 956 635 — 66.4% 0.76 10.8 0.161
Example 5 1.65 035 0 0 81.3 3.7 150 86.1 6.9 7.0 1312 1189 —  90.6% 0.72 114 0.228
Example 6 1.477 0.523 0 0 723 55 222 788 10.5 10.7 1068 841 — 78.7% 0.76 10.8 0.434
Example 7 1.71 0 0.29 0.054 828 24 148 885 4.5 7.0 956 562 — 58.8% 0.72 114 0.278
Example 6 1.71 0 0.29 0.082 823 3.8 139 86.6 7.0 6.5 1312 997 — 76.0% 0.68 12.0 0.190
Example 9 1.71 0 029 0.11 8l.6 47 137 851 8.6 6.3 1324 1162 — 87.8% 0.68 12.0 0.218
Example 10 1.71 0 0.29 0.371 719 149 132 692 25.2 5.6 1068 875 — 81.9% 0.60 13.7 0.192
Example 11 1.71 0 0.129 0.082 88.9 4.0 7.1 89.7 7.1 3.2 971 756 — 77.9% 0.68 12.0 0.079
Example 12 1.71 0 1.16 0.082 56.3 2.6 411 71.2 5.8 23.0 652 495 — 759% 0.64 12.8 1.093
Example 13 156 04 O 0 78.2 43 175 837 8.1 8.3 1073 810 — 75.6% 0.44 18.6 0.057
Comparative 2 0 0 0 99.8 0.2 0.0 99.6 0.4 0.0 1756 362 132 20.6% 0.68 12.0 —
Example 1
Comparative 1.628 0 0372 0 79.6 03 201 89.4 0.6 10.0 404 228 — 564% 0.80 10.2 0.370
Example 2
Example 2 Examples 4 to 6
[0064] A negative electrode active material and a battery [0068] A negative electrode active material and a battery

using the same were produced and evaluated in the same
manner as in Example 1 except that in the production of the
negative electrode active material, the amount of Si particles
was changed from 1.56 g to 1.077 g, and the amount of the
Cud powder was changed from 0.44 g to 0.932 g.

[0065] The resulting negative electrode active material
was analyzed by XPS. The resulting Si 2p peak is shown in
FIG. 1. The Si 2p peak was able to be separated into five
peaks corresponding to the oxidation numbers of from 0 to
4. This means that the resulting negative electrode active
material contains Si oxides having different oxidation num-
bers present therein. The peak area ratio (SiOx/Si (0)) was
0.57. The peak area ratio (SiOx/Si (0)) of the negative
electrode active material obtained in Examples 1 to 13
ranged from 0.06 to 0.72.

[0066] In the case where the mixtures of Si particles and
Cud powder before pulverization in Examples 1 to 6 were
measured by XRD, the peaks of CuO were found around 26
of 35.4° and 38.4°, but the peaks were not found after
pulverization. Furthermore, no peak derived from Si oxide
was found in the XRD measurement results of the negative
electrode active materials obtained in Examples 1 to 6. It is
considered therefrom that oxygen atoms are present in the
form of an amorphous Si oxide in the negative electrode
active material of the invention.

using the same were produced and evaluated in the same
manner as in Example 1 except that in the production of the
negative electrode active material, the amount of Si particles
was changed from 1.56 g to the amounts shown in Table 1,
and the amount of the CuO powder was changed from 0.44
g to the amounts shown in Table 1. The negative electrode
active material obtained in Example 5 was analyzed by XPS.
The peak area ratio SiOx/Si (0)) obtained from the results of
XPS was 0.19.

Example 7

[0069] A negative electrode active material and a battery
using the same were produced and evaluated in the same
manner as in Example 1 except that in the production of the
negative electrode active material, 1.56 g of the Si particles
and 0.44 g of the CuO powder as the starting materials were
changed to 1.71 g of Si particles having an average particle
diameter of 5 um (produced by Kojundo Chemical Lab. Co.,
Ltd., purity: 99.9%), 0.29 g of Cu powder (produced by
Sigma-Aldrich Co., LLC., purity: 99.7% by mass, average
particle diameter: 3 um) and 0.054 g of water.

Examples 8 to 12

[0070] A negative electrode active material and a battery
using the same were produced and evaluated in the same
manner as in Example 7 except that in the production of the



US 2017/0187034 Al

negative electrode active material, the amount of Cu powder
was changed from 1.71 g to the amounts shown in Table 1,
and the amount of water was changed from 0.054 g to the
amounts shown in Table 1. The scanning electron micro-
graph of the negative electrode active material obtained in
Example 8 is shown in FIG. 6.

Examples 13

[0071] A negative electrode active material and a battery
using the same were produced and evaluated in the same
manner as in Example 1 except that in the production of the
negative electrode active material, the pulverization time
was changed from 3 hours to 1 hour.

Comparative Example 1

[0072] A negative electrode active material and a battery
using the same were produced and evaluated in the same
manner as in Example 1 except that in the production of the
negative electrode active material, the amount of Si particles
was changed from 1.56 g to 2 g, and the CuO powder was
not used.

Comparative Example 2

[0073] A negative electrode active material and a battery
using the same were produced and evaluated in the same
manner as in Example 1 except that in the production of the
negative electrode active material, the amount of Si particles
was changed from 1.56 g to 1.628 g, and 0.372 g of metallic
copper powder (produced by Sigma-Aldrich Co., LLC.,
purity: 99.7% by mass, average particle diameter: 3 um) was
used instead of 0.44 g of the CuO powder.

[0074] The negative electrode active materials obtained in
Examples 5 and 8 were subjected to compositional analysis
in the following manner. The contents of Si and Cu were
measured in such a manner that a specimen was dissolved in
a mixed acid aqueous solution of hydrofiuoric acid and nitric
acid, and then the contents were measured by an ICP-OES
method (ICP optical emission spectrometry). In the mea-
surement of the Cu content, the specimen was dissolved in
a mixed acid aqueous solution of hydrofiuoric acid and nitric
acid, and then such an operation was performed that sulfuric
acid was then added thereto, and then the mixture was dried
by heating to remove Si in the form of SiO, by volatilization.
The O (oxygen) content was measured by using ONH 836,
produced by LECO Corporation. All the negative electrode
active materials had a total content (mass) of Si, Cu and O
of 98.5% by mass based on the mass of the specimen.
[0075] The negative electrode active material of Example
5 was evaluated for the cycle characteristics under the
conditions where the cell voltage at the time when the
discharge was completed, which was the condition for the
evaluation method of the battery capacity and the cycle
characteristics, was changed from 3.8 V to 1.6 V for
reducing the charge and discharge load (i.e., the conditions
where the charge depth was changed from 100% to 60%). As
a result, both the capacity maintenance ratios after 50 cycles
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and after 100 cycles were 99.5% or more, which showed
considerably excellent cycle characteristics.

[0076] The lithium secondary batteries using the negative
electrode active materials obtained by the production
method of the invention had a capacity maintenance ratio
after 50 cycles of from 58.5% to 102.2%, which showed
excellent performance.

1-10. (canceled)

11. A method for producing a negative electrode active
material for a lithium ion secondary battery, comprising a
step of charging silicon and copper (II) oxide in a pulveri-
zation device, pulverizing silicon and copper (II) oxide, and
simultaneously mixing silicon and copper (II) oxide thus
pulverized.

12. A method for producing a negative electrode active
material for a lithium ion secondary battery containing fine
particles of silicon having an average crystallite diameter
(D,) measured by an X-ray diffractometry of 50 nm or less,
and having elemental ratios, expressed by molar ratios,
Cu/(Si+Cu+0) and O/(Si+Cu+0O) of from 0.02 to 0.30,
comprising a step of charging silicon and copper (II) oxide
in a pulverization device, pulverizing silicon and copper (II)
oxide, and simultaneously mixing silicon and copper (II)
oxide thus pulverized.

13. A method for producing a negative electrode active
material for a lithium ion secondary battery, comprising a
step of charging silicon, metallic copper and water in a
pulverization device, pulverizing silicon and metallic cop-
per, and simultaneously mixing silicon and metallic copper
thus pulverized.

14. A method for producing a negative electrode active
material for a lithium ion secondary battery containing fine
particles of silicon having an average crystallite diameter
(D,) measured by an X-ray diffractometry of 50 nm or less,
and having elemental ratios, expressed by molar ratios,
Cu/(Si+Cu+0) and O/(Si+Cu+0O) of from 0.02 to 0.30,
comprising a step of charging silicon, metallic copper and
water in a pulverization device, pulverizing silicon and
metallic copper, and simultaneously mixing silicon and
metallic copper thus pulverized.

15. A negative electrode active material for a lithium ion
secondary battery, produced by the method for producing a
negative electrode active material for a lithium ion second-
ary battery according to claim 11.

16-17. (canceled)

18. A negative electrode active material for a lithium ion
secondary battery, produced by the method for producing a
negative electrode active material for a lithium ion second-
ary battery according to claim 12.

19. A negative electrode active material for a lithium ion
secondary battery, produced by the method for producing a
negative electrode active material for a lithium ion second-
ary battery according to claim 13.

20. A negative electrode active material for a lithium ion
secondary battery, produced by the method for producing a
negative electrode active material for a lithium ion second-
ary battery according to claim 14.
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