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(57) ABSTRACT

A method for producing a silicon oxide including the steps of
supplying silicon atoms onto a substrate through an oxygen
atmosphere to form a silicon oxide layer on the substrate, and
separating the silicon oxide layer from the substrate and pul-
verizing the separated silicon oxide layer to obtain silicon

oxide containing silicon and oxygen 1n predetermined pro-
portions, and a negative electrode active material obtained by
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METHOD OF PRODUCING SILICON OXIDE,
NEGATIVE ELECTRODE ACTIVE
MATERIAL FOR LITHIUM 10N SECONDARY
BATTERY AND LITHIUM ION SECONDARY
BATTERY USING THE SAME

FIELD OF THE INVENTION

[0001] The present invention relates mainly to a lithium 10on
secondary battery and, more particularly, to a negative elec-
trode active material for a lithtum 1on secondary battery and a
method of producing the material.

BACKGROUND OF THE INVENTION

[0002] Attention has been given to lithium 1on secondary
batteries as a power source for driving electronic equipment.
For example, graphite materials have an average potential of
about 0.2 V (vs. Li/IL.1") during desorption of lithium and,
therefore, high-voltage lithium 10n secondary batteries can be
obtained by using graphite materials as a negative electrode
active material. Further, graphite materials have a compara-
tively tlat potential characteristic with respect to time during,
desorption of lithium. For these reasons, a lithium 10n sec-
ondary battery containing a graphite material as a negative
clectrode active material 1s favorably used as a power source
for a device which needs to have a high voltage and a flat
voltage characteristic. Graphite materials, however, have a
small capacity per unit mass of 372 mAh/g, and a further
Increase in capacity cannot be expected.

[0003] Silicon (S1), tin (Sn), oxides of S1 and Sn and other
materials capable of forming an intermetallic compound with
lithium are considered promising as negative electrode mate-
rials which provide a higher capacity in comparison with
graphite materials. However, the crystal structure of each of
such materials 1s changed when the material absorbs lithium,
resulting 1n a change in volume of the material. For example,
in the case of S1, S1 and L1 form L1, ,S1 when the amount of
lithium absorbed 1n S11s maximized. The rate of increase 1n
volume of S1 with the change from Sito L1, ,S115 4.12 times.
In the case of absorption of lithium 1n graphite, on the other
hand, the rate of increase in volume of graphite 1s 1.2 times
even when the amount of absorption of lithium 1n graphite 1s
maximized.

[0004] A large change in volume of an active material in the
form of particles causes cracking of the active, material par-
ticles, imperfect contact between the active material and a
current collector, etc., resulting 1n a reduction 1n charge/
discharge cycle life. Particularly when cracking of active
material particles occurs, the surface area of the active mate-
rial particles increases and the reaction between the active
material particles and a non-aqueous electrolyte 1s acceler-
ated. As a result, a film derived from a component of the
clectrolyte 1s formed on the surface of the active material.
Such a film 1ncreases the resistance between the active mate-
rial and the electrolyte and 1s, therefore, considered as a major
cause of a reduction 1n the charge/discharge cycle life of the
battery.

[0005] o solve the above-described problem, a method of
preventing a negative electrode active maternal from cracking
by using S10_(0<x<2) having an expansion coefficient dur-

ing charge lower than that of silicon has been proposed (see
Japanese Patent Laid-Open No. 6-325763).

[0006] A method of producing a silicon oxide having a low
expansion coelficient has also been proposed (see Japanese
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Patent Laid-Open No. 2002-2606351). According to Japanese
Patent Laid-Open No. 2002-260651, silicon and silicon diox-
ide for example are mixed with each other and heated to
generate S10 gas; the generated S10 gas and oxygen gas are
mixed with each other; and the oxygen ratio x m S10_ 1s
controlled to 1.05 to 1.5.

[0007] However, Japanese Patent Laid-Open No. 6-325765
includes no concrete description of an embodiment 1n which
the oxygen ratio x 1n S10 1s controlled so as to satisty 0<x<1.
The 1nventors of the present mvention have further tested
several methods described 1n the above publication as
examples of production methods to find that none of them
ensures that the oxygen ratio x 1n S10_ cannot be uniformly
controlled so as to satisty O0<x<1.

[0008] For example, Japanese Patent Laid-Open No.
6-325765 discloses a method 1n which silicon dioxide and
s1licon are mixed with each other at a predetermined molar
ratio and the mixture 1s heated 1n a nonoxidizing atmosphere
or a vacuum. For example, 11 S10, and S1 are mixed and
heated under reduced pressure, S10 gas 1s generated. S10 1s
produced by cooling S10 gas. When S10 1s exposed to the
atmosphere, the surface of S10 1s oxidized by oxygen gas 1n
the atmosphere and the molar ratio x of oxygen becomes
higher than 1. That 1s, S10 1s obtained and the obtained S10 1s
oxidized to increase the molar ratio x of oxygen. But the
molar ratio x of oxygen cannot be reduced to 1 or less.

[0009] Japanese Patent Laid-Open No. 6-3257635 also dis-
closes amethod 1n which S10, 1s reduced by being mixed with
carbon or a predetermined metal to control the oxygen ratio Xx.
However, 1t 1s difficult to reduce S10, so as to obtain the
desired uniformity in oxygen ratio x. Therefore, S10, cannot
be obtained with a constant distribution of the oxygen ratio x.
If the oxygen ratio x varies among different electrode plate
portions, the amount of absorption of L1 and the expansion
coellicient when L1 1s absorbed vary, resulting 1n nonunifor-
mity of the charge/discharge reaction in the electrode plate
and deformation of the electrode plate.

[0010] In such a case, carbon or a metal used as a reducing
agent remains as an impurity in its original form or in the form
of achemical compound such as S1Cor S1M, (M: metal) in the
clectrode plate. Such an impurity has lower reactivity with
lithium 1n comparison with S10_ and therefore reduces the
capacity of the negative electrode.

[0011] Japanese Patent Laid-Open No. 6-325765 further
discloses a method of oxidizing silicon by heating silicon
together with oxygen gas. By this method, however, S10_ 1s
generated inwardly from the silicon surface. Therefore, S10_
and an unoxidized S1 portion coexist in each particle and 1t 1s
not possible to form S10_ particles having a uniform oxygen
distribution.

[0012] FEach oflower silicon oxides obtained by production
methods such as those disclosed in Japanese Patent Laid-
Open No. 6-325765 and described above includes S1 and
s1licon oxides such as S10 and S10, other than the intended
lower silicon oxide, the contents of these S1 and silicon oxides
being higher than 1 wt %. Thus, none of the production
methods disclosed 1n Japanese Patent Laid-Open No.
6-3257635 makes 1t possible to produce a high-purity silicon
oxide.

[0013] Themethoddisclosed in Japanese Patent Laid-Open
No. 2002-2606351 enables production of S10, controlled so
that the oxygen ratio x 1s 1.05 to 1.5, but does not enable the
oxygen ratio X to be reduced to 1 or less. Also, the amount of
absorption of L1 1n S10, 1s small when the oxygen ratio x 1s
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1.05 to 1.5. For this reason, the capacity of a negative elec-
trode using the above-described silicon oxide as an active
material 1s smaller than that in the case of using S10.

[0014] Further, a negative electrode containing S10, 1n
which the oxygen ratio x 1s 1.05 to 1.5 has a large 1rreversible
capacity and consumes part of the capacity of a positive
clectrode. The battery capacity 1s considerably reduced
thereby.

[0015] For these reasons, the negative electrode described
in Japanese Patent Laid-Open No. 2002-260651 1s incapable
of utilizing the characteristics of high-capacity silicon and
obtaining the expected capacity.

BRIEF SUMMARY OF THE INVENTION

[0016] The present invention relates to a method for pro-
ducing a silicon oxide, including the steps of supplying sili-
con atoms onto a substrate through an oxygen atmosphere to
form a silicon oxide layer on the substrate, and separating the
silicon oxide layer from the substrate and pulverizing the
separated silicon oxide layer to obtain silicon oxide particles.

[0017] Preferably, inthe above-described silicon oxide pro-
duction method, the oxygen atmosphere contains oxygen gas,
and the oxygen gas 1s converted to plasma. Preferably, the
molar ratio of oxygen atoms to silicon atoms 1n the silicon
oxide particles 1s 0.2 to 0.9.

[0018] The present invention also relates to a method for
producing a negative electrode active material for a lithium
1on secondary battery, including the steps of supplying silicon
atoms onto a substrate through an oxygen atmosphere to form
a silicon oxide layer on the substrate, and separating the
silicon oxide layer from the substrate and pulverizing the
separated silicon oxide layer to obtain silicon oxide particles,
wherein the molar ratio x of oxygen atoms to silicon atoms in
the silicon oxide particles 1s 0.2 to 0.9.

[0019] The present invention also relates to a negative elec-
trode active material for a lithium 1on secondary battery,
including silicon oxide particles including a chemical com-
pound expressed by S10_ (0.2=x=0.9), wherein the content
of an impurity in the silicon oxide particles 1s 1 wt % or less.
The impurity comprises an element other than silicon and
oxygen, a chemical compound including the element, and a
s1licon oxide 1n which the oxygen ratio 1s not 0.2 to 0.9 (e.g.,
S10 and S10,), and a S1 simple substance.

[0020] Preferably, in the above-described negative elec-
trode active material for a lithium 10n secondary battery, the
average particle size of the silicon oxide particles 1s 0.5 to 20
L.

[0021] Preferably, the negative electrode active material for
a lithium 1on secondary battery further includes carbon
nanofibers and a catalyst element for promoting the growth of
the nanofibers, and the carbon nanofibers bond to surfaces of
the silicon 0x1de particles. Preferably, the catalyst element 1s

at least one element selected from the group consisting of Cu,
Fe, Co, N1, Mo and Mn.

[0022] The present invention further relates to a lithtum 1on
secondary battery having a positive electrode, anegative elec-
trode containing the above-described negative electrode
active material, a separator placed between the positive elec-
trode and the negative electrode, and an electrolyte.

[0023] While the novel features of the mvention are set
torth particularly 1in the appended claims, the invention, both
as to organization and content, will be better understood and
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appreciated, along with other objects and features thereof,
from the following detailed description taken 1n conjunction
with the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0024] FIG. 1 1s a diagram schematically showing an
example of a vapor deposition apparatus used for production
ol a negative electrode active material for a lithtum 1on sec-
ondary battery 1n accordance with the present invention;
[0025] FIG. 2 1s a diagram schematically showing an
example of a sputtering apparatus used for production of a
negative electrode active material for a lithtum 10n secondary
battery 1n accordance with the present invention;

[0026] FIG. 3 1s an X-ray diffraction chart when the nega-
tive electrode active material produced in Example 1 of the
present invention was analyzed by an X-ray diffraction
method; and

[0027] FIG. 4 15 a schematic longitudinal sectional view of
a coin-type cell made 1n Examples of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

[0028] The present invention proposes a production
method capable of forming silicon oxide particles uniform in
oxygen ratio and containing substantially no impurities by
controlling to an arbitrary value the oxygen ratio 1n a negative
clectrode active material formed of silicon and oxygen. In a
negative electrode active material for a lithium 10n secondary
battery produced by this production method, the molar ratio x
ol oxygen atoms to silicon atoms 1s set to, for example, 0.2 to
0.9 to optimize a balance between the expansion coelficient
and the capacity of the active matenal.

[0029] The silicon oxide production method of the present
invention includes a step (a) of supplying silicon atoms onto
a substrate through an oxygen atmosphere, for example, by
sputtering or vapor deposition method using only a silicon
target to form a silicon oxide layer on the substrate, and a step
(b) of separating the formed silicon oxide layer from the
substrate and pulverizing the separated silicon oxide layer to
obtain silicon oxide particles containing silicon and oxygen
in predetermined proportions.

[0030] The production method of the present invention can
be carried out, for example, by using a vapor deposition
apparatus such as shown in FIG. 1 or a sputtering apparatus
such as shown 1 FIG. 2.

[0031] The silicon oxide production method in the case of
using the vapor deposition apparatus will first be described.
[0032] The vapor deposition apparatus shown 1n FIG. 1 has
a substrate 12 and a silicon target 11 disposed 1n a vacuum
chamber (not shown). In the vapor deposition apparatus
shown 1n FIG. 1, the silicon target 11 1s heated by an electron
beam (EB) heater (not shown). An oxygen atmosphere exists
between the substrate 12 and the silicon target 11.

[0033] When the silicon target 11 i1s heated, silicon atoms
are evaporated and made to pass through the oxygen atmo-
sphere to be supplied onto the current collector together with
oxygen. A silicon oxide layer 1s gradually formed on the
substrate 12 in this way.

[0034] The oxygen atmosphere may be constituted only of
oxygen gas. The oxygen atmosphere may alternatively be
constituted of a mixture gas formed of oxygen gas and a gas
other than oxygen gas. Nitrogen gas, argon gas or the like for
example may be used as a gas other than oxygen gas. Air may
also be used as a gas constituting the oxygen atmosphere.
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[0035] In the vapor deposition apparatus shown 1n FIG. 1,
oxygen gas, for example, 1s released from an oxygen nozzle
13. Preferably, oxygen gas 1s supplied so that the oxygen
concentration 1n the region through which evaporated silicon
atoms pass 1s substantially constant. For example, the oxygen
nozzle 1s disposed between the target and the substrate and the
flow rate of oxygen gas released from the oxygen nozzle 1s
controlled to substantially constantly maintain the oxygen
concentration in the region through which evaporated silicon
atoms pass.

[0036] As shown in FIG. 1, a device 14 for converting
oxygen gas to plasma may be disposed in the vicinity of the
oxygen nozzle 13. It 1s possible to accelerate the reaction
between silicon and oxygen and increase the film forming
rate by converting oxygen gas to plasma by means of the
device 14 for converting oxygen gas to plasma. The produc-
tion etficiency can be improved in this way. The device for
converting oxygen gas to plasma 1s, for example, an electron
beam 1rradiation device.

[0037] In the production method of the present invention,
silicon and oxygen are mixed with each other on the atomic
level or 1n a cluster formed by a plurality of atoms clustering
together. Use of the production method of the present inven-
tion, therefore, ensures that a silicon oxide layer extremely
uniform 1n oxygen ratio, which cannot be obtained by the
conventional production method, can be formed.

[0038] Theformed silicon oxide layer is separated from the
substrate and pulverized. The pulverized silicon oxide can be
used as a negative electrode active matenal for a lithium 1on
secondary battery.

[0039] The silicon oxide after pulverization may be classi-
fied to obtain silicon oxide particles of a predetermined size.

[0040] Insome case, the amount of silicon atom vapor may
be reduced at a position at a longer distance to the substrate 12
({ilm forming surface), 1.€., at end portions of the substrate 12
shown 1n FIG. 1. That 1s, the oxygen ratio may vary between
a central portion and the ends of the substrate 12 even when
the oxygen concentration in the oxygen atmosphere 1s con-
stant. It 1s, therefore, preferable to take a portion uniform 1n
oxygen ratio out of the silicon oxide layer formed on the
substrate.

[0041] The production method of the present invention can
also be carried out by using a sputtering apparatus such as
shown 1n FIG. 2 instead of the vapor deposition apparatus
shown 1 FIG. 1. In FIG. 2, components 1dentical or corre-
sponding to those shown 1n FIG. 1 are indicated by the same
reference numerals.

[0042] Inthe sputtering apparatus shown in FIG. 2, forming
of a silicon oxide layer on a substrate 12 1s also performed 1n
a vacuum chamber (not shown), as 1s that in the vapor depo-
sition apparatus shown 1 FIG. 1. An oxygen atmosphere
exists between a target 15 and the substrate 12.

[0043] In the sputtering apparatus shown 1n FIG. 2, a sput-
tering gas such as argon gas 1s ntroduced into the vacuum
chamber from sputtering gas supply piping (not shown) pro-
vided at a predetermined position. The sputtering gas 1s con-
verted to plasma by an alternating current power supply 16,
and the silicon target 135 1s evaporated by the sputtering gas
converted to plasma.

[0044] The evaporated silicon atoms pass through the oxy-
gen atmosphere and are deposited on the substrate together
with oxygen. Silicon and oxygen are mixed with each other
on the atomic level or in a cluster, as are those in the vapor
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deposition apparatus shown in FIG. 1. As a result, a uniform
silicon oxide layer 1s formed on the substrate.

[0045] Inthe sputtering apparatus of FIG. 2, when the sput-
tering gas 1s converted to plasma by the alternating current
power supply 16, oxygen gas contained in the oxygen atmo-
sphere 1s also converted to plasma. In use of the sputtering
apparatus, therefore, there 1s no need to provide any special
device for converting oxygen gas to plasma.

[0046] Adter the completion of the formation of the silicon
oxide on the substrate, the formed silicon oxide 1s separated
from the substrate and pulverized to obtain a negative elec-
trode active material, as described above. Also in this case, the
s1licon oxide after pulverization may be classified.

[0047] As amaterial constituting the substrate, a hard metal
of a high melting point, e¢.g., 1ron or stainless steel may be
used. Stainless steel 1s more preferable. Use of the substrate
made of such a material enables prevention of mixing of a
constituent element of the substrate 1n the active material
layer.

[0048] Intheproduction method ofthe present invention, as
described above, silicon atoms are made to pass through an
oxygen atmosphere to be deposited on a substrate. A silicon
oxide extremely uniform in oxygen ratio can therefore be
formed. Further, the molar ratio of oxygen atoms to silicon
atoms can be adjusted as desired, for example, by adjusting
the concentration of oxygen gas contained in the oxygen
atmosphere.

[0049] Intheabove-described production method, a silicon
oxide to be provided as a negative electrode active material
can be continuously formed 1n one vacuum chamber by using
low-priced silicon as atarget. Thus, the negative electrode can
be produced efliciently at low cost.

[0050] Further, in the vapor deposition apparatus shown 1n
FIG. 1 and the sputtering apparatus shown in FIG. 2, the
probability of mixing of elements other than silicon and oxy-
gen 1s extremely low. Also, since silicon atoms are made to
pass through the oxygen atmosphere and are deposited on the
substrate, the molar ratio of silicon atoms to oxygen atoms 1n
the deposition layer can be made constant. Accordingly, the
deposited material includes scarcely any of matenals (e.g., Si,
S10 and S10,) other than the silicon oxide to be obtained.
Therefore, the amount of impurities can be limited to 1 wt %
or less of the amount of silicon oxide.

[0051] Among silicon oxides (510,) obtainable by the
above-described production method, one 1n which the molar
ratio X of oxygen to silicon (hereinatter referred to as oxygen
ratio x) 1s 1n the range from 0.2 to 0.9 and 1n which the amount
of impurities 1s 1 wt % or less 1s most suitable as a negative
clectrode active material. It 1s further preferred that the oxy-
gen ratio X 1n the silicon oxide be 1in the range from 0.2 to 0.6.

[0052] If the oxygen ratio x 1s lower than 0.2, the capacity
of the silicon oxide 1s large. However, the expansion coedli-
cient at the time of reaction with lithium 1s large and, there-
fore, silicon oxide particles crack and become finer during
repeated charge and discharge, resulting 1n a reduction in
current collecting performance of the silicon oxide particles
and deterioration 1n cycle characteristics. If the oxygen ratio
x 15 higher than 0.9, the expansion coellicient of the silicon
oxide at the time of reaction with lithium 1s small and, there-
fore, cracking of silicon oxide particles can be prevented. The
s1licon oxide has a reduced capacity under such a condition,
so that the advantage of using silicon for a high capacity 1s not
obtained.
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[0053] The above-described silicon oxide has a reduced
amount of impurities as described above and 1s, therefore,
capable of further improving the battery capacity in compari-
son with the conventional negative electrode active matenals.

[0054] Further, the silicon oxide produced by the above-
described production method has substantially no variation in
oxygen ratio X among particles and 1s, therefore, capable of
preventing the reduction in capacity.

[0055] Consequently, the silicon oxide produced by the
above-described production method and having an oxygen
rat10 01 0.2 to 0.9 and an amount of impurities of 1 wt % or less
has a high capacity and improved cycle characteristics.
Therefore, a lithium 1on secondary battery having a high
capacity and improved cycle characteristics can be provided
by using the above-described silicon oxide as a negative
clectrode active material.

[0056] The average particle size of the above-described
silicon oxide is preferably 1n the range from 0.5 to 20 um,
more preferably in the range from 1 to 10 um. If the average
particle size of the silicon oxide 1s smaller than 0.5 um, the
s1licon oxide aggregates easily, so that handling of the silicon
oxide becomes difficult and difficulty in production a nega-
tive electrode may be encountered. I1 the average particle size
of the silicon oxide 1s larger than 20 um, the particles can
crack easily by expansion due to reaction with lithtum and a
reduction 1n current collecting performance and deterioration
in cycle characteristics may result. The average particle size
of the silicon oxide can be adjusted by classitying the silicon
oxide after pulverization.

[0057] It s preferred that the oxygen ratio X be constant or
generally constant among silicon oxide particles. Silicon
oxide particles among which the oxygen ratio X 1s constant or
generally constant can be obtained, for example, by taking a
portion uniform in oxygen ratio out of the silicon oxide layer
formed on the substrate and by pulverizing the portion taken
out. If the oxygen ratio varies among the silicon oxide par-
ticles, the capacity varies from particle to particle. Nonuni-
formity of electrode reaction in the made negative electrode
and a reduction 1n capacity may result. Further, the expansion
coellicient varies among the particles, and deformation of the
clectrode plate and, hence, deformation of the battery may
result.

[0058] There 1s a possibility of the outermost surfaces of
s1licon oxide particles being oxidized by oxygen gas existing
in the atmosphere to generate an oxide film having an oxygen
rat1o x above the above-mentioned range. However, the thick-
ness ol the oxide film 1s extremely small and the oxide film
does not impair the effect of the present invention.

[0059] Itis preferred that the above-described silicon oxide
be amorphous. That 1s, 1t 1s preferred that, 1n an X-ray dif-
fraction chart obtained by X-ray diffraction measurement
using Ko lines of Cu as a light source, the above-described
s1licon oxide have a broad peak of a half width value of 0.5°
or more at a position of 20=20-40°. Crystalline silicon oxide
1s brittler than amorphous silicon oxide and cracks easily by
expansion. For this reason, there 1s a possibility of deteriora-
tion 1n cycle characteristics of a battery using crystalline
s1licon oxide.

[0060] The oxygen ratio x can be controlled within the
range from 0.2 to 0.9, for example, by adjusting the flow rate
of oxygen gas released from the oxygen nozzle 13. The oxy-
gen gas flow rate 1s determined on the basis of the capacity of
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the vacuum chamber, the evacuation power of a pump used to
evacuate the vacuum chamber, the rate at which the target 1s
evaporated, and other factors.

[0061] In the case of the vapor deposition apparatus, 1t 1s
preferable to adjust the oxygen gas flow rate so that the
pressure of oxygen gas i1n the vacuum chamber i1s, for
example, in the range from 1x107 to 5x10~* Torr. The pref-
erable range of the oxygen gas pressure 1s thought to depend
on the capacity of the vacuum chamber, the evacuation rate of
the vacuum pump, the position of a pressure sensor 1n the
vacuum chamber, S1 deposition rate, and other factors.
[0062] If the oxygen gas pressure is higher than 5x107°
Torr, and 11 the vapor deposition apparatus has an EB heater,
there 1s a possibility of electric discharge from the EB heater.
If the oxygen gas pressure is lower than 1x10~> Torr, there is
a need to reduce the S1 deposition rate from the viewpoint of
balance with the oxygen partial pressure. In this case, there 1s
a possibility of a reduction 1n productivity.

[0063] Inthe case where the pressure of oxygen gas 1n the
vacuum chamber is in the range from 1x107 to 5x10~* Torr,
it 1s preferred that the rate at which the target 1s evaporated,
1.€., the amount of evaporation of silicon atoms per unit time,
be 5 to 500 ug/s. The rate at which the target 1s evaporated can
be adjusted, for example, by controlling the voltage for accel-
eration of the electron beam with which the silicon target 1s
irradiated, the emission of the electron beam, the amount of
the target used, the degree of vacuum 1n the chamber, and the
s1ze, the specific heat and the heat capacity of the crucible
carrying the target.

[0064] Inthe case of the sputtering apparatus, 1t 1s preferred
that the pressure of oxygen gas 1n the vacuum chamber 1s, for
example, in the range from 1x107> to 5x107> Torr, and that the
amount of evaporation of silicon atoms per unit time be
10x107* to 3 ng/s. The amount of evaporation of silicon atoms
can be controlled, for example, by adjusting the amount of the
sputtering gas, the amount of O, and the radioirequency out-
put.

[0065] The oxygen ratio x and the characteristics of a bat-
tery are 1n a relationship described below. That 1s, when the
oxygen ratio x 1s reduced, the capacity 1s increased while the
expansion coelficient of the active material during reaction
with lithium 1s increased. Conversely, when the oxygen ratio
X becomes higher, the capacity 1s reduced while the expansion

coellicient of the active material during reaction with lithium
1s reduced.

[0066] Details of the reaction between a silicon oxide and
lithium have not been made clear up to now but are thought to
be as follows.

[0067] Lithium bonds basically to silicon atoms. Therefore,
when the oxygen ratio X 1s increased, the proportion of silicon
capable of bonding to lithium 1s reduced, resulting 1n a reduc-
tion 1n capacity. If the amount of the bonded lithium 1s
reduced, the volume expansion coelficient 1s also reduced. At
the time of mitial charge, lithium reacts with oxygen as well.
This reaction 1s not reversible reaction. Therefore, this reac-
tion can be a cause of an 1rreversible capacity. While 1t 1s not
certain that the bond between oxygen and silicon 1s changed.,
oxygen 1s thought to have the effect of increasing the revers-
ibility of reaction between silicon and lithium.

[0068] The amount of impurities contained in the silicon
oxide 1s 1 wt % or less of the amount of the silicon oxide, as
described above. If the silicon oxide contains more than 1 wt
% of atoms other than silicon atoms and oxygen atoms, par-
ticularly carbon atoms, atoms of a metal element (e.g., zinc or
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aluminum) or the like, the capacity 1s reduced. It 1s thought
that while oxygen increases the reversibility of reaction
between silicon and lithium, the above-mentioned carbon and
metal element atoms have no influence upon the reaction.
Further, if a large amount of impurities such as S1, S10 and
S10, 1s contained, a portion having a different volume change
rate during charge/discharge 1s generated in each silicon
oxide particle. This means a possibility of cracking of the
s1licon oxide particle.

[0069] Conventionally, S10 and S10, are well known as
silicon oxides. In the case of production by any of the con-
ventional production methods, 1t 1s extremely difficult to pro-
duce a silicon oxide 1n which the molar ratio of O to S1 1s
lower than 1. A mixture of S1, S10 and S10, 1s obtained 1n
most cases. In the case of production by any of the conven-
tional production methods, therefore, 1t 1s extremely difficult
to produce a silicon oxide in which the oxygen ratio x 1s
smaller than 1 and the amount of impurities 1s 1 wt %.
[0070] In the present invention, the negative electrode
active material may include, in addition to the above-de-
scribed silicon oxide particles, carbon nanofibers and a cata-
lyst element for promoting the growth of carbon nanofibers. It
1s preferred that the carbon nanofibers bond to the surfaces of
the silicon oxide particles. The carbon nanofibers expand or
contact according to the change in volume when the silicon
oxide particles expand or shrink. If the negative electrode
active material has carbon nanofibers, the electron conduc-
tivity can be improved.

[0071] Itispreferableto directly grow carbon nanofibers on
the surfaces of the silicon oxide particles, because the silicon
oxide particles and the carbon nanofibers are thereby firmly
bonded to each other.

[0072] Inacasewhere carbon nanofibers are directly grown
on the surfaces of silicon oxide particles, the bond between
the silicon oxide particles and the carbon nanofibers 1s not a
bond by means of a resin component but the very chemical
bond. Therefore, the bond between the silicon oxide particles
and the carbon nanofibers 1s not easily cut even during
repeated expansion and shrinkage of the silicon oxide par-
ticles, thus reducing the possibility of cutting of the electron
conduction network. As a result, high electron conductivity 1s
ensured and good cycle characteristics can be obtained.

[0073] Inthe present invention, “catalyst element” refers to
an element capable ol promoting the growth of carbon nanofi-
bers. At least one element selected from the group consisting,
of Cu, Fe, Co, N1, Mo and Mn can be used as the above-

described catalyst element.

[0074] Itis preferred that the catalyst element be carried on
the silicon oxide. Examples of a method of providing the
catalyst element on the silicon oxide, not particularly speci-
fied, are a method of providing the simple substance of the
catalyst element and a method of providing a compound
containing the catalyst element. The latter 1s easier to carry
out. The compound containing the catalyst element 1s not
particularly specified. For example, an oxide, a carbide, a
nitrate or the like can be used as the compound containing the
catalyst element. The compound containing the catalyst ele-
ment undergoes reduction after being carried on the silicon
oxide. Thus, the catalyst element 1s provided on the surface of
the silicon oxide.

[0075] The catalyst element can be regarded as an impurity
contained in the silicon oxide. Also 1n this case, 1t 1s preferred
that the amount of the catalyst element be 1 wt % or less of the
amount of silicon oxide.

Jul. 15, 2010

[0076] Si1C not contributing to the capacity 1s formed at the
interface between the carbon nanofibers and the silicon oxide
particles. However, the amount of generation of SiC 1s
extremely small and, therefore, no substantial reduction 1n
battery capacity 1s caused by Si1C.

[0077] The above-described negative electrode active
material can be used as anegative electrode active material for
a lithtum 10n secondary battery.

[0078] A Ilithium 1on secondary battery of the present
invention includes a negative electrode contaiming the above-
described negative electrode active material, a positive elec-
trode containing a positive electrode active material, a sepa-
rator placed between the positive and negative electrodes, and
an electrolyte.

[0079] The negative electrode may be formed only of a
negative electrode active material layer including the above-
described negative electrode active material or may be
formed of a negative electrode current collector and a nega-
tive electrode active material layer carried on the negative
clectrode current collector. The negative electrode active
material layer may contain a binder and a conductive agent in
addition to the negative electrode active matenal.

[0080] Similarly, the positive electrode may be formed only
of a positive electrode active material layer including the
positive electrode active material or may be formed of a
positive electrode current collector and a positive electrode
active matenal layer carried on the positive electrode current
collector. The positive electrode active material layer may
contain a binder and a conductive agent 1n addition to the
positive electrode active matenal.

[0081] As the binder for the positive and negative elec-
trodes, amaterial well known 1n the art can be used. Examples
of such a material include polyvinylidene fluoride and poly-
tetrafluoroethylene. Preferably, the amount of the binder 1s
0.5 to 10 parts by weight per 100 parts by weight of the active
material.

[0082] Asthe conductive agent for the positive and negative
electrodes, a material well known 1n the art can be used.
Examples of such a material include acetylene black, ketjen
black and various graphites. These materials may be used
singly or in combination of two or more of them. Preferably,
the amount of the conductive agent1s 0.1 to 10 parts by weight
per 100 parts by weight of the active material.

[0083] A material constituting the negative electrode cur-
rent collector may be one well known 1n the art. Such a
materal 1s, for example, copper.

[0084] As the positive electrode active material, a lithium
containing composite oxide such as lithium cobalt oxide for
example can be used.

[0085] A material constituting the positive electrode cur-
rent collector may be one well known i1n the art. Such a
matenal 1s, for example, aluminum.

[0086] Thenegative electrode can be made, for example, by
preparing a negative electrode material mixture paste con-
taining a negative electrode active material, a binder, a con-
ductive agent and a dispersion medium, by applying the mate-
rial mixture paste to the current collector and by drying the
material mixture paste. The positive electrode can be made in
the same manner as the negative electrode.

[0087] As a material constituting the separator, a material
well known 1n the art can be used. Examples of such a mate-
rial include polyethylene, polypropylene, a mixture of poly-
cthylene and polypropylene, and a copolymer of ethylene and
propylene. Pretferably, the thickness of the separator 1s set to
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10 to 40 um from the viewpoint of increasing the energy
density while maintaining the desired 10n conductivity.

[0088] The electrolyte comprises a non-aqueous solvent
and a solute dissolved in the solvent. Examples of the non-
aqueous solvent include ethylene carbonate, propylene car-
bonate, dimethyl carbonate, diethyl carbonate, and methyl
cthyl carbonate. The non-aqueous solvent 1s not limited to
these materials. These non-aqueous solvents may be used
singly or 1n combination of two or more of them.

[0089] Examples ofthe solute include LiPF ., L1BF ,, Li(Cl,,
Li1AICl,, LiSbF,, LiSCN, LiCl, LiCF;SO;, LiCF;CO.,,
Li1(CF,S0,),, LiAsF., LIN(CF;S0,),, LiB,,CL,, and 1mi-
des. They may be used singly or in combination of two or
more of them.

[0090] The shape of the lithtum 10n secondary battery 1s not
particularly specified. For example, 1t may be of a coin type,
a sheet type or a rectangular block type. Also, the lithium 10n
secondary battery may be a large battery for use in an electric
motor vehicle or the like. The electrode group included 1n the
lithium 10n secondary battery may be of a laminated type or a
wound type.

[0091] The present invention will be described 1n detail on
the basis of examples thereof.

Example 1
Battery 1

(Production of Positive Electrode)

[0092] With 100 parts by weight of lithium cobalt oxide
(L1C00,) having an average particle size of 5 um was mixed,
3 parts by weight of acetylene black as a conductive material
to prepare a mixture. The mixture thereby obtained and an
N-methyl-2-pyrrolidone (NMP) solution 1n which polyvi-
nylidene fluoride (PVdF) provided as a binder was dissolved
were kneaded to obtain a paste containing a positive electrode
material mixture. The NMP solution 1n which PVdF was
dissolved was added so that 4 parts by weight of PVdF was
contained in the obtained paste.

[0093] This paste was applied to one surface of a positive
clectrode current collector made of aluminum foil (thickness:
14 um), dried and rolled to form a positive electrode active
material layer, thus obtaining a positive electrode plate sheet.

[0094] From the obtained positive electrode plate sheet, a
circular positive electrode having a diameter of 1 cm was cut
out.

(Production of Negative Electrode)

[0095] A negative clectrode active material, acetylene
black provided as a conductive agent, polyvinylidene fluoride
provided as a binder and a suitable amount of NMP were
kneaded to obtain a paste containing a negative electrode
material mixture. The obtained paste was applied to one sur-
face of a negative electrode current collector made of copper
fo1l (thickness: 18 um) by a doctor blade method and was
suificiently dried to form a negative electrode active material
layer, thus obtaining a negative electrode plate sheet.

[0096] From the obtained negative electrode plate sheet, a
circular negative electrode having a diameter of 1.1 cm was
cut out. The amount of application of the paste to the negative
clectrode current collector was adjusted in advance so that the
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weilght of the active material contained in the negative elec-
trode active material layer was 3 mg.

(Production of a Coin-Type Test Cell)

[0097] A coin-type test cell 20 shown 1n FIG. 4 was made
by using the positive and negative electrodes made as
described above.

[0098] The positive electrode formed of a positive elec-
trode current collector 27 and a positive electrode material
mixture 26 was placed on an 1nner bottom surface of a posi-
tive electrode case 25. Subsequently, a separator 24 (thick-
ness: 27 um) formed of a porous polyethylene sheet punched
into a circular shape was placed on the positive electrode 26 as
to cover the same. Thereafter, the positive electrode and the
separator 24 are impregnated with an electrolyte. The elec-
trolyte was prepared by dissolving lithium hexatluorophos-
phate (LiPF,) at a concentration of 1 mol/l 1n a mixture
solvent 1n which ethylene carbonate and diethyl carbonate
were mixed in proportions of 1:1 (volume ratio).

[0099] Subsequently, the negative electrode formed of a
negative electrode material mixture 22 and a negative mate-
rial current collector 23 was placed on the separator 24. A
sealing plate 21 having an insulating packing 28 on its periph-
eral portion was placed on the negative electrode current
collector 23, and the opening end portion of the case 25 was

crimped on the msulating packing 28 to complete the coin-
type test cell 20.

(Production of Negative Electrode Active Material )

[0100] A method of producing the negative electrode active
material will next be described. The negative electrode active
material was produced by using a vapor deposition apparatus
(available from ULVAC, Inc.) provided with an EB heater
(not shown) for heating a target, a gas piping (not shown) for
introducing oxygen gas into the vacuum chamber, an oxygen
nozzle and other components, as shown in FIG. 1.

[0101] As a gas constituting an oxygen atmosphere, oxy-
gen gas having a purity of 99.7% (available from Nippon
Sanso Corporation) was used. The oxygen gas was released
from the oxygen nozzle 13 at a flow rate of 80 sccm. The
pressure of the oxygen gas in the vacuum chamber was 2.2x

10~* Torr.

[0102] A mass flow controller was provided between an
oxygen bomb containing oxygen gas and the gas piping led to
the interior of the vacuum chamber. The oxygen nozzle 13
was connected to the gas piping.

[0103] As atarget 11, silicon having a purity of 99.9999%
(available from Kojundo Chemical Laboratory Co., Ltd.) was
used. The voltage for acceleration of the electron beam (EB)

with which the silicon target 11 was 1rradiated was set to —8
kV and the emission of the EB was set to 500 mA.

[0104] Silicon was heated by an EB heater to evaporate
s1licon atoms. Silicon atoms passed through the oxygen atmo-
sphere and a silicon oxide was deposited on a substrate 12
made of stainless steel. Deposition of the silicon oxide was
performed for 60 minutes. The silicon oxide was thus formed
on the substrate 12. Thereafter, the silicon oxide layer was
separated from the substrate, pulverized and classified to
obtain a negative electrode active material having an average
particle size of 2 um.

[0105] The constituent elements of the negative electrode
active material were analyzed by fluorescence X-ray analysis.
Only peaks associated with silicon and oxygen were thereby
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obtained, while signals for other elements are below the
detection limit. Further, the oxygen ratio was computed by a
tundamental parameter method to obtain the composition of
the negative electrode active matenial. It was thereby found
that the composition of the negative electrode active material
was S10, .. The negative electrode active material was also
analyzed by a combustion method to obtain the composition
of the negative electrode active material. Also in this case, the
same composition was found. The combustion method 1s a
method 1n which a specimen 1s molten and superheated 1n a
graphite crucible and CO gas thereby produced 1s measured
by a non-dispersive inirared absorption method to determine
the amount of oxygen contained in the specimen. Determi-
nation of the amount of oxygen by the combustion method

can be made, for example, by using an oxygen analysis appa-
ratus (MEGA-620W from Horiba, Ltd.).

[0106] The amount of impurities contained in the negative
clectrode active material was measured with an inductively-
coupled plasma (ICP) mass analysis apparatus to fine that the
amount was below the measurement limit. The measurement
limit of the apparatus used for this measurement was 10 ppm

(0.001 wt %).

[0107] FIG. 3 shows an X-ray diffraction chart showing the
results of analysis of the obtained negative electrode active

material by X-ray diffractometry (XRD) using Ka lines of
Cu.

[0108] There was no diffraction peak indicating the exist-
ence of a crystal and, therefore, no element was 1dentified. A
broad halo pattern was observed 1n a region of 20=10-33° in
the obtained X-ray diffraction chart. It 1s thought that this

broad halo pattern 1s due to the amorphous state of the nega-
tive electrode active matenal.

[0109] The contents of impurities such as S1 and S10, (or
oxides of S1) can be examined by using an X-ray diffractom-
etry (XRD) and/or X-ray photoemission spectroscopy (XPS).

[0110] The battery made by using the above-described
negative electrode active material 1s denoted as battery 1.

(Comparative Battery 1-1)

[0111] $10 (available from Kojundo Chemical Laboratory
Co., Ltd.) was pulverized and classified to obtain silicon
oxide particles having an average particle size of 2 um. Com-
parative battery 1-1 was made in the same manner as Battery

1 except that the silicon oxide particles were used as a nega-
tive electrode active matenal.

(Comparative Battery 1-2)

[0112] Comparative battery 1-2 was made 1n the same man-
ner as Battery 1 except that silicon oxide particles obtained by
partially reducing silicon dioxide as described below were
used as a negative electrode active matenal.

[0113] 30 g (0.5 mol) of silicon dioxide powder (available
from Kojundo Chemaical Laboratory Co.,Ltd.)and 4.2 g (0.35
mol) of carbon powder were mixed with each other and the
mixture of these materials was put 1n a reactor. The reactor
was filled with argon gas and was thereafter operated to heat
the mixture at 1200° C. for 5 hours to obtain a mass of black
material. Heating was performed by causing argon gas to tlow
at a rate of 500 cc per minute in the reactor.

[0114] The obtained mass of black material was pulverized
and classified to obtain 10 g of active material. The average
particle size of the obtained active material was 5 um.
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[0115] This active material was analyzed by fluorescence
X-ray method to detect silicon, oxygen and carbon. The
amounts of silicon, oxygen and carbon contained in the
obtained active material were determined by a fundamental
parameter method. It was thereby confirmed that the compo-
sition of the obtained active material was S10, -C,, ;.

[0116] Further, the active material was analyzed by X-ray
diffractometry (XRD) using Ka lines of Cu. Peaks of S1 and
S1C were thereby observed. It was therefore determined that

the obtained active material was not a uniform material but a
mixture of S1, S10_, and S1C.

<Evaluation>
(Initial Capacity and Charge/Discharge Efficiency)

[0117] FEach of battery 1 and comparative Batteries 1-1 to
1-2 was charged at a constant current o1 0.5 mA at an ambient
temperature of 25° C. until the battery voltage of 4.2 V was
reached. After a lapse of a rest time of 20 minutes, the charged
battery was discharged at a constant current of 0.5 mA until
the battery voltage decreased to 2.5 V. The discharge capacity
at this time was obtained as an 1nitial capacity. Also, the ratio
of the discharge capacity (imitial capacity) to the charge
capacity expressed 1n percentage was obtained as charge/
discharge elfficiency. Table 1 shows the results of this evalu-
ation.

(Capacity Retention Rate)

[0118] The capacity retention rate of each battery was mea-
sured with respect to cycle characteristics.

[0119] FEach battery was charged at a constant current 01 0.5
mA at an ambient temperature of 25° C. until the battery
voltage o1 4.2 V was reached. After a lapse of a rest time of 20
minutes, the charged battery was discharged at a constant
current of 0.5 mA until the battery voltage decreasedto 2.5V.
This charge/discharge cycle was repeated 30 times. The ratio
of the discharge capacity obtained at the 30th cycle to the
initial capacity expressed in percentage was obtained as the
capacity retention rate. Table 1 shows the results ol this evalu-
ation.

TABLE 1
Charge/discharge  Capacity retention
Initial capacity efliciency rate
(mAh) (“o) (7o)
Battery 1 3.6 72 85
Comp. 2.4 50 60
Battery 1-1
Comp. 1.9 50 50
Battery 1-2
[0120] As can be understood from Table 1, battery 1 had a

higher 1nitial capacity and a higher charge/discharge effi-
ciency and also had improved cycle characteristics. On the
other hand, comparative batteries 1-1 and 1-2 had mitial
capacities and charge/discharge etficiencies lower than those
of battery 1, and were also 1nferior in cycle characteristics to
battery 1.

[0121] The oxygen ratio x in the silicon oxide used 1n
battery 1 was 0.6 and smaller than the oxygen ratio x of the
silicon oxide used in comparative battery 1-1. Further, the
s1licon oxide used 1n battery 1 had substantially no impurities
mixed therein and was uniform 1n oxygen ratio. Because of
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these factors, battery 1 1s thought to have improved battery
characteristics in comparison with the comparative batteries.
In this example and also 1n examples 2 to 6 described below,
the amount of impurities contained 1n the negative electrode
active material was 1 wt % or less.

[0122] The negative electrode active material contained 1n
comparative battery 1-2 had an oxygen ratio lower than that in
the negative electrode active material 1n comparative battery
1-1, but its initial capacity was lower than that of comparative
battery 1-1. Further, the charge/discharge efficiency and the
capacity retention rate ol comparative battery 1-1 were mark-
edly interior to those of battery 1. It 1s inferred that the
reductions 1n 1nitial capacity, charge/discharge efficiency and
capacity retention rate ol comparative battery 1-2 were due to
the generation of a mixture of silicon, silicon monoxide and
silicon dioxide resulting from reduction of only portions
where the carbon powder and the silicon dioxide powder
contact, and due to the partial formation of S1C resulting from
reaction between silicon and carbon.

Example 2

[0123] In this example, the vapor deposition apparatus
shown 1n FIG. 1 was used and the oxygen ratio x in the
negative electrode active material was changed by changing
the flow rate of oxygen introduced 1nto the vacuum chamber.

(Battery 2-1)

[0124] Battery 2-1 was made 1n the same manner as battery
1 except that the oxygen gas flow rate when the negative
clectrode active material was produced was 13 sccm, and that
the thickness of the positive electrode active matenial layer
was 1.6 times larger than that of the positive electrode active
material layer in battery 1. The pressure 1n the vacuum cham-
ber during the production of the negative electrode active
material was 8x10~> Torr.

[0125] The oxygen ratio in the obtained negative electrode
active material was measured by the combustion method to
obtain the composition of the negative electrode active mate-
rial. The composition of the negative electrode active material
was S10, ;.

(Battery 2-2)

[0126] Battery 2-2 was made 1n the same manner as battery
1 except that the oxygen gas flow rate when the negative
clectrode active material was produced was 26 sccm, and that
the thickness of the positive electrode active matenal layer
was 1.6 times larger than that of the positive electrode active
matenal layer 1n battery 1. The pressure 1n the vacuum cham-

ber during the production of the negative electrode active
material was 1x10~* Torr.

[0127] The composition of the obtained negative electrode
active material was obtained by the same method as that
described above. The composition of the negative electrode
active material was S10 ..

(Battery 2-3)

[0128] Battery 2-3 was made 1n the same manner as battery
1 except that the electron beam emission was set to 400 mA.
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[0129] The composition of the obtained negative electrode
active material was obtained by the same method as that
described above. The composition of the negative electrode
active material was S10,, ,.

(Battery 2-4)

[0130] Battery 2-4 was made 1n the same manner as battery
1 except that the electron beam emission was set to 300 mA.
[0131] The composition of the obtained negative electrode
active material was obtained by the same method as that
described above. The composition of the negative electrode
active maternial was S10, ;.

[0132] The nitial capacities, charge/discharge elliciencies
and capacity retention rates of batteries 2-1 to 2-4 were mea-
sured 1n the same manner as in EXAMPLE 1. Table 2 shows
the obtained results. The oxygen ratio x 1n the silicon oxide 1s

also shown 1n Table 2. The results of battery 1 are also shown
in Table 2.

TABLE 2
Oxygen Initial Charge/discharge Capacity retention

ratio  capacity efficiency rate

X (mAh) (o) (o)

Battery 1 0.6 3.6 72 85
Battery 2-1 0.1 7.2 87 51
Battery 2-2 0.2 7.0 84 73
Battery 2-3 0.9 2.4 63 91
Battery 2-4 1.1 2.2 57 92

[0133] As can be understood from Table 2, the capacity
retention rate was improved when the oxygen ratio X was
high. However, 1t was found that, as the oxygen ratio x
increases, the mitial capacity and the charge/discharge eifi-
ciency tend to decrease. On the other hand, when the oxygen
ratio x was low, the 1nitial capacity and the charge/discharge
elficiency were high but the capacity retention rate was low. It
was found that the balance between the nitial capacity and
the charge/discharge etliciency and the cycle characteristics
was good when the oxygen ratio x i S10_ was 1n the range

from 0.2 to 0.9.

Example 3
Battery 3

[0134] Inthis example, a negative electrode active material
having carbon nanofibers (CNFs) carried on its surface was
produced by a method described below.

[0135] 1 g of iron mitrate enneahydrate (guaranteed, avail-
able from Kanto Chemical Co., Inc.) was dissolved 1n 100 g of
ion-exchange water. The obtained solution was mixed with
the negative electrode active material used 1n battery 1. The
mixture was agitated for 1 hour. The water content was there-
after removed from the mixture by an evaporator to provide
iron nitrate containing Fe serving as a catalyst element on the
surface of the negative electrode active material. The amount
of 1rron nitrate carried thereon was 0.5 parts by weight per 100
parts by weight of the active matenal.

[0136] Thenegative electrode active material on which 1iron
nitrate was carried was put in a ceramic reaction container and
heated to 500° C. 1n the presence of helium gas. Thereatter,
the helium gas 1n the reaction container was replaced with a
mixture gas of 50% by volume of hydrogen gas and 50% by
volume of carbon monoxide gas. The negative electrode
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active material was further heated at 500° C. for 1 hour.
Carbon nanofibers 1n a plate form having a fiber diameter of
80 nm and a fiber length of 50 um were thereby grown on the
surface of the negative electrode active material. Finally, the
mixture gas in the reaction container was replaced with
helium gas, followed by cooling until the temperature in the
reaction container become equal to room temperature. The
amount of carbon nanofibers borne on the surface of the
negative electrode active material was 30 parts by weight per
100 parts by weight of the negative electrode active material.

[0137] The 1ron nitrate particles carried on the negative
clectrode active matenial particles were reduced to 1ron par-
ticles having a particle size of about 100 nm. Each of the fiber
diameter and fiber length of the carbon nanofibers and the
particle size of the 1ron particles was measured with a scan-
ning electron microscope (SEM). The amount of carbon
nanofibers carried on the surface of the negative electrode
active material was obtained by subtracting the weight of the
negative electrode active material before the growth of the
carbon nanofibers from the weight of the negative electrode
active material having the carbon nanofibers carried on 1ts
surface.

[0138] Battery 3 was made in the same manner as battery 1
except that the negative electrode active material having the
carbon nanofibers carried on 1ts surface was used.

[0139] Theimtial capacity, the change/discharge efficiency
and the capacity retention rate of battery 3 were measured 1n
the same manner as im EXAMPLE 1. Table 3 shows the

obtained results. The results of battery 1 are also shown 1n
Table 3.

TABLE 3
Charge/discharge  Capacity retention
Initial capacity efliciency rate
(mAh) (o) (7o)
Battery 1 3.6 72 83
Battery 3 3.6 &7 98

[0140] From the results shown 1n Table 3, 1t was confirmed
that battery 3 had improved cycle characteristics in compari-

son with battery 1. This 1s thought to be because the carbon
nanofibers stably maintained the conductivity by expanding,
and contracting according to the change in volume when
s1licon oxide particles expanded and shrank. It can, therefore,
be understood that deterioration 1n cycle characteristics can
be prevented by using the carbon nanofiber even in a case
where a silicon oxide having a low oxygen ratio and a large
expansion coellicient 1s used as a negative electrode active
material.

Example 4

[0141] In this example, the average particle size of a nega-
tive electrode active material was changed.

(Batteries 4-1 to 4-4)

[0142] Batteries 4-1 to 4-4 were made 1n the same manner
as battery 1 except that the average particle size of a negative
clectrode active material was set to 0.5 um, 10 um, 20 um or
30 um.
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[0143] Theimtial capacities, the change/discharge efficien-
cies and the capacity retention rates of battery 4-1 to 4-4 were
measured 1n the same manner as in EXAMPLE 1. Table 4
shows the obtained results.

TABLE 4
Average particle Capacity retention

S1Z¢ Initial capacity rate

(um) (mAh) (o)
Battery 4-1 0.5 3.7 89
Battery 4-2 10 3.6 81
Battery 4-3 20 3.6 75
Battery 4-4 30 3.6 65

[0144] From the results shown in Table 4, 1t was confirmed
that the cycle characteristics of the battery was improved
when the average particle size of the negative electrode active
material was 1n the range from 0.5 to 20 um.

[0145] In battery 4-4 1n which the average particle size of
the negative electrode active material was 30 um, a consider-
able deterioration in cycle characteristics was recognized.
This 1s thought to be because the negative electrode active
material particles cracked due to large expansion/shrinkage
of the negative electrode active material particles during
charge/discharge to cause abrupt reductions 1n current col-
lecting performance among the active material particles and
of the active material and the collector.

[0146] When the average particle size of the negative elec-
trode active material was smaller than 0.5 um, the pulveriza-
tion conditions were not optimized and the yield in the clas-
sification process was reduced. Also, when the average
particle size was smaller than 0.5 um, a problem that the
viscosity of the paste was increased or the like arose. There-
fore, 1t 1s appropriate to set the average particle size to 0.5 um
Or greater.

[0147] As can be understood from the above-described
results, it 1s appropriate to set the average particle size 1n the
range from 0.5 to 20 um.

Example 5

[0148] In this example, oxygen gas was converted to
plasma when a negative electrode active material was pro-

duced.

Battery 5

[0149] A vapor deposition apparatus arranged as shown 1n
FIG. 1 and provided with a device for converting oxygen gas
to plasma was used. An electron beam (EB) radiation device
was used as the device for converting oxygen gas to plasma.
Silicon was used as a target. The oxygen gas tlow rate was set
to 100 sccm; the acceleration voltage of the EB heater for
heating the silicon target to —8 kV; the emission of the elec-
tron beam of this heater to 500 mA; the acceleration voltage
of the EB radiation device to -4 kV; and the emission of the
clectron beam of this device to 20 mA. The pressure of oxy-
gen gas in the vacuum chamber was 2.8x10~* Torr.

[0150] A silicon oxide was deposited on a substrate for 30
minutes under these conditions. The thickness of the silicon
oxide layer formed was the same as the silicon oxide layer
used 1n battery 1. Using the resultant silicon oxide layer, the
negative electrode active material was produced 1n the same
manner as described above.
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[0151] The composition of the obtained negative electrode
active material was obtained 1n the same manner as described
above. The composition was S10, -.

[0152] Battery 5 was made in the same manner as battery 1
by using the negative electrode active material obtained as
described above.

[0153] Theimtial capacity, the change/discharge efficiency
and the capacity retention rate of battery 5 were measured 1n
the same manner as imn EXAMPLE 1. Table 5 shows the

obtained results. The results of battery 1 are also shown 1n
Table 5.

TABLE 35
Charge/discharge  Capacity retention
Initial capacity efliciency rate
(mAh) (o) (“o)
Battery 1 3.6 72 85
Battery 5 3.5 84 85

[0154] As shown in Table 5, battery 5 has substantially the
same performance as battery 1. It can be understood that 1f
oxygen gas 1s converted to plasma, the negative electrode
active maternial can be produced 1n a shorter time period 1n
comparison with battery 1.

Example 6

[0155] Inthis example, a negative electrode active material
was produced by a sputtering apparatus instead of the vapor
deposition apparatus.

Battery 6

[0156] In this example, a sputtering apparatus (available
from ULVAC, Inc.) shown in FIG. 2 provided with a gas
piping (not shown) for introducing oxygen gas into the
vacuum chamber, an oxygen nozzle and other components
was used.

[0157] Inthis example, a negative electrode active material

[ 1

was produced basically in the same manner as in EXAMPLE
1.

[0158] As a sputtering gas, argon gas having a purity of
99.999% (available from Nippon Sanso Corporation) was
used. The argon gas tlow rate was set to 100 sccm.

[0159] As a target 15, monocrystalline silicon having a
purity of 99.9999% (available from Shin-Etsu Chemical Co.,
[td.) was used. The output from a alternating current power
supply when sputtering of the target 15 was performed was
set to 2 kW.

[0160] The pressure in the vacuum chamber after introduc-
tion of argon gas was 0.009 Torr.

[0161] Oxygen gas having a purity of 99.7% (available
from Nippon Sanso Corporation) was used as oxygen atmo-
sphere. The oxygen gas flow rate from the oxygen nozzle 13
was set to 10 sccm. A mass tlow controller was provided
between an oxygen bomb and the gas piping led to the interior
of the vacuum chamber. The oxygen nozzle 13 was connected
to the gas piping. The pressure in the vacuum chamber after
introduction of argon gas and oxygen gas was 0.01 Torr, and
the partial pressure of oxygen gas was about 0.001 Torr.
[0162] A silicon oxide was formed on a substrate under the
above-described conditions. The obtained silicon oxide was
separated from the substrate, pulverized and classified to
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obtain a negative electrode active material. The average par-
ticle size of the obtained negative electrode active material
was 10 um.

[0163] The composition of the obtained negative electrode
active material was obtained 1n the same manner as described
above. The composition was S10, -.

[0164] Battery 6 was made in the same manner as battery 1
by using the obtained negative electrode active materal.
[0165] The nitial capacity, the change/discharge efficiency
and the capacity retention rate of battery 6 were measured 1n
the same manner as in EXAMPLE 1. Table 6 shows the

obtained results. The results of battery 1 are also shown 1n
Table 6.

TABLE 6
Charge/discharge  Capacity retention
Initial capacity efliciency rate
(mAh) (“o) (7o)
Battery 1 3.6 72 85
Battery 6 3.6 85 &3

[0166] As can be understood from Table 6, battery 6 has the
same performance as battery 1. It can be understood from the
above that both use of the vapor deposition apparatus and use
of the sputtering apparatus enable production of negative
clectrode active maternials equivalent 1n performance to each
other.

[0167] Asdescribed above, the present invention provides a
negative electrode active material for a lithium 10n secondary
battery having a high capacity and having improved cycle
characteristics.

[0168] Although the present invention has been described
in terms of the presently preferred embodiments, 1t 1s to be
understood that such disclosure 1s not to be interpreted as
limiting. Various alterations and modifications will no doubt
become apparent to those skilled 1n the art to which the
present invention pertains, aiter having read the above disclo-
sure. Accordingly, 1t 1s intended that the appended claims be
interpreted as covering all alterations and modifications as
tall within the true spirit and scope of the invention.

1-4. (canceled)

5. A negative electrode active material for a lithtum 1on
secondary battery, comprising silicon oxide particles includ-
ing a chemical compound expressed by S10, (0.2=x=0.9),
wherein the content of an impurity in the silicon oxide par-
ticles 1s 1 wt % or less.

6. A negative electrode active material for a lithium 10n
secondary battery according to claim 5, wherein the average
particle size of the silicon oxide particles 1s 0.5 to 20 um.

7. A negative electrode active material for a lithium 1on
secondary battery according to claim 5, further comprising
carbon nanofibers and a catalyst element for promoting the
growth of the nanofibers, wherein the carbon nanofibers bond
to surfaces of the silicon oxide particles.

8. A lithium 10on secondary battery comprising a positive
clectrode, a negative electrode containing the negative elec-
trode active material according to claim 5, a separator placed
between the positive electrode and the negative electrode, and
an electrolyte.
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