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57 ABSTRACT

Provided is a negative electrode active material including
complex particles formed of: nano silicon aggregated par-
ticles produced by heating a layered polysilane represented
by a composition formula of (SiH), and having a structure
in which multiple six-membered rings formed from silicon
atoms are connected; and a composited carbon layer formed
from an amorphous carbon and at least covering one portion
of the aggregated particles. A mean particle diameter D5, of
the aggregated particles is within a range 0f 0.2 pm to 30 um,
and a mean particle diameter D5, of the complex particles is
within a range of 0.5 um to 40 pm.
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NEGATIVE ELECTRODE ACTIVE
MATERIAL, METHOD FOR PRODUCING
SAME, AND ELECTRICAL STORAGE
DEVICE

TECHNICAL FIELD

[0001] The present invention relates to a negative elec-
trode active material used in electrical storage devices such
as a lithium ion secondary battery, a method for producing
the negative electrode active material, and an electrical
storage device such as a lithium ion capacitor, an electric
double layer capacitor, and a secondary battery using the
negative electrode active material.

BACKGROUND ART

[0002] Lithium ion secondary batteries are secondary bat-
teries having a high charge/discharge capacity and capable
of achieving high output. Currently, lithium ion secondary
batteries are mainly used as power supplies and the like for
portable electronic equipment, and are expected to be used
as power supplies for electric vehicles assumed to be used
widely in the future. Lithium ion secondary batteries have,
respectively in a positive electrode and a negative electrode,
active materials capable of inserting and eliminating lithium
(Li) ions therein/therefrom. The lithium ion secondary bat-
teries operate when lithium ions move through an electro-
lytic solution provided between the two electrodes.

[0003] In lithium ion secondary batteries, a lithium-con-
taining metallic complex oxide such as a lithium cobalt
complex oxide is mainly used as the active material for the
positive electrode, and a carbon material having a multilayer
structure is mainly used as the active material for the
negative electrode. The performance of a lithium ion sec-
ondary battery is influenced by materials of the electrolyte
and the positive and negative electrodes included in the
secondary battery. Research and development are actively
conducted for a substance for the active materials. For
example, usage of silicon or silicon oxide having a higher
capacity (capable of inserting and eliminating a large
amount of lithium ions) than carbon is discussed as a
substance for the negative electrode active material.

[0004] When silicon is used as the negative electrode
active material, a battery with a capacity higher than when
a carbon material is used is obtained. However, silicon
undergoes a large volume change associated with occlusion
and release of Li during charging and discharging. Since
silicon turns into a fine powder and becomes eliminated or
detached from a current collector as a result, a battery using
silicon as the negative electrode active material has a
problem regarding having a short charge/discharge cycle
life. Thus, by using a silicon oxide as the negative electrode
active material, the volume change of the negative electrode
active material associated with occlusion and release of Li
during charging and discharging is suppressed better than
when silicon is used.

[0005] For example, usage of a silicon oxide (SiO,: x is
about 0.5sx<1.5) is discussed as the negative electrode
active material. SiO,, when being heated, is known to
decompose into Si and SiO,. This is referred to as a
disproportionation reaction in which a solid separates into
two phases, i.e., Si phase and SiO, phase, through an internal
reaction. The Si phase obtained from the separation is
extremely fine. In addition, the SiO, phase that covers the Si
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phase has a function of suppressing decomposition of the
electrolytic solution. Thus, the secondary battery using the
negative electrode active material formed of SiO, that has
been decomposed into Si and SiO, has excellent cycle
characteristics.

[0006] The cycle characteristics of the secondary battery
improve further when the secondary battery uses, as the
negative electrode active material, finer silicon particles
forming the Si phase of the SiO, described above.
JP3865033 (B2) (Patent Literature 1) discloses a method of
heating metal silicon and SiO, to sublimate those into a
silicon oxide gas, and cooling the gas to produce SiO,. With
this method, the particle size of the silicon particles forming
the Si phase can be set to a nano size level of 1-5 nm.
[0007] JP2009102219 (A) (Patent Literature 2) discloses a
production method including decomposing a silicon raw
material into an elemental state in a high temperature
plasma, rapidly cooling that to the temperature of liquid
nitrogen to obtain silicon nano particles, and fixing the
silicon nano particles into a SiO,—TiO, matrix by using a
sol-gel method or the like.

[0008] In the production method according to Patent Lit-
erature 1, the matrix is limited to those that are sublimatable.
In addition, in the production method according to Patent
Literature 2, high energy for plasma discharge is required.
Furthermore, silicon complexes obtained from these pro-
duction methods have a flaw regarding the silicon particles
of the Si phase having low dispersibility and being easily
aggregated. When the Si particles aggregate with each other
and the particle size thereof becomes large, the secondary
battery using that as the negative electrode active material
results in having a low initial capacity and deteriorated cycle
characteristics.

[0009] In recent years, nano silicon materials that are
expected for usage in semiconductors, electrics or electron-
ics fields, and the like have been developed. For example,
Physical Review B (1993), vol. 48, 8172-8189 (Non-Patent
Literature 1) discloses a method for synthesizing a layered
polysilane by causing a reaction between hydrogen chloride
(HC1) and calcium disilicide (CaSi,), and describes that the
layered polysilane obtained in this manner can be used in a
light-emitting element or the like.

[0010] JP2011090806 (A) (Patent Literature 3) discloses a
lithium ion secondary battery using a layered polysilane as
the negative electrode active material.

CITATION LIST

Patent Literature

[0011] Patent Literature 1: JP3865033 (B2)

[0012] Patent Literature 2: JP2009102219 (A)

[0013] Patent Literature 3: JP2011090806 (A)
Non-Patent Literature

[0014] Non-Patent Literature 1: Physical Review B

(1993), vol. 48, 8172-8189
SUMMARY OF INVENTION

Technical Problem

[0015] The negative electrode active material formed of
the layered polysilane described in Patent Literature 3 has a
flaw of not being preferable as a substance for the negative
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electrode active material of a secondary battery since having
a large BET specific surface area. For example, when the
BET specific surface area of the negative electrode active
material is large in the negative electrode of a lithium ion
secondary battery, achieving a high capacity is difficult since
decomposition of the electrolytic solution is accelerated and
the irreversible capacity consumed at the negative electrode
becomes large. In addition, a problem regarding low cycle
characteristics of the lithium ion secondary battery exists,
since SEI occurs easily at the negative electrode.

[0016] The present invention has been made in view of the
above described situation, and the problem to be solved is to
provide a negative electrode active material capable of
reducing the irreversible capacity and suppressing genera-
tion of SEI, and an electrical storage device using the
negative electrode active material in the negative electrode.

Solution to Problem

[0017] The negative electrode active material of the pres-
ent invention solving the above described problem includes
complex particles formed of: nano silicon aggregated par-
ticles produced by heating a layered polysilane represented
by a composition formula of (SiH),, and having a structure
in which multiple six-membered rings formed from silicon
atoms are connected; and a composited carbon layer formed
from an amorphous carbon and at least covering one portion
of the aggregated particles. A mean particle diameter Dy, of
the aggregated particles is within a range of 0.2 pm to 30 pm,
and a mean particle diameter D5, of the complex particles is
within a range of 0.5 um to 40 pum.

[0018] The production method according to the present
invention includes the following steps to be performed in the
following order: an aggregated particle formation step of
obtaining nano silicon aggregated particles by heating a
layered polysilane represented by a composition formula of
(SiH),, and having a structure in which multiple six-mem-
bered rings formed from silicon atoms are connected; a
grinding step of grinding the aggregated particles to a mean
particle diameter D5, not larger than 30 um into fine aggre-
gated particles; a carbonization step of mixing the fine
aggregated particles and a resin solution, and removing the
solvent, and carbonizing the resin.

[0019] An electrical storage device according to the pres-
ent invention includes a negative electrode containing the
negative electrode active material of the present invention.

Advantageous Effects of Invention

[0020] In the negative electrode active material of the
present invention, the complex particles in which at least one
portion of the nano silicon aggregated particles is covered
with the carbon layer formed from an amorphous carbon are
included. As a result, the decomposition of the electrolytic
solution is suppressed, the irreversible capacity is reduced,
and the aggregated particles is suppressed from turning into
fine powder because of repeated expansion and contraction
during charging and discharging in an electrical storage
device. As a result, cycle characteristics improve since the
increase in the specific surface area on the negative electrode
is suppressed and the generation of SEI is also suppressed.
[0021] As a result of having the mean particle diameter
Ds, of the aggregated particles within a range of 0.2 pm to
30 um and the mean particle diameter Dy, of the complex
particles within a range of 0.5 um to 40 pm; excellent
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coatability when the complex particles are applied on a
current collector to form a negative electrode active material
layer is obtained, and a stable negative electrode active
material is formed. In addition, when the negative electrode
active material is used for the negative electrode of an
electrical storage device, initial capacity and cycle charac-
teristics further improve.

[0022] Furthermore, in the production method according
to the present invention, the carbonization step is performed
after the aggregated particles are ground into fine aggregated
particles. Thus, the carbon layer is easily formed on nearly
all surfaces of the fine aggregated particles, and, when the
aggregated particles are used in the negative electrode of the
electrical storage device, decomposition of the electrolytic
solution is further suppressed. As a result, the electrical
storage device of the present invention displays high cycle
characteristics.

BRIEF DESCRIPTION OF DRAWINGS

[0023] FIG. 1 is a Raman spectrum of a layered polysi-
lane;

[0024] FIG. 2 is a Raman spectrum of a single-crystal
silicon;

[0025] FIG. 3 is a Raman spectrum of a layered polysilane

according to Example 1; and
[0026] FIG. 4 is an XRD spectrum of complex particles
according to Example 1.

DESCRIPTION OF EMBODIMENTS

[0027] The present inventors conducted thorough research
in the layered polysilane described in Non-Patent Literature
1 and Patent Literature 3, and focused on the Raman
spectrum thereof. Generally in a Raman shift, a bond is
known to be stronger when a shift toward the high frequency
side is observed and is known to be more easily cut when a
shift toward the low frequency side is observed. A Raman
spectrum of the layered polysilane is shown in FIG. 1, and
a Raman spectrum of a single-crystal silicon is shown in
FIG. 2. Based on a comparison between FIGS. 1 and 2, a
peak of a Si—Si bond observed at 520 cm™" in the single-
crystal silicon was understood as to be shifted to the vicinity
of 320 cm™ on the low frequency side in the layered
polysilane.

[0028] Thus, by having a layered polysilane structure,
since the bond between Si—Si becomes weak, forming nano
silicon under mild condition is predicted to be possible. The
present inventors discovered that a nano silicon material is
obtained by heating the layered polysilane at a temperature
higher than 100° C. under a non-oxidizing atmosphere. In
the layered polysilane described in Non-Patent Literature 1,
the basic skeleton is a layered polysilane represented by a
composition formula of (SiH), and having a structure in
which multiple six-membered rings formed from silicon
atoms are connected. By heating the layered polysilane at a
temperature higher than 100° C. under a non-oxidizing
atmosphere, a nano silicon material whose crystallite diam-
eter is about 5 nm is obtained. When the heating is con-
ducted at a temperature lower than 100° C., the structure of
the layered polysilane is maintained without any changes,
and the nano silicon is not obtained. Although the heating
time is different depending on the heating temperature, one
hour is sufficient if the heating is conducted at a temperature
not lower than 500° C.
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[0029] In addition, containing a large amount of SiO,
component in the negative electrode active material is
known to cause deterioration of initial characteristics. The
layered polysilane described in Non-Patent Literature 1 and
Patent Literature 3, although having a small BET specific
surface area of about 20 m?/g, has a large amount of
contained oxygen, and thereby is not suitable as the negative
electrode active material as described above.

[0030] A thorough research has revealed that, depending
on the manufacturing conditions of the layered polysilane,
the BET specific surface area and the amount of oxygen in
the obtained layered polysilane change, and the BET specific
surface area and the amount of oxygen in the nano silicon
obtained by heating the layered polysilane also change. In
Non-Patent Literature 1 and Patent Literature 3, the layered
polysilane is obtained by causing a reaction between hydro-
gen chloride (HCI) and calcium disilicide (CaSi,). Calcium
disilicide (CaSi,) forms a layered crystal in which a Ca
atomic layer is inserted within the (111) plane of Si having
a diamond structure, and the layered polysilane is obtained
when calcium (Ca) is extracted through a reaction with an
acid.

[0031] In the Raman spectrum for the layered polysilane,
peaks of Raman shift exist at 34110 cm™, 360+10 cm™,
498+10 cm™!, 638+10 cm™!, and 734x10 cm™".

[0032] Using a mixture of hydrogen fluoride (HF) and
hydrogen chloride (HCI) as the acid to extract Ca has been
shown to increase the BET specific surface areas of, but
reduce the amount of oxygen of, the obtained layered
polysilane and nano silicon material. However, having an
increase in the BET specific surface area is not preferable
from the standpoint of an increase in the above described
irreversible capacity, etc. In addition, the obtained nano
silicon material aggregates and forms aggregated particles.
Thus, a problem occurs regarding deterioration in cycle
characteristics due to generation of SEI as the specific
surface area increases, as a result of the aggregated particles
turning into fine powder because of repeated expansion and
contraction during charging and discharging in an electrical
storage device.

[0033] Thus, the negative electrode active material of the
present invention includes the complex particles formed of
the nano silicon aggregated particles, and the composited
carbon layer formed from an amorphous carbon and at least
covering one portion of the aggregated particles. Although
the nano silicon aggregated particles to be used may be
obtained by heating the layered polysilane described in
Non-Patent Literature 1 and Patent Literature 3; nano silicon
aggregated particles obtained by heating a layered polysi-
lane produced with the following method are preferably
used.

[0034] Thus, a mixture of hydrogen fluoride (HF) and
hydrogen chloride (HCI) is caused to react with calcium
disilicide (CaSi,). Calcium disilicide (CaSi,) forms a lay-
ered crystal in which a Ca atomic layer is inserted among the
(111) plane of Si having a diamond structure, and the layered
polysilane is obtained when calcium (Ca) is extracted
through a reaction with an acid.

[0035] In this production method, the mixture of hydrogen
fluoride (HF) and hydrogen chloride (HCI) is used as the
acid. By using hydrogen fluoride (HF), the SiO, component
generated during synthesis or refining is etched, and
although the BET specific surface area increases as a result,
the amount of oxygen is reduced. Although a layered poly-
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silane is obtained even when hydrogen fluoride (HF) is used
alone, the obtained layered polysilane is not preferable since
being highly active and is oxidized with a minute amount of
air, but has an increased amount of oxygen. When hydrogen
chloride (HCY) is used alone, similarly to that in Non-Patent
Literature 1, only a layered polysilane having a large amount
of oxygen is obtained.

[0036] The composition ratio of hydrogen fluoride (HF)
and hydrogen chloride (HCI) is preferably within a range of
HF/HCI=1/1 to 1/100 in mol ratio. Having an amount of
hydrogen fluoride (HF) larger than that described in this
ratio is not preferable since impurities such as CaF, and
CaSiO-type are generated, and separating the layered poly-
silane from these impurities is difficult. Furthermore, when
the amount of hydrogen fluoride (HF) becomes smaller than
that described in this ratio, the etching action by HF
becomes weak, and a large amount of oxygen remains in the
layered polysilane in some cases.

[0037] The blend ratio of calcium disilicide (CaSi,) and
the mixture of hydrogen fluoride (HF) and hydrogen chlo-
ride (HC)) is preferably excessive for the acid than equiva-
lency. Furthermore, the reaction is preferably conducted
under vacuum or inert gas atmosphere. Using this produc-
tion method has been shown to shorten the reaction time
compared to that with the production method in Non-Patent
Literature 1. Since having a reaction time that is too long
causes the generation of SiF, as a result of additional
reaction between Si and HF, a reaction time of about 0.25 to
24 hours is sufficient. The reaction proceeds easily even
when the reaction temperature is room temperature.

[0038] Although CaCl, or the like is generated from the
reaction, refinement of the layered polysilane is easy since
CaCl, or the like is easily removed through rinsing with
water.

[0039] By heating the produced layered polysilane under
a non-oxidizing atmosphere at a temperature not lower than
100° C., nano silicon aggregated particles having a reduced
BET specific surface area and less amount of oxygen is
obtained. Examples of the non-oxidizing atmosphere
include an inert gas atmosphere and a vacuum atmosphere.
The inert gas is not specified in particular as long as the inert
gas is such as nitrogen, argon, or helium, and does not
contain oxygen.

[0040] The heating temperature is preferably within a
range of 100° C. to 1000° C., and particularly preferably
within a range of 400° C. to 600° C. The nano silicon is not
generated when the temperature is lower than 100° C. A
lithium ion secondary battery having, as the negative elec-
trode active material, nano silicon aggregated particles
formed particularly through heating at a temperature not
lower than 400° C. has improved initial efficiency.

[0041] The size of Si crystallites of the nano silicon in the
aggregated particles, when being used as an electrode active
material of an electrical storage device, is within a range of
preferably 0.5 nm to 300 nm, more preferably 1 nm to 100
nm, further preferably 1 nm to 50 nm, and particularly
preferably 1 nm to 10 nm.

[0042] Although the amount of oxygen in the nano silicon
aggregated particles obtained by heating the layered poly-
silane produced with the production method described in
Non-Patent Literature 1 is as large as approximately 33%,
the amount of oxygen in the nano silicon aggregated par-
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ticles obtained by heating the layered polysilane produced
with the production method described above is as small as
30% or less.

[0043] The negative electrode active material of the pres-
ent invention includes the complex particles formed of the
nano silicon aggregated particles having at least one portion
thereof covered with the carbon layer formed from an
amorphous carbon. The mean particle diameter D5, of the
aggregated particles is within a range of 0.2 pm to 30 pm,
and the mean particle diameter D5, of the complex particles
is within a range of 0.5 um to 40 pm. The mean particle
diameter Dy, of the aggregated particles is particularly
preferably not larger than 1 um.

[0044] When the mean particle diameter D5, of the aggre-
gated particles is smaller than 0.2 pum, SEI is generated
easily when being used in the negative electrode of an
electrical storage device, since the specific surface area
increases. Furthermore, since aggregation occurs easily,
uniformly dispersing the aggregated particles in the complex
particles becomes difficult. When the mean particle diameter
Dy, of the aggregated particles is larger than 30 um, the
particle size of the complex particles becomes larger. As a
result, coatability of the complex particles with respect to a
current collector deteriorates, and, when being used in the
negative electrode of an electrical storage device, the cycle
characteristics deteriorate because of the aggregated par-
ticles turning into fine powder.

[0045] When the mean particle diameter Dy, of the com-
plex particles is smaller than 0.5 um, the specific surface
area becomes large, and, when being used in the negative
electrode of an electrical storage device, initial efliciency
deteriorates since SEI increases. Furthermore, when the
mean particle diameter D5, of the complex particle becomes
larger than 30 pum, coatability of the complex particles with
respect to a current collector deteriorates, and, when being
used in the negative electrode of an electrical storage device,
the cycle characteristics deteriorate because the aggregated
particles turn into fine powder.

[0046] The carbon layer formed from an amorphous car-
bon covers at least one portion of the aggregated particles.
The carbon layer provides an advantageous effect of rein-
forcing the aggregated particles. Although conductive addi-
tives such as graphite, acetylene black, and Ketchen black
are used in the negative electrode in some cases, carbon in
these conductive additives is crystalline, not amorphous.
[0047] The thickness of the carbon layer composited when
covering the nano silicon aggregated particles is preferably
within a range of 1 to 100 nm and further preferably within
arange of 5 to 50 nm. When the thickness of the carbon layer
is too small, obtaining the advantageous effect becomes
difficult, whereas when the carbon layer is too thick, the
battery resistance increases and charging and discharging
become difficult in some cases. A structure in which the nano
silicon aggregated particles are dispersed within a matrix of
the carbon layer is preferable.

[0048] The composition ratio of silicon and carbon in the
complex particles is preferably Si/C=2/1 to 20/1 in weight
ratio. Having a Si/C smaller than 2/1 is not suitable for
practical use since the initial capacity becomes low when the
complex particles are used in the negative electrode of an
electrical storage device. Furthermore, when the Si/C is
larger than 20/1, the advantageous effect of compositing the
carbon layer is not obtained. The weight ratio Si/C is
particularly preferably within a range of 2/1 to 6/1.
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[0049] When forming the carbon layer, simply mixing an
amorphous carbon produced separately by some sort of
method with the nano silicon aggregated particles causes the
negative electrode active material to be heterogeneous, and
covering at least one portion of the aggregated particles by
carbon becomes difficult. When the following production
method is used instead, at least one portion of the aggregated
particles is covered with the amorphous carbon with cer-
tainty, and a homogeneous negative electrode active mate-
rial is produced.

[0050] A first production method configured to produce
the negative electrode active material of the present inven-
tion includes the following steps to be performed in the
following order: an aggregated particle formation step of
obtaining nano silicon aggregated particles by heating a
layered polysilane represented by a composition formula of
(SiH),, and having a structure in which multiple six-mem-
bered rings formed from silicon atoms are connected; a
polymerization step of polymerizing, in a state in which the
aggregated particles and an aromatic heterocyclic compound
are mixed, the aromatic heterocyclic compound; and a
carbonization step of carbonizing a polymer of the aromatic
heterocyclic compound.

[0051] The aggregated particle formation step of forming
the nano silicon aggregated particles is the same as that
described above.

[0052] At the polymerization step, the aromatic heterocy-
clic compound is polymerized in the state in which the nano
silicon aggregated particles and the aromatic heterocyclic
compound are mixed. With this, the polymer of the aromatic
heterocyclic compound is obtained in a state of being
adhered to the nano silicon aggregated particles. Examples
of compounds that may be used as the aromatic heterocyclic
compound include polymerizable compounds such as five-
membered ring aromatic heterocyclic compounds such as
furan, pyrrole, thiophene, imidazole, pyrazole, oxazole,
isoxazole, thiazole, and isothiazole, and polycyclic aromatic
heterocyclic compound such as indole, benzimidazole, ben-
zofuran, and purine.

[0053]  Although various types of polymerization methods
may be used for polymerizing these compounds, when
pyrrole or the like is to be used, a method of applying heat
in the presence of a polymerization catalyst such as con-
centrated hydrochloric acid or iron trichloride is simple to
use. When iron trichloride is used in particular, the advan-
tageous effect of increasing the initial capacity when being
used in the electrical storage device is obtained since polym-
erization can be conducted in a nonaqueous atmosphere and
oxidization of Si is suppressed.

[0054] At the carbonization step, the polymer of the aro-
matic heterocyclic compound is carbonized in the state of
being mixed with the nano silicon aggregated particles.
Although this step is performed sufficiently as long as the
heating is conducted under an inert atmosphere at a tem-
perature not lower than 100° C. similarly to when the nano
silicon aggregated particles are produced; the heating is
preferably conducted at a temperature not lower than 400°
C. The aromatic heterocyclic compound, when being polym-
erized, undergoes carbonization without evaporating even
when heated, and a complex in which the carbon layer
formed from an amorphous carbon is bound to the surface of
the nano silicon aggregated particles is obtained. Without
performing the polymerization step, if the heating is con-
ducted in the state in which the nano silicon aggregated
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particles and the aromatic heterocyclic compound are
mixed, the aromatic heterocyclic compound evaporates and
carbonizing the aromatic heterocyclic compound becomes
difficult.

[0055] With the production method described above, pro-
ductivity is low since steps for polymerization and refine-
ment, etc., are required. In addition, the production method
has a problem regarding difficulty in forming the complex in
which the carbon layer is formed uniformly. Thus, a second
production method of the present invention includes the
following steps to be performed in the following order: an
aggregated particle formation step of obtaining nano silicon
aggregated particles by heating a layered polysilane repre-
sented by a composition formula of (SiH), and having a
structure in which multiple six-membered rings formed from
silicon atoms are connected; a compositing step of mixing a
resin solution and the aggregated particles and removing a
solvent therefrom; and a carbonization step of carbonizing a
resin thereof. With this production method, by optimally
selecting the resin, the carbon layer formed from an amor-
phous carbon is easily formed. In particular, by using a
polymer compound in advance as the resin, the polymeriza-
tion step is shortened and unevenness caused during polym-
erization is reduced.

[0056] The aggregated particle formation step of forming
the nano silicon aggregated particles is the same as that
described above.

[0057] The compositing of the resin and the aggregated
particles is conducted by mixing the resin solution and the
aggregated particles, and removing the solvent. As the resin
used as a carbon precursor, an easily graphitizable material
or a hardly graphitizable material is preferably used, and a
resin having a high carbonization rate is more preferable.
Examples of resins having a high carbonization rate include
polycarbonate whose material is bisphenol A, an epoxy
resin, and phenol resins whose material is phenol; and
phenol resins having a particularly high carbonization rate is
particularly preferable. As the solvent of the resin solution,
any solvent capable of dissolving the resin may be used. In
order to obtain composite particles with fewer flaws, the
aggregated particles are preferably sufficiently mixed and
dispersed uniformly in the resin solution.

[0058] Although the carbonization step is performed suf-
ficiently as long as the heating is conducted under an inert
atmosphere at a temperature not lower than 100° C. similarly
to when the nano silicon aggregated particles are produced;
the heating is preferably conducted at a temperature not
lower than 400° C. When a thermosetting resin is used as the
resin, carbonization may be conducted after the resin is
heated and cured. Furthermore, the resin may be thermally
cured at a low temperature in advance and then heated at a
high temperature for carbonization, or the resin may be
thermally cured in the carbonization step while the tempera-
ture is being increased.

[0059] In a Raman spectrum of the amorphous carbon,
peaks appear at G-band (around 1590 cm™) and D-band
(around 1350 cm™). A peak at G-band is derived from
graphite and a peak at D-band is derived from a defect. Thus,
having a higher G/D ratio, which is a ratio of G-band and
D-band, means having higher crystallinity.

[0060] The experiments conducted by the present inven-
tors have shown that the G/D ratio of the produced amor-
phous carbon is different depending on the calcination
temperature in the carbonization step, and the G/D ratio
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becomes higher when the calcination temperature is higher.
In addition, the experiments have shown that having a low
G/D ratio results in deteriorated initial efficiency when being
used in the electrical storage device. Thus, regarding the
carbon in the carbon layer in the complex, the G/D ratio
which is the ratio of G-band and D-band is preferably not
lower than 0.2 in a Raman spectrum. By using such a
complex in the negative electrode active material, the irre-
versible capacity in the electrical storage device is reduced
and the initial efficiency improves. In order to obtain a G/D
ratio not lower than 0.2, the calcination temperature is
preferably not lower than 500° C. in the carbonization step.
When the calcination temperature is too high, the nano
silicon becomes inactive, and the initial efficiency and the
initial capacity are reduced when being used in the electrical
storage device. Thus, the calcination temperature is prefer-
ably lower than 1100° C.

[0061] Carbon formed at the carbonization step was
shown to have a different characteristic X-ray spectrum
depending on the type of carbon source. Characteristic
X-rays are generated when an electron in an occupying orbit
at the outer shell transitions to a pore formed in an inner shell
orbit. The energy (hv) of the characteristic X-rays depends
on the energy difference between the inner shell and the
outer shell. In cases with carbon, a peak of hv appears at
around 276 to 282 eV because of the transition of electrons
from the L shell to the more inner K shell at the valence
band. The peak is generally referred to as CKa spectrum. In
cases with carbon formed using a phenol resin, an epoxy
resin, a polycarbonate, or the like as the carbon source, a
characteristic peak appears at around hv=279.5 to 281.0 eV,
and the height of the peak differs depending on the differ-
ence in the type of the resin. Carbon formed from furan does
not has this peak, but has a characteristic peak at around
hv=279 to 279.5 eV. Here, (h) is the Planck’s constant
[6.62606957x107>* m*kg/s], and (v) is the frequency [Hz] of
irradiated radiation.

[0062] In a CKa spectrum of characteristic X-rays gen-
erated through irradiation of electron beams or X-rays, the
carbon of the carbon layer in the complex preferably has a
peak (A) derived from sp? orbit at around hv=277.5 to 279.5
eV (h: Planck’s constant, v: frequency), and a peak (B) at
around hv=279.5 to 281.0 eV. When the ratio (peak (B)/peak
(A)) of the height of the peak (B) with respect to the height
of the peak (A) is not lower than 0.92, the carbon is carbon
derived from a phenol resin, and the electrical storage device
provided with the complex containing the carbon achieves
particularly excellent initial efficiency and initial capacity.

[0063] In the two production methods described above,
the nano silicon aggregated particles formed at the aggre-
gated particle formation step aggregate with each other and
form bulky aggregated particles. When the carbonization
step is performed in such a state, the carbon layer is formed
on the surface of, but almost not in the inside of, the bulky
aggregated particles of the obtained complex particles. Thus,
when the complex particles are ground, the contained bulky
aggregated particles are ground and the probability of hav-
ing a fracture surface of the aggregated particles being
exposed on the surface of the complex particle increases. In
the electrical storage device using such complex particles in
the negative electrode, the advantageous effect of suppress-
ing decomposition of the electrolytic solution becomes less,
and cycle characteristics deteriorate in some cases.
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[0064] Thus, in the production methods of the present
invention, a grinding step of grinding the aggregated par-
ticles to a mean particle diameter D5, of not larger than 30
pm into fine aggregated particles is performed after the
aggregated particle formation step, and then the carboniza-
tion step is performed. By doing so, the carbon layer is easily
formed on all surfaces of the fine aggregated particles. Even
when grinding of the complex particle is required after the
carbonization, grinding of even the fine aggregated particles
is suppressed since fractures are mainly within the carbon
layer, and the probability of having a fracture surface of the
aggregated particles being exposed on the surface of the
complex particle becomes low. Thus, in the electrical stor-
age device using such complex particles in the negative
electrode, the advantageous effect of suppressing decompo-
sition of the electrolytic solution increases, and cycle char-
acteristics greatly improve.

[0065] The grinding step can be performed by using
various types of grinders known in the art such as a ball mill,
a roll mill, a jet mill, a sand mill, and an impact mill. These
types of grinders can be used even when the complex
particles are to be ground after the carbonization.

[0066] <Negative Electrode of Electrical Storage Device>
[0067] The negative electrode of, for example, a nonaque-
ous secondary battery is produced by using the negative
electrode active material of the present invention by: apply-
ing, on the current collector using a method such as roll
coating method, dip coating method, doctor blade method,
spray coating method, or curtain coating method, a slurry
obtained through adding and mixing a powder of the nega-
tive electrode active material, the conductive additive such
as a carbon powder, a binder, and a proper amount of an
organic solvent; and drying or curing the binder.

[0068] Although the binder is demanded to bind the active
material or the like with the smallest possible amount, the
added amount is preferably 0.5 wt % to 50 wt % of the total
amount of the active material, the conductive additive, and
the binder. Moldability of an electrode deteriorates when the
amount of the binder is less than 0.5 wt %, whereas energy
density of an electrode decreases when the amount of the
binder is more than 50 wt %.

[0069] Examples of the binder include polyvinylidene
difluoride (PVdF), polytetrafluoroethylene (PTFE), styrene-
butadiene rubber (SBR), polyimide (PI), polyamide-imide
(PAI), carboxymethyl cellulose (CMC), polyvinyl chloride
(PVC), methacrylic resin (PMA), polyacrylonitrile (PAN),
modified polyphenylene oxide (PPO), polyethylene oxide
(PEO), polyethylene (PE), polypropylene (PP), and poly-
acrylic acid (PAA), etc.

[0070] When polyvinylidene difluoride is used as the
binder, the potential of the negative electrode is reduced and
voltage of the electrical storage device improves. Further-
more, using polyamide-imide (PAI) orpolyacrylic acid
(PAA) as the binder improves initial efficiency and discharge
capacity.

[0071] The current collector refers to a fine electron con-
ductor that is chemically inert for continuously sending a
flow of current to the electrode during discharge or charging.
The current collector may be used in the form of a foil, a
plate, or the like. However, the form is not particularly
limited as long as the form is in accordance with the purpose.
As the current collector, for example, a copper foil or an
aluminum foil is suitably used.
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[0072] With respect to the negative electrode active mate-
rial of the present invention, a negative electrode active
material known in the art such as graphite, hard carbon,
silicon, carbon fibers, tin (Sn), and silicon oxides may be
mixed. Among those described above, a silicon oxide rep-
resented by SiO, (0.3=x<1.6) is particularly preferable. Each
particle of a powder of this silicon oxide is formed of SiO,
derived from decomposition into fine Si and SiO, covering
the Si as a result of a disproportionation reaction. When x is
lower than the lower limit value, the volume change during
charging and discharging becomes too large and the cycle
characteristics deteriorate since the Si ratio becomes high.
Furthermore, when x is higher than the upper limit value, the
energy density is reduced since the Si ratio becomes low. A
range of 0.5=x<1.5 is preferable, and a range of 0.7<x<1.2
is further preferable.

[0073] General, nearly all SiO molecules are said to dis-
proportionate and separate into two phases at a temperature
of not lower than 1000° C. in an oxygen-less environment.
Specifically, by heating a material silicon oxide powder
containing an amorphous SiO powder at 1000 to 1200° C.
for 1 to 5 hours in an inert atmosphere such as under vacuum
or in an inert gas, a silicon oxide powder including two
phases, i.e., an amorphous SiO, phase and a crystalline Si
phase, is obtained.

[0074] Furthermore, as the silicon oxide, a material
obtained by compositing 1 to 50 mass % of a carbon material
with respect to SiO, may be used. By compositing the
carbon material, cycle characteristics improve. When the
composited amount of the carbon material is less than 1
mass %, the advantageous effect regarding the improvement
of conductivity is not obtained; whereas when the compos-
ited amount is more than 50 mass %, the relative proportion
of SiO, becomes less and negative-electrode capacity
reduces. The composited amount of the carbon material with
respect to Si0, is preferably in a range of 5 to 30 mass % and
further preferably within a range of 5 to 20 mass %. CVD
or the like may be used for compositing the carbon material
with respect to SiO,.

[0075] The mean particle diameter of the silicon oxide
powder is preferably within in a range of 1 pm to 10 pm.
When the mean particle diameter is larger than 10 pum,
charging/discharging characteristic of the nonaqueous sec-
ondary battery deteriorates; whereas when the mean particle
diameter is smaller than 1 pm, the charging/discharging
characteristic of the nonaqueous secondary battery similarly
deteriorates in some cases since bulky particles are obtained
through aggregation.

[0076] The conductive additive is added for increasing
conductivity of the electrode. As the conductive additive,
carbonaceous fine particles such as carbon black, graphite,
acetylene black (AB), Ketchen black (KB), and vapor grown
carbon fiber (VGCF) may be used singly or in a combination
of two or more. Although the usage amount of the conduc-
tive additive is not limited in particular, for example, about
20 to 100 parts by mass may be used with respect to 100
parts by mass of the active material. When the amount of the
conductive additive is less than 20 parts by mass, an efficient
conducting path is not formed; whereas when the amount is
more than 100 parts by mass, moldability of the electrode
worsens and energy density of the electrode becomes low.
‘When the silicon oxide composited with the carbon material
is used as the active material, the added amount of the
conductive additive may be reduced or may be zero.
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[0077] The organic solvent is not limited in particular, and
a mixture of multiple solvents may be used. As the organic
solvent, N-methyl-2-pyrrolidone and a mixed solvent of
N-methyl-2-pyrrolidone and an ester based solvent (ethyl
acetate, n-butyl acetate, butyl-cellosolve acetate, butyl car-
bitol acetate, etc.) or a glyme based solvent (diglyme,
triglyme, tetraglyme, etc.) are particularly preferable.
[0078] When the electrical storage device of the present
invention is a lithium ion secondary battery, lithium may be
predoped on the negative electrode. For the doping of the
negative electrode with lithium, for example, an electrode
forming method of assembling a half cell using metal
lithium as a counter electrode, and electrochemically con-
ducting lithium doping may be used. The degree of lithium
doping is not particularly limited.

[0079] When the electrical storage device of the present
invention is a lithium ion secondary battery, a not-particu-
larly limited positive electrode, electrolytic solution, or
separator known in the art may be used. Any positive
electrode may be used as long as the positive electrode is one
that is usable in a nonaqueous secondary battery. The
positive electrode includes a current collector, and a positive
electrode active material layer bound on the current collec-
tor. A positive electrode active material layer contains the
positive electrode active material and the binder, and may
further contain a conductive additive. The positive electrode
active material, the conductive additive, and the binder are
not particularly limited, and those usable in a nonaqueous
secondary battery may be used.

[0080] Examples of the positive electrode active material
include metal lithium, LiCoO,, LiNi,,;Co,,;Mn, ,;0,,
Li,MnOj,, and sulfur, etc. As the current collector, one that
is commonly used for the positive electrode of a lithium ion
secondary battery such as aluminum, nickel, and stainless
steel may be used. As the conductive additive, one that is
similar to that described above in relation to the negative
electrode may be used.

[0081] The electrolytic solution is obtained by dissolving
a lithium metal salt, which is an electrolyte, in the organic
solvent. The electrolytic solution is not limited in particular.
As the organic solvent, one or more types selected from
aprotic organic solvents such as, for example, propylene
carbonate (PC), ethylene carbonate (EC), dimethyl carbon-
ate (DMC), diethyl carbonate (DEC), and ethyl methyl
carbonate (EMC) may be used. As the electrolyte to be
dissolved, a lithium metal salt that is soluble to the organic
solvent, such as LiPF,, LiBF,, LiAsF, Lil, LiClO,, and
LiCF;SO; may be used.

[0082] As the electrolytic solution, for example, a solution
obtained by dissolving a lithium metal salt such as LiClO,,,
LiPF,, LiBF,, or LiCF;SO; in an organic solvent such as
ethylene carbonate, dimethyl carbonate, propylene carbon-
ate, or dimethyl carbonate at a concentration of about 0.5
mol/L to 1.7 mol/L may be used.

[0083] The separator is not particularly limited as long as
the separator is one usable in a nonaqueous secondary
battery. The separator is configured to separate the positive
electrode and the negative electrode to retain the electrolytic
solution, and thin microporous film of polyethylene, poly-
propylene, or the like may be used for the separator.
[0084] When the electrical storage device of the present
invention is a nonaqueous secondary battery, the form of the
nonaqueous secondary battery is not particularly limited,
and various forms such as a cylinder type, a laminated type,
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and a coin type, etc., may be used. No matter which form is
used, a battery is formed by: making an electrode assembly
by interposing the separator between the positive electrode
and the negative electrode; respectively connecting, using
current collection leads or the like, the positive electrode
current collector to a positive electrode external terminal and
the negative electrode current collector to a negative elec-
trode external terminal; and sealing the electrode assembly
together with the electrolytic solution in a battery case.
[0085] In the following, embodiments of the present
invention will be described specifically by means of
Examples and Comparative Examples.

Example 1

Aggregated Particle Formation Step

[0086] A mixed solution of 7 ml of an HF aqueous solution
having a concentration of 46 mass % and 56 ml of an HCI
aqueous solution having a concentration of 36 mass % was
set to a temperature of 0° C. in an ice bath, 3.3 g of calcium
disilicide (CaSi,) was added thereto in an argon gas current,
and the mixed solution was stirred. After confirming that
foaming has ended, the mixed solution was brought to room
temperature, further stirred for 2 hours at room temperature,
and, after 20 ml of distilled water was added thereto, further
stirred for 10 minutes. A yellow powder was observed as
being suspended in the solution.

[0087] The obtained mixed solution was filtered. A residue
obtained therefrom was rinsed with 10 ml of distilled water,
rinsed with 10 ml of ethanol, and vacuum dried to obtain 2.5
g of a layered polysilane. A Raman spectrum of that is shown
in FIG. 3. Peaks of Raman shift existed at 34110 cm™,
360+10 cm™, 498+10 cm™, 638+10 cm™, and 734x10
cm™. The layered polysilane was heated to obtain nano
silicon aggregated particles.

Grinding Step

[0088] Although the obtained nano silicon aggregated
particles had a mean particle diameter D, of approximately
30 pm, bulky aggregated particles were formed through
further aggregation of the aggregated particles. Thus, the
particles were ground using a ball mill. 100 g of zirconia
balls having a diameter of 4 mm was used with respect to 1
g of the nano silicon aggregated particles, and the grinding
was conducted for 24 hours at 70 rpm. The mean particle
diameter D5, of the obtained fine aggregated particles was
1.5 um.

Carbonization Step

[0089] With respect to 1 g of the obtained fine aggregated
particles, 0.86 g of a resol-type phenolic resin solution (solid
content: 58 mass %) was added (loaded weight ratio Si/C=2/
1), and the mixture was stirred thoroughly. After the solvent
was removed therefrom, the phenol resin was heated at 120°
C. for 1 hour under reduced pressure to cure the phenol
resin, and then carbonized through baking for 20 minutes at
900° C. in argon gas. Si/C weight ratio calculated from the
weight of the recovered powder and the loaded amount of
the layered polysilane was 4/1.

[0090] Measurement of X-ray diffraction (XRD measure-
ment) using CuKo radiation against the obtained complex
particles was conducted. The result is shown in FIG. 4. From
the XRD measurement, a halo that is considered to be
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derived from fine particles of Si was observed. The crystal-
lite diameter of the fine particles of Si calculated in accor-
dance with Scherrer’s equation from the half width of a
diffraction peak of the (111) plane in the X-ray diffraction
measurement result was approximately 3 nm. With the
complex particles, since a peak of 20=26° (crystalline car-
bon peak) was not observed, the carbon contained in the
complex particles is understood as to be amorphous.
[0091] The obtained complex particles were ground by
using a ball mill. 100 g of zirconia balls having a diameter
of 4 mm was used with respect to 1 g of the complex
particles, and the grinding was conducted for 2 hours at 70
rpm. The mean particle diameter D5, of the obtained com-
plex fine particles was 5.9 um.

[0092] A slurry was prepared by mixing 85 parts by mass
of a powder of the obtained complex fine particles, 5 parts
by mass of acetylene black, and 33 parts by mass of a binder
solution. As the binder solution, a solution in which a
polyamide-imide (PAI) resin was dissolved in N-methyl-2-
pyrrolidone (NMP) at 30 mass % was used. The slurry was
applied on the surface of an electrolytic copper foil (current
collector) having a thickness of approximately 20 um by
using a doctor blade to form a negative electrode active
material layer on the copper foil. Then, the current collector
and the negative electrode active material layer were
adhered firmly and joined by using a roll press machine. The
obtained joined object was vacuum dried at 100° C. for 2
hours to form a negative electrode in which the thickness of
the negative electrode active material layer was 16 um.
[0093] A lithium ion secondary battery (half-cell) was
produced by using, as an evaluation electrode, the negative
electrode produced from the procedure described above. A
metal lithium foil (thickness: 500 pum) was used as a counter
electrode.

[0094] The counter electrode and the evaluation electrode
were respectively cut to have diameters of 13 mm and 11
mm, and had a separator (glass filter manufactured by the
Hoechst Celanese Corp., and “Celgard 2400” manufactured
by Celgard LLC.) interposed therebetween to form an elec-
trode assembly battery. The electrode assembly battery was
housed in a battery case (member for CR2032 type coin
batteries, manufactured by Hohsen Corp.). A nonaqueous
electrolytic solution obtained by dissolving LiPF, at a con-
centration of 1 M in a mixed solvent in which ethylene
carbonate and diethyl carbonate were mixed at 1:1 (volume
ratio) was poured in the battery case, and the battery case
was sealed to obtain a lithium ion secondary battery.

Example 2

[0095] A lithium ion secondary battery was obtained simi-
larly to Example 1 except for using complex particles
prepared similarly to Example 1 except for setting the
grinding time in the grinding step to 12 hours, and setting the
grinding time after the carbonization step to 2 hours. The
mean particle diameter Dy, of the fine aggregated particles
obtained at the grinding step was 3.0 um, and the mean
particle diameter D, of the prepared complex particles was
4.2 um.

Example 3

[0096] A lithium ion secondary battery was obtained simi-
larly to Example 1 except for using complex particles
prepared similarly to Example 1 except for setting the
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grinding time in the grinding step to 2 hours and setting the
grinding time after the carbonization step to 2 hours. The
mean particle diameter D5, of the fine aggregated particles
obtained at the grinding step was 11.0 pm, and the mean
particle diameter D5, of the prepared complex particles was
4.8 um.

Comparative Example 1

[0097] A lithium ion secondary battery was obtained simi-
larly to Example 1 except for using complex particles
prepared similarly to Example 1 except for not performing
the grinding step and setting the grinding time after the
carbonization step to 2 hours. The mean particle diameter
Ds, of the fine aggregated particles obtained at the grinding
step was 34.0 um, and the mean particle diameter D5, of the
prepared complex particles was 5.0 pm.

Comparative Example 2

[0098] A lithium ion secondary battery was obtained simi-
larly to Example 1 except for using complex particles
prepared similarly to Example 1 except for setting the
grinding time in the grinding step to 24 hours and not
performing the grinding after the carbonization step. The
mean particle diameter Dy, of the fine aggregated particles
obtained at the grinding step was 1.5 pm, and the mean
particle diameter D5, of the prepared complex particles was
42.0 pm.

Comparative Example 3

[0099] A lithium ion secondary battery was obtained simi-
larly to Example 1 except for using complex particles
prepared similarly to Example 1 except for not performing
the grinding of the grinding step and not performing the
grinding after the carbonization step. The mean particle
diameter D, of the fine aggregated particles obtained at the
grinding step was 32.0 um, and the mean particle diameter
D;, of the prepared complex particles was 41.0 pm.

Evaluation of Coatability

[0100] The negative electrodes formed in Examples 1 to 3
and Comparative Examples 1 to 3 were evaluated for surface
smoothness through a visual observation. The results are
shown in Table 1. The surface smoothness was evaluated as
“0” for those uniformly coated with no unevenness, and “x”
for those that were uneven and not uniform, having large
concavities and convexities, or having cracks, etc.

Battery Characteristic Test

[0101] By using the lithium ion secondary batteries of
Examples 1 to 3 and Comparative Examples 1 to 3, dis-
charge capacity obtained when discharging was conducted
with a current of 0.2 mA was measured, and charge capacity
(initial capacity) obtained when charging was conducted
with a current of 0.2 mA and a temperature of 25° C. was
measured. An initial efficiency (charge capacity/discharge
capacity) was calculated.

[0102] By using each of the lithium ion secondary batter-
ies, a cycle test of repeating, for 50 times, a cycle of:
discharging at a temperature of 25° C. with a current of 0.2
mA until the voltage of the evaluation electrode with respect
to that of the counter electrode reached 0.01 V; after 10
minutes, charging at a temperature of 25° C. with a current
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9
of 0.2 mA until the voltage of the evaluation electrode with multiple six-membered rings formed from silicon
respect to that of the counter electrode reached 1 V; and atoms are connected; and a composited carbon layer
pausing for 10 minutes was performed. A value of 100x formed from an amorphous carbon and at least cover-
(charge capacity at 50-th cycle)/(charge capacity at first ing one portion of the aggregated particles, wherein
cycle) was calculated as a capacity retention rate. The results a mean particle diameter D5, of the aggregated particles
are shown in Table 1. is within a range of 0.2 um to 30 pm, and a mean
TABLE 1
Initial Initial Capacity

Aggregated Complex capacity  efficiency retention rate

particle D5, particle D5, Coatability  (mAl/g) (%) (%)
Example 1 1.5 pm 5.9 pm o 1220 76 91
Example 2 3.0 pm 4.2 ym o 1120 72 92
Example 3 11.0 pm 4.8 um a 1230 77 90
Comparative 34.0 pm 5.0 pm < 1160 74 65
Example 1
Comparative 1.5 pm 42.0 pm X 1120 67 80
Example 2
Comparative 32.0 pm 41.0 pm X 1100 63 60
Example 3
[0103] Table 1 shows that coatability and initial efliciency particle diameter D5, of the complex particles is within

worsen when the mean particle diameter D, of the complex
particles is larger than 40.0 pm. In Comparative Example 1,
although excellent coatability and initial efficiency were
obtained since the mean particle diameter Dy, of the com-
plex particles was as small as 5.0 um, the capacity retention
rate was low and cycle characteristics were inferior. The
reason may be that, since the mean particle diameter D5, of
the aggregated particles was as large as 34.0 pm, the
aggregated particles themselves were also ground at the
grinding step for the complex particles after the carboniza-
tion step, and the proportion of the fracture surfaces of the
nano silicon aggregated particle being exposed on the sur-
faces of the ground complex particles became large, and
thereby decomposition of the electrolytic solution and gen-
eration of SEI have occurred during the cycle test.

[0104] Thus, the results show that, when the complex
particles that has a mean particle diameter D50 within a
range of 0.5 pm to 40 um and that includes the nano silicon
aggregated particles having a mean particle diameter D50
within a range of 0.2 um to 30 um were used in the negative
electrode active material; coatability and initial eficiency
improved, and cycle characteristics significantly improved.

INDUSTRIAL APPLICABILITY

[0105] The electrical storage device of the present inven-
tion can be utilized as secondary batteries, electric double
layer capacitors, lithium ion capacitors, and the like. In
addition, the electrical storage device of the present inven-
tion is useful as nonaqueous secondary batteries utilized for
driving motors of electric vehicles and hybrid automobiles
and for personal computers, portable communication
devices, home appliance, office instrument, industrial instru-
ment, and the like. The electrical storage device of the
present invention can be suitably used particularly for driv-
ing motors of electric vehicles and hybrid automobiles
requiring large capacity and large output.
1. A negative electrode active material comprising
complex particles formed of: nano silicon aggregated
particles produced by heating a layered polysilane
having a basic skeleton represented by a composition
formula of (SiH), and having a structure in which

a range of 0.5 pm to 40 pm.

2. The negative electrode active material according to
claim 1, wherein the mean particle diameter Dy, of the
aggregated particles is not larger than 1 pm.

3. The negative electrode active material according to
claim 1, wherein in a Raman spectrum of the layered
polysilane, peaks of Raman shift exist at 34110 cm™,
360+10 cm™, 498+10 cm™, 63810 cm™!, and 734+10
cm™.

4. The negative electrode active material according to
claim 1, wherein the nano silicon of the aggregated particles
has a crystallite diameter of 1 to 50 nm calculated in
accordance with Scherrer’s equation from a half width of a
diffraction peak of (111) plane obtained from a result of a
measurement of X-ray diffraction.

5. The negative electrode active material according to
claim 1, wherein carbon forming the carbon layer lacks a
peak in an XRD chart.

6. The negative electrode active material according to
claim 1, wherein a composition ratio of silicon and carbon
is Si/C=2/1 to 20/1 in weight ratio.

7. The negative electrode active material according to
claim 1, wherein the complex particles include composite
particles formed of a matrix containing the amorphous
carbon and the aggregated particles dispersed in the matrix.

8. The negative electrode active material according to
claim 7, wherein, in the composite particles, surfaces of the
aggregated particles are enclosed within the matrix without
being exposed from the composite particles.

9. The negative electrode active material according to
claim 1, wherein the carbon of the carbon layer includes
carbon derived from a phenol resin.

10. A method for producing a negative electrode active
material, the method comprising following steps to be
performed in following order:

an aggregated particle formation step of obtaining nano

silicon aggregated particles by heating a layered poly-
silane having a basic skeleton represented by a com-
position formula of (SiH), and having a structure in
which multiple six-membered rings formed from sili-
con atoms are connected;
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a grinding step of grinding the aggregated particles to a
mean particle diameter Dy, of not larger than 30 um
into fine aggregated particles; and

a carbonization step of mixing the fine aggregated par-
ticles and a resin solution containing a solvent and a
resin, removing the solvent, and carbonizing the resin.

11. The method for producing the negative electrode

active material according to claim 10, wherein the resin is a
phenol resin.

12. The method for producing the negative electrode

active material according to claim 10, wherein the carbon-
ization step is performed with heating at 600° C. to 1000° C.

13. The method for producing the negative electrode
active material according to claim 10, wherein the layered
polysilane is obtained from a reaction between calcium
disilicide and a mixture of hydrogen fluoride (HF) and
hydrogen chloride (HCI).

14. The method for producing the negative electrode
active material according to claim 10, wherein in the aggre-
gated particle formation step, heating of the layered poly-
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silane is conducted under a non-oxidizing atmosphere at a
temperature not lower than 400° C.

15. An electrical storage device comprising a negative
electrode that includes the negative electrode active material
according to claim 1.

16. The electrical storage device according to claim 15,
wherein the electrical storage device is a lithium ion sec-
ondary battery.

17. A negative electrode active material comprising

complex particles formed of: nano silicon aggregated

particles produced by heating a layered polysilane that
shows, in a Raman spectrum, peaks of Raman shift at
341+10 cm™, 36010 cm™, 49810 cm™, 638+10
cm™, and 73410 cm™"; and a composited carbon layer
formed from an amorphous carbon and at least cover-
ing one portion of the aggregated particles, wherein

a mean particle diameter D5, of the aggregated particles

is within a range of 0.2 um to 30 pm, and a mean
particle diameter D5, of the complex particles is within
a range of 0.5 pm to 40 pm.
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