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ABSTRACT

A silicon material useful as a negative electrode active

material is provided.

The silicon material has an Si/0 atom ratio within a range

of greater than 1/0.5 and not greater than . /0.1 and a band gap

within a range of greater than 1.1 eV and not greater than 2.1

eV. A secondary battery in which this silicon material 1s used

r-v

as a negative electrode active material has long life.
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ELECTRODE OF SECONDARY BATTERY

L)

SILICON MATERIAL AND NEGATIV.

Technical Field

[0001] The present invention relates to a siliconmaterial used

F

O as the negative electrode active material of a lithium 1o0n

secondary battery or the like, a negative electrode active
material containing the silicon material, and a secondary

pattery using the negative electrode active material.

10 Background Art

[0002] Lithium ion secondary batteries are secondary batteries

having a high charge/discharge capacity and capable of achieving
high output. Currently, lithium ion secondary batteries are

malnly used as power supplies for portable electronic egquipment,

15 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 1n a positive electrode

and a negative electrode, active materials capable of inserting

and eliminating lithium (Li) therein/therefrom. The lithium
20 1lon secondary batteries operate when lithium ions move through

an electrolytic solution provided between the two electrodes.

[0003) Inlithiumion secondarybatteries, a lithium~containing

metallic complex oxide such as a lithium cobalt complex oxide

1smainly used as the active material for the positive electrode,

25 and a carbon material having a multilayer structure 1s mainly

used as the active material for the negative electrode. The

performance of a lithium 10on secondary battery i1s 1nfluenced

.

by materials of the positive electrode, the negative electrode,
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and the electrolyte that are 1ncluded in the secondary battery.

Research and development are actively conducted for active

material substances forming the active materials. For example,

P

usage of silicon or a silicon oxilde having a higher capacity

than carbon 1s 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 1s used 1s obtained. However, silicon undergoes a

large volume change associated with occlusion and release of
L1 during charging and discharging. Thus, 1n a secondary
battery 1n which silicon is used as a negative electrode active

material, silicon turns into fine powder to undergo a structural

change during charging and discharging and becomes eliminated

or detached from a current collector as a result. Therefore,

this secondary battery has a problem of short charge/discharge

cycle life of the battery. For that reason, a technique to

suppress a volume change assocliated with occlusion and release

of L1 during charging and discharging by using a silicon oxide
as a negative electrode active material, as compared to silicon,

1S discussed.

F

[0005] For example, usage of a silicon oxide (SiO4: x is about

0.55x£1.5) is discussed as the negative electrode active

material. S104, when being heated, i1s known to decompose 1into

S1 and S10,;. This 1s referred to as a disproportionation

reaction in which a solid separates 1nto two phases, 1.e., Si

phase and Si10, phase, through an internal reaction. The Si phase

obtalined from the separation 1s extremely fine. In addition,
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S

the $10;, phase that covers the Si phase has a function of

suppressing decomposition of the electrolytic solution. Thus,

the secondary battery using the negative electrode actilve

material formed of S104 that has been decomposed 1into S1 and S10;,

has excellent cycle characteristics.

[0006] The cycle characteristics of the secondary battery

improve further when finer silicon particles forming the Si phase

of the S104 described above are used as a negative electrode

active material 1n the secondary battery. JP3865033 (B2)

(Patent Literature l) discloses amethod of heatingmetal silicon

and S10,; to sublimate those into a silicon oxide gas, and cooling

the gas to produce SiOy.

[0007] JP2009102219 (A) (Patent Literature 2) discloses a

production method including decomposing a silicon raw material

1nto an elemental state in a high temperature plasma, rapidly

cooling 1t to the temperature of ligquid nitrogen to obtain

sllicon nano particles, and fixing the silicon nano particles

into a S10,-T10, matrix by using a sol-gel method or the like.

[0008] 1In the production method disclosed in Patent Literature

1, thematerials are limited to sublimable materials. DMoreover,

1rreversible Li 1s known to be generated at the negative

P

electrode due to change of the S10; phase, which covers the Si

—

phase, 1nto lithium silicate at the time of Li occlusion, and

thus 1t 1s necessary to add an extra active material to the

positive electrode. In addition, 1in the producticn method

disclosed 1n Patent Literature 2, high energy 1s required for

plasma discharge. Furthermore, silicon complexes obtained from

these production methods have a flaw of the silicon particles
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of the Si phase having low dispersibility and being easily

aggregated. When the silicon particles aggregate with each

other and the particle sizes thereof become large, the secondary

battery using those as the negative electrode active material

results 1n having a low 1nitial capacility and deteriorated cycle

characteristics.

[0009] In recent vears, silicon materlals that are expected

for usage 1n semiconductors, electrics or electronics flelds,

and the like have been developed. For example, Physical Review

B (1993), vol. 48, pp. 8172-8189 (Non-Patent Literature 1)

discloses a method for synthesizing a layvered polysilane by
causing a reaction between hydrogen chloride (HCl) and calcium

disilicide (CaSiz), and states that the layered polysilane

obtained in this manner can be used in a light-emitting element

or the like.

[0010] Materials ResearchBulletin, Vol. 31, No. 3, pp. 307-316,

1996 (Non-Patent Literature 2) states that plate-like silicon

crystal was obtained by performing a heat treatment at 900°C
on a layered polysilane obtalned by causing a reaction between

hydrogen chloride (HCl) and calcium disilicide (CaSi,).

[0011] JP2011090806 (A) (Patent Literature 3) discloses a
lithium 1on secondary battery in which a layered polysilane is
used as a negative electrode active material.

Citation List

| Patent Literature]

[0012] Patent Literature 1: JP3865033 (B2)

Patent Literature 2: JPZ2009102219 (A)

Patent Literxrature 3: JP2011090800 (A)
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[Non—-Patent Literature]
[0013] Non-Patent Literature 1: Physical Review B (1993), vol.

48, pp. 8172-8189

Non-Patent Literature 2: Materials Research Bulletin, vol.

31, No. 3, pp. 307-316, 19960

summary Of Invention

Technical Problem

[0014] In a secondary battery such as a lithium ion secondary

pattery, a high capacity 1s achieved by using silicon or Si0y

as a negative electrode active material. However, a secondary

pattery 1n which silicon or S10; 1s used as a negative electrode

g~ gr
S

"1lcient 1nitial

ficient life and insu

active materilial has insu:

efficiency, etc. in some cases, and thus has not been put into

prir

practical use. Therefore, achievement of both improvement of

o — 1 -
— —

initial efficiency and extension  of 11fe when the

above~-described silicon material 1s used as the negative

F

electrode active material of a secondary battery, 1s desired.

In particular, a new silicon material useful as a negative

pre=—

electrode active material with which the capacity of a secondary

battery can be suitably maintained, 1s desired.

Solution to Problem

[0015] The inventors of the present application have thoroughly

priey

investigated the characteristics of a lithium ion secondary

battery in which a silicon material obtained by performing a

heat treatment on a layered silicon compound was used as a

negative electrode active material. As a result, the inventors

of the present application have found that the life (cycle

characteristics) that i1s one of battery characteristics 1is
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greatly influenced by the band gap of the silicon material, and
have accomplished the present invention.

[0016] That is, a silicon material of the present invention

solving the above-described problem has an Si/0 atom ratio within

5 a range of greater than 1/0.5 and not greater than 1/0.1 and

a band gap within a range of greater than 1.1 eV and not greater

than 2.1 eV.

[0017] A secondary battery of the present invention includes

10 a negative electrode containing a negative electrode active

o

material using the silicon material of the present invention.

i

Advantageous Effects of Invention

[0018] The silicon material of the present invention is useful

F

as the negative electrode active material of a secondary battery

15 uslng a nonaqueous electrolytic solution. A secondary battery

P

in which the silicon material of the present invention is used

as anegative electrode activematerial has a suitablymaintained

v
p—

capacity and thus has long life.

F
ad

Brief Description of Drawings

F

20 [0019] Fig. 1 is a Raman spectrum of a layered silicon compound;

- Fig. 2 1s a graph showing a relationship between a band

gap and a capaclty retention rate; and

F'1g. 3 1s a graph showing a relationship between the band

-

gap and 1nitial efficiency.

')

25 Description of Embodiments

[0020] <Silicon Material>

A silicon material of the present invention has a band gap

within the range of greater than 1.1 eV and not greater than
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2.1 eV. The band gap is particularly desirably within the range

1

of 1.2 eV to 1.6 eV. Non-Patent Literature 2 described above

states that a band gap was calculated, and also states that the

band gap of the silicon material changes depending on the

anneallng conditions for the layered silicon compound. However,
Non-Patent Literature 2 neither describes nor suggests a

relationship between the band gap and battery characteristics.

[0021] The inventors of the present application have found that

i
pr—

the life of a secondary battery improves with the initial

ﬁ
—

efficiency of the secondary battery maintained high to some

extent, by using a silicon material having an Si/0 atom ratio

F

within the range of greater than 1/0.5 and not greater than 1/0.1

and also a band gap within the range of greater than 1.1 eV and

not greater than 2.1 €V, as a negative electrode active material

1n the secondary battery. The band gap may be calculated from

F

the absorption edge wavelength of a light absorption spectrum

ﬂ

of the silicon material.

F

[0022] The silicon material of the present invention has an

P pr—
pr—

S1/0 atom ratio in the composition thereof within the range of

greater than 1/0.5 and not greater than 1/0.1. The Si/0 atom

ratio is more desirably within the range of 1/0.4 to 1/0.2. It

ﬁ
—

is difficult to produce a silicon material having an Si/0 atom

ratio of greater than 1/0.1. When the Si/0 atom ratio 1is not

greater than 1/0.5, the 1initial capacity and initial efficiency

of a secondary battery in which the silicon material i1s used

as a negative electrode active material decrease 1n some cases.

The S1/0 atom ratio may be calculated from TEM-EDX data.
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[0023] The siliconmaterial of the present invention preferably

contains silicon crystallites. The silicon crystallites have

ﬁ

a crystallite size of preferably 0.5 nm to 300 nm, further

preferably 1 nm to 30 nm, and particularly preferably 1 nm tO

10 nm. If the crystallite size is greater than 300 nm, when the

silicon material is used as the negative electrode active

material of a secondary battery, the battery capacity decreases

in some cases. The crystallite size is calculated in accordance

g~ pr— o
_—

with Scherrer’s equation from the half width orf a diffraction

peak (present at a position at which 26 is 27° to 30°) of the

F

(111) plane 1n an X-ray diffraction measurement result.

[0024] The silicon material of the present inventilion may be

complex particles further containing at least one of amorphous

silicon, a silicon oxide (Si0y, 0<x<2), or a silicon compound,

in addition to silicon crystallites. In the complex particles,

F

the silicon crystallites are present on the surface oOr and/or

pr——

within the at least one of the amorphous silicon, the silicon

oxide (8i0,, 0<x<2), or the silicon compound. FOI example, the

silicon crystallites may be dispersed in an island state within

a matrix mainly formed from amorphous silicon, or may adhere

to the surfaces of particles mainly formed from amorphous silicon,
in an i1sland state.

[0025] If the silicon crystallite concentration in the complex

particles is excessively low, when the silicon material 1s used

as the negative electrode active material of a secondary pattery,

the initial capacity becomes low. In addition, if the silicon

crystallite concentration 1s excessively high, the

expansion/contraction amount of the entire active materilal
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becomes large, so that the life (cycle characteristics) worsens

1N some cases.

[0026] The particle diameter of the silicon material (complex

particles) of the present invention 1s not particularly limited.

When the silicon material (complex particles) of the present

invention is used as the negative electrode active materlal of

a secondary battery, asiliconmaterial classified into the range

of 2 um to 20 uym 1is preferably used.

[0027] The silicon material of the present invention also

preferably contains fluorine (F). By containing fluorine, the

amount of chlorine (Cl) or oxygen (0O) contained thereiln 1S

reduced. When the silicon material is used as the negative

electrode active material of a secondary battery, a reaction

between chlorine or oxygen and lithium or the like is reduced.

ﬁ

The amount of fluorine contained in the silicon material may

be within the range of 0.01 to 10 mass%. When the fluorine amount

is smaller than this range, the amount of chlorine (Cl) or oxygen

(0) becomes large, so that the conductive resistance 1increases,

F
—

ficiency of a secondary battery in which such

and the initial e:

a2 silicon material 1is used as a negative electrode active

material decreases. Furthermore, when the fluorine amount in

the silicon material is larger than this range, the capacity

F

of a secondary battery in which this silicon material 1s used

as a negative electrode active material decreases 1N some cases.

gr——

The amount of fluorine contained in the silicon material 1s

particularly preferably within the range of 1 to 5 masss.

[0028] In consideration of the batterycharacteristics obtained

when the silicon material of the present invention 1s used as
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pr——

the negative electrode active material of a secondary battery,

r~ 0

the silicon material of the present invention has a BET specific

surface area of preferably 3 to 100 m“/g, further preferably 4

to 80 m“/qg, and particularly preferably 7 to 60 m“/g. The silicon

 d

material of the present invention desirably has an oxygen (O)

amount of not greater than 20 mass%. Whereas the oxygen amount

in silicon obtained by performing a heat treatment on the layered

silicon compound disclosed, for example, 1n Non-Patent

ILLiterature 1 or 2 is about 33 mass% and is large, the oxygen

amount of the siliconmaterial containing fluorine is not greater

than 30 mass% and 1is small.

[0029] <Production Method for Silicon Material>

The silicon material of the present invention is produced

by performing a heat treatment in a non-oxidizing atmosphere

at about 350°C to 950°C on a layered silicon compound obtained
by causing a reaction between an acid and CaSi,. As the acid

to be used, hydrochloric acid (HCl) may be used as descrilbed

in Non-Patent Literature 2, or an acid containing fluorine at

least in the anion thereof is preferably used. By using the acid

containing fluorine at least in the anion thereof, the amounts

P

of oxygen (0O) contained in the layered silicon compound and the

silicon material are reduced. In addition, by containing

fluorine (F), the chlorine (Cl) amount becomes zero or 1s reduced.

Therefore, when the silicon material of the present invention

containing fluorine is used as the negative electrode active

material of a lithium ion secondary battery or the like, the

initial capacity suitably improves.

10
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[0030] Thus, as the production method for the silicon material,

a heat treatment is preferably performed in a non-oxidizing

pr—

atmosphereeataltemperaturecx:rmm.lowertjmn135O°C<n1a.layered

silicon compound obtained by causing a reaction between CaSis

and a chemical solution containing an acid containing fluorine

F

at least in the anion thereof.

[0031] Examples of the acid containing fluorine at least in

the anion thereof include hydrofluoric acid, tetrafluoroboric

acid, hexafluorophosphoric acid, hexafluoroarsenic acilid,

fluorocantimonic acid, hexafluorosilicilc acid,
hexafluorogermanic acild, hexafluorostannic (TV) acild,
trifluoroacetic acld, hexafluorotitanic acid,

hexafluorozirconic acid, trifluoromethanesulfonic acid, and

fluorosulfonic acid, etc.

[0032)] RAnother acid may be contained when at least one acid

F

selected from the above acids is contained. Examples of the

other acid include hydrochloric acid, hydrobromic acid,

hydroiodic acid, sulfuric acid, methanesulfonic acid, nitric

acid, phosphoric acid, formic acid, and acetic acid, etc.

[0033] The reaction between CaSi, and the chemical solution

containing the acid containing fluorine at least 1n the anion

thereof may be carried out under conditions that are the same

as those described in Non-Patent Literature 1 and Z2. The

reaction is preferably carried out at a low temperature equal

to or lower than room temperature, and desirably carried out

on an ice bath. The obtained layered silicon compound has a

smaller oxygen amount than a layered silicon compound obtalned

11
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by the method disclosed in Non-Patent Literature 1 or 2, and

contalns fluorine.

[0034] Hereinafter, a step of producing the layered silicon

compound 18 sometimes referred to as a layered si1licon compound

producing step.

In the layered silicon compound producing step, when

hydrofluoric acid (HF) 1s used as the acid containing fluorine

at least 1n the anion thereof, hydrochloric acid (HCl) 1s

preferably mixed therewith and used.,. Even when only

hydrofluoric acid (HF) 1s used, a layered silicon compound 1S

obtalined. However, the obtained layered silicon compound has

P

high activity, and becomes oxidized by a very small amount of

alr to 1ncrease the oxygen amount. Thus, using only

hydrofluoric acid (HF) 1is not preferable. 1In addition, the case

of usingonly hydrochloric acid (HCl) is the same as 1n Non-Patent

Literature 1 and 2, and only a layered silicon compound having

a large oxygen amount 1s obtalned in such a case.

[0035] The composition ratio between hydrofluoric acid (HF)

i
p—

and hydrochloric acld (HCl) 1s desirably within the range of

F

HF/HCL = 1/1 to 1/100 in mole ratio. Having an amount of

hydrofluoric acid (HF) larger than that described in this ratio

P

1s not preferable, since a large amount of impurities such as

P

CaF,; and CaSi10-type may be generated and 1t 1s difficult to

separate the layered silicon compound from these impurities.

Furthermore, when the amount of hydrogen fluoride (HF) 1s smaller

than that described 1in this ratio, the etching action by

hydrofluoric acid (HF) with respect to Si1-0 bond becomes weak,

12
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-

and a large amount of oxygen remains in the obtained layered

silicon compound 1n some cases.

[0036] The blend ratio between calcium disilicide (CaSi,) and

the mixture of hydrofluoric acid (HF) and hydrochloric acid (HCL)

is desirably excessive for the acid than equivalency. In
addition, the reaction atmosphere is desirably a vacuum or inert
gas atmosphere. Furthermore, using this layered silicon
compound producing step has been shown to shorten the reaction

time compared to that with the production method 1in Non-Patent

Literature 1 or 2. An excessively long reactilon time causes

additional reaction between Si and HF to generate SilF,. Thus,

"ficient. Although

a reaction time of about 0.25 to 24 hours 1s su:

CaCl, or the like is generated from the reaction, CaCl, or the

like is easily removed through rinsing with water, so that

refinement of the layered silicon compound 1s easy.

[0037] In the layered silicon compound producing step, when,

for example, tetrafluoroboric acid (HBF;) 1s used as the acid

F

containing fluorine at least in the anion thereof, it 1s not

necessary tomix hydrochloric acid (HC1l) therewith, and reaction

between calcium disilicide (CaSi,) and only tetrafluoroboric

acid (HBF,;) 1is allowed to be carrilied out. The reaction

conditions may be the same as described above. With this method,

the obtained layered silicon compound and silicon material do

not contain chlorine (Cl). Thus, when the silicon material of

the present invention is used as a negative electrode active

material, the resistance is further reduced.

#

[0038] In a Raman spectrum of the layered silicon compound

obtained 1in the above-described 1layered silicon compound

13
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producing step, peaks are present at 330+20 cm*, 360420 cm™*,

498420 cm™t, 638+20 cm™*, and 734120 cm™' of Raman shift. The

layered silicon compound is mainly composed of a structure that

1s represented by a composition formula (SiH), and 1n which a

e

plurality of six-membered rings formed from silicon atoms are

connected.

[0039] Subsequent to the above-described layered silicon

compound producling step, a heat treatment 1s performed on the

obtained layered silicon compound. The heat treatment 1s

B

performed 1n a non-oxidizing atmosphere. Examples of the

non-oxlidizing atmosphere 1include a reduced pressure atmosphere,

a vacuum atmosphere, and an inert gas atmosphere. In addition,

when the heat treatment temperature 1s excessively high, the

—

BET specific surface area of an obtalned silicon material 1s

excesslively low 1n some cases, and when the heat treatment

temperature 1s excessively low, generation of a siliconmaterial

1s difficult 1n some cases. Thus, the heat treatment

F

temperature 1s preferably within the range of equal to or higher

than 350°C and lower than 950°C, and particularly preferably

within the range of not lower than 400°C and not higher than

800°C.

[0040] By performing the heat treatment in the non-oxidizing

atmosphere on the layered silicon compound obtailned by causing

a reaction pbetween the acid and CaSi,, a silicon material 1s

obtained. Depending on the conditions, a silicon materilal
containing nano-sized silicon crystallites 1s obtained. The

time of the heat treatment depends on the heat treatment

temperature, and may be 1 to 48 hours and preferably 2 to 172

14
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hours when the heat treatment temperature is not lower than

500°C.

[0041] <Negative Electrode of Secondary Battery~

The silicon material of the present invention can be used
as a negative electrode active material in a secondary battery
such as a lithium ion secondary battery. The negative electrode

*
p—

of, for example, a nonaqueous secondary battery 1s produced,

using the siliconmaterial of the present invention, Dy: applying,
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 obtailned through
adding and mixing a negative electrode active material powder

ﬁ

containing the silicon material of the present invention, the

conductive additive such as a carbon powder, a binder, and a

proper amount of an organic solvent; and drying or curing the
binder.

[ 0042)] As the negative electrode active material powder

contained in the slurry, a powder having a particle diameter

classified into the range of 2 um to 20 pm is preferably used.

ﬁ

When a powder having a particle diameter of less than 2 um 1S

contained,'thecxNNxxﬁ:interface'withen1eiectrolytic.solution

pr——

increases, so that a degradation product of the electrolytic

solution increases during use as a secondary battery 1n some

cases. Particles having a particle diameter of greater than 20

F

um have increased stress at the outermost shell thereof, and

a negative electrode active material layer becomes broken or

gre— gl Y
e anad

comes off in some cases. Furthermore, the thickness of the

negative electrode active material layer depends on the particle

15
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diameter of the negative electrode active material, and control

ﬁ

ficult in some cases. As the method of

g

of the thickness is di:

o~
—

the classification, a method known in the art may be used.

[0043] Although the binder is demanded to bind the active

material or the like with the smallest possible amount, the added

amount of the binder is desirably 0.5 mass% to 50 mass% 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 mass%, whereas the

energy'density<xfaW1electrode:decreasesvﬁmﬂlthefamountcxfthe

binder is greater than 50 mass%.

[ 0044] As the binder, both a solvent-based binder and a

water-based binder may be used. Examples of the solvent-based

binder include polyvinylidene difluoride (PVdE) ,

polytetrafluorocethylene (PTFE), styrené—butadienez&ﬂﬂxﬂr(SBR),

polyimide (PI), polyamide-1imide (PAT), polyamide (PA) ,

polyvinyl chloride (PVC) , polymethacrylic acid (PMA) ,

polyvacrylonitrile (PAN), modified polyphenylene oxide (PPO),

polyethylene oxide (PEO), polyethylene (PE), and polypropylene

(PP), etc.

[0045] The water-based binder refers to a binder that 1s mixed

and used with an active material 1in a state where the binder
is dispersed or dissolved in water, and, as typical examples

of the water-based Dbinder, polyacrylic acid (PAA) ,

styrene-butadiene rubber (SBR), sodium alginate, and ammonium

alginate may be used. One obtained by mixXing

carboxymethylcellulose (CMC) into each of these binders may be

used as the water-based binder, or instead of SBR and/or PAA,

1o
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CMC may be used singly as the water-based binder. In addition,

pre——
pe—u

as the water-based binder, a crosslinked product oI a

water-soluble polymer may be used, and a water-soluble cellulose
ester crosslinked product such as a CMC crosslinked product,

5 and a starch/acrylic acid graft polymer, etc. may be used.

[0046] When polyvinylidene difluoride is used as the binder,

the potential of the negative electrode is reduced and the

voltage of the secondary battery improves. Furthermore, using

polyamide—-imide (PAI) or polvacrylic acid (PAA) as the binder

B

10 improves initial efficiency and discharge capacity 1in some

cases.

[0047] The current collector refers toa fine electron conductor

-
p—

that is chemically inert for continuously sending a flow Of

current to the electrode during discharge or charging. The

P

15 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

el

01l may be suitably used.

20 [0048)] Regarding the negative electrode active material, a

material known in the art such as graphite, hard carbon, silicon,

carbon fibers, tin (Sn), and silicon oxides may be mixed 1into

the silicon material of the present invention.

[0049] Among these materials, a silicon oxide represented Dy

F

25  Si0, (0.3<x£1.6) is particularly preferable. Each particle ot

a powder of this silicon oxide is formed from fine Si and S10;

ﬁ

covering the Si as a result of a disproportionation reaction.

When x is less than the lower limit value, the Si ratio becomes

17
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high, so that the volume change during charging and discharging

becomes excessively large and the cycle characteristics
deteriorate. Furthermore, when X 1s greater than the upper

limit value, the Si ratio decreases, so that the energy density

decreases. The range of 0.55x<1.5 is preferable, and the range

of 0.7<x<£1.2 is further preferable.

[0050] In addition, as the negative electrode active material,

#

3 material obtained by compositing 1 to 50 mass% of a carbon

material with respect to SiOy may be used. By compositing the

carbon material, the cycle characteristics of the secondary

battery improve. When the composited amount of the carpbon

F

fect of 1mprovement of

ﬁ
P

material 1s less than 1 mass%, the e:

electrical conductivity is not obtained. When the composited

r—

amount of the carbon material is greater than 50 mass%, the

F
—

proportion  of Si0x  becomes relatively low and  the

negative-electrode capacity decreases. The composited amount

of the carbon material with respect to SiOy is preferably within

ﬁ

the range of 5 to 30 mass$% and further preferably within the

range of 5 to 20 mass%. CVD or the like may be used Ior

compositing the carbon material with respect to Si10x.

pr—

[0051] The mean particle diameter of the silicon oxide powder

F

is preferably within the range of 1 ym to 10 ym. When the mean

particle diameter is larger than 10 um, the durability of the

nonagueous secondary battery deteriorates. When the mean

’-

particle diameter is smaller than 1 pm, the durability of the

nonaqueous secondary battery similarly deteriorates 1n some

cases, since the silicon oxide powder aggregates to generate

bulky particles.

13
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[0052] The conductive additive is added for increasing the

electrical conductivity of the electrode. As the conductive

additive to be added, carbonaceous fine particles such as carbon

black, natural graphite, granulated graphite, artificial

graphite, fire-resistant graphite, acetylene black (AB),

Ketchen black (KB) (registered trademark), and vapor Jgrown

carbon fiber (VGCF) may be used singly, or two or more types

o

of them may be used in combination. The usage amount Or the

conductive additive is not particularly limited, but may Dbe,

for example, about 20 to 100 parts by mass with respect tO 100

pr— gr—

parts by mass of the active material. When the amount otf the

ﬁ
p—

ficient

conductive additive is less than 20 parts by mass, an e:

electrically-conductive path is not formed, and when the amount

of the conductive additive 1is greater than 100 parts by mass,

p
p—

moldability of the electrode worsens and the energy density of

the electrode becomes low. When a silicon oxide composited with

a carbonmaterial is used as the active material, the added amount

|

of the conductive additive may be reduced or may be zero.

[0053] The organic solvent is not particularly limited, and

— pom—

a mixture of a plurality of solvents may be used. The organic

solvent 1S particularly preferably, for example,
N-methyl-2-pyrrolidone, a mixed solvent of
N-methyl-2-pyrrolidone and an ester based solvent (ethyl acetate,

n-butyl acetate, butyl cellosolve acetate, butyl carbitol

acetate, etc.) or a mixed solvent of N-methyl-2-pyrrolidone and

a glyme based solvent (diglyme, triglyme, tetraglyme, etc.).

[0054] When the secondary battery of the present invention 1s

a lithium ion secondary battery, the negative electrode may be

19
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predoped with lithium. For the doping of the negative electrode

ot
fp—

with lithium, for example, an electrode forming method oI

assembling a half cell usingmetal lithlumas a counter electrode,

and electrochemically doping with lithium may be used. The

degree of doping with lithium is not particularly limited.

[0055] When the secondary battery of the present inventilon 1is

a lithium ion secondary battery, a not-particularly 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 1s usable in a lithium
ion secondary battery. The positive electrode 1ncludes a
current collector, and a positive electrode active material
layer bound on the current collector. The positive electrode

active material layer contains a positive electrode active

material and a 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.

[0056] Examples of the positive electrode active materlal

include metal lithium, a Li compound or a solid solution selected

from LiCOOz, LixNiaCOancOZ, LiXCOanCOZ, LixNiaMnCOZ, LixNiaCObOZ,

and Li-MnOs (note that 0.55<x<1.5, 0.1<a<1l, 0.1<b<1l, and 0.15c<1),

L.i,Mn0Os;, and sulfur, etc. As the current collector, one that

P

is generally used for the positive electrode of a lithium 1on

secondary battery, such as aluminum, nickel, and stainless steel,

may be used. As the conductive additive, one that 1s similar

to that described above in relation to the negative electrode

may be used.

20
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[0057] The electrolytic solution is obtained by dissolving a

]1ithium metal salt, which is an electrolyte, in the organilc

solvent. As the organic solvent, one or more members selected

from aprotic organic solvents such as, for example, propylene

0 carbonate (PC), ethylene carbonate (EC), dimethyl carbonate

(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¢, L1BFy,

LiAsFe, LiI, LiCl0O4, and LiCF3S03, may be used.

10 [0058] As the electrolytic solution, for example, a solution

obtained by dissolving a lithiummetal salt such as LiC1O4, L1PFe,

ILiBF,, or LiCF3SO3 in an organic solvent such as ethylene

carbonate, dimethyl carbonate, propylene carbonate, or dimethyl

carbonate at a concentration of about 0.5 mol/L to 1.7 mol/L

15 may be used.
[0059] The separator is not particularly limited as long as
the separator is one usable in a nonaqueous secondary battery.
The separator serves to separate the positive electrode and the
negative electrode to retain the electrolytic solution, and a

P

20 thin microporous film of polyethylene, polypropylene, Or the

like may be used as the separator.

p—

[0060] The form of the secondary battery of the present

invention is not particularly limited, and various forms such

as a cylinder type, a laminated type, and a coin type, etc.,

F

25 may be used. Even when any of the forms is used, a battery 1S

formed by: making an electrode assembly by interposing the
separator between the positive electrode and the negative

electrode; respectively connecting a positive electrode current

21
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collector to a positive electrode external terminal and a
negative electrode current collector to a negative electrode
external terminal using current collecting leads or the like;

and then sealing the electrode assembly together with the

electrolytic solution 1n a battery case.

Examples

[0061] In the following, embodiments of the present invention

L}

will be described specifically by means of Examples and

Comparative Examples.

[0062)] (Example 1)

Sixty-five milliliters of an HCl aqueous solution having

4 concentration of 36 mass$% was set to a temperature of 0°C in

#

an ice bath, and 3.3 g of calcium disilicide (CaSi,) was added

thereto and the mixed solution was stirred in an argon gas current.

After completion of foaming was confirmed, the mixed solution

was warmed to room temperature and further stirred for 2 hours

at room temperature, then 20 ml of distilled water was added

thereto, and the mixed solution was further stirred for 10

gt

minutes. At this moment, suspension of a yellow powder was

= A

observed. The obtained mixed solution was filtered, and the

g

residue was rinsed with 10 ml of distilled water, then rinsed

with 10 ml of ethanol, and dried under vacuum for 12 hours to

ﬁ

obtain 3.5 g of a layered silicon compound.

[0063] A Raman spectrumof the layered silicon compound 1s shown

in Fig. 1. Peaks are present at 33010 cm™, 360410 cm™, 498%10

cm™, 638+10 cm™t, and 734%10 cm* of Raman shift.

ﬁ

[0064] Then, 2 g of the layered silicon compound was welghed

out, and a heat treatment of keeping the layered silicon compound
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at 500°C was performed for 12 hours in argon gas in which the

1)

amount of O, was not greater than 1 vol%, to obtain 1.4>5 g o:

a brown silicon material. The BET specifilic surface area of the

silicon material was 7.6 m°/g.

P
—

[0065] Measurement of X-ray diffraction (XRDmeasurement) using

CuKo radiation was conducted on the obtained silicon material.

In an XRD chart, three peaks derived from silicon crystallites

were present. The crystallite size calculated 1n accordance

F

with Scherrer’s equation from the half width of a diffraction

peak (present at a position at which 26 is 27" to 30°) of the

(111) plane was 1in nanometer order, and the obtained silicon

material was a silicon material containing nano-sized silicon

crystallites.

1]

[0066] When a diffuse reflectance absorption spectrum of the

P

silicon material was measured and the band gap of the silicon

P
p—

material was calculated from the absorption edge wavelength of

the diffuse reflectance absorption spectrum, the band gap was

1.6 eV also as shown in Table 1. In addition, the Si/0 atom ratio

calculated by TEM-EDX was 1/0.36.

[0067] (Example 2)

A silicon material was obtained, using a layered silicon

compound produced similarly to Example 1, similarly to Example
1 except that the heat treatment temperature was 700°C.

[0068] When the band gap of the siliconmaterial was calculated

ﬁ

‘rom the absorption edge wavelength of a light absorption

Ll

spectrum of the silicon material, the band gap was 1.4 eV also

as shown in Table 1. In addition, the Si/O atom ratio calculated

by TEM-EDX was 1/0.36.
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[0069] (Example 3)

A silicon material was obtained, using a layered silicon

compound produced similarly to Example 1, similarly to Example

1 except that the heat treatment temperature was 300°C.

[0070] When the band gap of the silicon material was calculated

from the absorption edge wavelength of a light absorption

spectrum of the silicon material, the band gap was 1.4 eV also

2s shown in Table 1. 1In addition, the Si/0 atom ratio calculated

by TEM-EDX was 1/0.34.

[0071]) (Example 4)

A silicon material was obtained, using a layered silicon

compound produced similarly to Example 1, similarly to Example

1 except that the heat treatment temperature was 900°C.

[0072] When the band gap of the silicon material was calculated

pr—

from the absorption edge wavelength of a light absorption

spectrum of the silicon material, the band gap was 1.3 eV also

2s shown in Table 1. In addition, the Si/0 atom ratio calculated

by TEM-EDX was 1/0.34.

[0073] (Example 5)

A silicon material was obtained, using a layered silicon

compound produced similarly to Example 1, similarly to Example

1 except that the heat treatment temperature was 300°C.

[0074] When the band gap of the silicon material was calculated

from the absorption edge wavelength of a light absorption

P

spectrum of the silicon material, the band gap was 2.1 eV also

as shown in Table 1. In addition, the Si/0 atom ratio calculated

by TEM-EDX was 1/0.36.
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[0075] (Example ©)

A mixed solution of 2 mL of an HF aqueous solution having

3 concentration of 46 mass$ and 63 mL of an HC1 agqueous solution

having a concentration of 36 mass% was set to a temperature of

5  0°C in an ice bath, and 3.3 g of calcium disilicide (CaSi:) was

added thereto and the mixed solution was stirred 1n an argon

F
—

gas current. After completion of foaming was confirmed, the

mixed solution was warmed to room temperature and further stirred

for 2 hours at room temperature, then 20 ml of distilled water

10 was added thereto, and the mixed solution was further stirred

F

for 10 minutes. At this moment, suspension of a yellow powder

was Observed.

[0076] The obtainedmixed solutionwas filtered, and the residue

was rinsed with 10 ml of distilled water, then rinsed with 10

15 ml of ethanol, and vacuum dried to obtain 2.5 g of a layered

silicon compound.

[0077) Then, 1 g of the layered silicon compound was welghed

out, and a heat treatment of keeping the layered silicon compound

at 500°C was performed for 12 hours in argon gas 1n which the

1)

d

20 amount of O, was not greater than 1 vol%, to obtain 0.7 g o

brown silicon material.

[0078] When the band gap of the siliconmaterial was calculated

from the absorption edge wavelength of a light absorption

spectrum of the silicon material, the band gap was 1.6 eV also

25 3s shown in Table 1. In addition, the Si/0 atom ratio calculated

by TEM-EDX was 1/0.15.
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[0079] (Example 7)

A silicon material was obtained, using a layered silicon

compound produced similarly to Example 6, similarly to Example

6 except that the heat treatment temperature was 700°C.

5 [0080] When the band gap of the silicon material was calculated

from the absorption edge wavelength of a light absorption

spectrum of the silicon material, the band gap was 1.4 eV also

4s shown in Table 1. In addition, the Si/0 atom ratio calculated

by TEM-EDX was 1/0.21.

10 [0081] (Example 8)

A silicon material was obtained, using a layered silicon

compound produced similarly to Example 6, similarly to Example

6 except that the heat treatment temperature was 900°C.

[0082)] When the band gap of the silicon material was calculated

15 from the absorption edge wavelength of a light absorption

spectrum of the silicon material, the band gap was 1.2 eV also

as shown in Table 1. In addition, the Si/0 atom ratio calculated

by TEM-EDX was 1/0.12.

[0083] (Example 9)

20 A silicon material was obtained, using a layered silicon

compound produced similarly to Example 6, similarly to Example

6 except that the heat treatment temperature was 300°C.

[0084] When the band gap of the siliconmaterial was calculated

F

from the absorption edge wavelength of a light absorption

25 spectrum of the silicon material, the band gap was 2.1 eV also

as shown in Table 1. In addition, the Si/0 atom ratio calculated

by TEM-EDX was 1/0.16.
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[0085] (Comparative Example 1)

A commercially available crystal silicon (manufactured by

RARE METALLIC Co., Ltd.) was used as Comparative Example 1. When

the band gap of the crystal silicon 1s calculated from the

o
—

absorption edge wavelength of a light absorptlon spectrum oI

the crystal silicon, the band gap was 1.1 eV also as shown 1n

Table 1.

[0086] (Comparative Example 2)

Commercially available SiO, (x = 0.5 to 1.6) ("Silicon

Oxide”, manufactured by OSAKA Titanium Technologies Co., Ltd.)

was used as Comparative Example 2. When the band gap of the 510k

is calculated from the absorption edge wavelength of a light

absorption spectrum of the SiOy, the band gap was 1.8 eV also

1as shown in Table 1. The Si/0 atom ratio is 1/1.1.

[0087] <Production of Battery>

F

A slurry was prepared by mixing 45 parts by mass of each

i

of the silicon materials of the respective Examples and the

ﬁ

respective Comparative Examples, 40 parts by mass of a natural

F

graphite powder, 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 1n

N-methyl-2-pyrrolidone (NMP) in 30 mass% is used. Each of these

slurries was applied on the surface of an electrolytic copper

foil (current collector) having a thickness of approximately

20 um by using a doctor blade, and dried to form a negative

electrode active material layer on the copper foil. Then, the

current collector and the negative electrode active materilal

layer were firmly adhered and joined by using a roll press machine.
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Fach obtained joined object was vacuum dried at 100°C for 2 hours

F
p—

to form a negative electrode in which the weight per area of

the negative electrode active material layer was 2.0 mg/cm® and

the electrode density was 1.0 g/cm3.

[0088] A lithium secondary battery (half cell) was produced

by using, as an evaluation electrode, each negative electrode

produced by the above-described procedure. Ametal lithium fo1il

(thickness: 500 um) was used as a counter electrode.

[0089] The counter electrode and the evaluation electrode were

F

respectively cut to have diameters of 13 mm and 11 mm, and a

separator (a glass filter manutactured by the Hoechst Celanese

Corp., and "“Celgard 2400” manufactured by Celgard LLC.) was

1nterposed between both electrodes to form an electrode assembly

pattery. The electrode assembly battery was housed in a battery

case (a member for CR2032 type coln batteries, manufactured by

Hohsen Corp.). A nonaqueous electrolytic solution obtained by

dissolving LiPFg at a concentration of 1 M in a mixed solvent
1n which ethylene carbonate and diethyl carbonate were mixed
at 1 : 1 (volume ratio) was poured 1n the battery case, and then

the battery case was sealed to obtain a lithium secondary

battery.

[0090] <Battery Characteristic Test>

PP

For the lithium secondary batteries of the respective

-

Examples and the respective Comparative Examples, 50 cycles of

a charge/discharge test was conducted under the conditions of
current: 0.1 C and voltage: 0.01 to 0.8 V. The 1nitial charge
capaclity and discharge capacity were measured, 1nitial

F

efficiency (100xdischarge <capacity/charge capacity) was
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and 1s shown as 111

e 1n Table 1.

and the results are shown 1n Table 1.

f discharge capacity a:

A capacity

"ter

rge capacility was

Furthermore, a

relationship between the band gap and the capacity retention

rate 1s shown 1n Fig. 2,

gap and the initial ef:

ficlency 1s shown 1n Fig.

3.

and a relationship between the band

[0091] In Figs. 2 and 3, each black circle indicates the lithium

secondary battery in which a silicon material obtained by using

only hydrochloric acid (HCl) as an acid type was used, and each

wnite circle 1ndicates the lithium secondary battery in which

a silicon material obtained by using a mixture o:

acid (HCl) and hydro:

In addition,

x 1ndlcates Si or Si0..

. hydrochloric

"luoric acid (HF) as an acid type was used.

[0092] [Table 1]
Acid Heat Band Initial ITnitial | Life S1/0
type treatment gap | efficlency | capacity | (%) atom
or temperature | (eV) (%) (mMAh/qg) ratio
sample ("C)
Example 1 HC1 500 1.6 68.1 985 96.5 1 1/0.36
Example 2 HC1 700 1.4 69.1 994 92.511/0.36
Example 3 HC1 800 1.4 71.1 933 93.8 | 1/0.34
Example 4 HC1 900 1.3 72 .3 987 92.511/0.34
Example 5 HC1 300 2.1 54.6 879 95.6 | 1/0.36
Example 6 | HF/HC1 500 1.6 76.3 1304 86.3 | 1/0.15
Example 7 HF/HC1 700 1.4 78.1 1428 88.411/0.21
Example 8 | HF/HC1 900 1.2 79.2 1448 88.3 | 1/0.12
Example 9 | HF/HCLl 300 2.1 74,2 1185 87.211/0.16
comparative | g; - 1.1 85 1852 5 ~
Example 1
“oxoaoie o | Sio, . 1.8 64 698 95 | 1/1.1

[0093) From Table 1 and Fig. 2, a tendency 1n which the life

extends as the band gap increases 1s recognized in Examples 1

The 11:

to 5.

e 18

29
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the range of greater than 1.1 eV and not greater than 2.1 eV

as in Examples 1 to 9 and Comparative Example 2. However, when

the Si/0 atom ratio is not greater than 1/0.5 as in Comparative

Example 2, the initial capacity becomes low. On the other hand,

from Fig. 3, a tendency in which the initial efficiency decreases

as the band gap increases was recognized.

Industrial Applicabillity

pr—

[0094] The silicon material of the present invention can be

prim—
el

utilized as the negative electrode active material of an

electrical storage device such as secondary batteries, electric

double layer capacitors, lithium ion capacitors, and the like.

The secondary battery is useful as a nonagqueous secondary battery

ﬁ

utilized for driving motors of electric vehicles and hybrid

automobiles and for personal computers, portable communication

devices, home appliance, office instrument, 1industrial

instrument, and the like, and can be suitably used particularly

for driving motors of electric vehicles and hybrid automobiles

reguiring large capacity and large output.

’
prpe—

[0095] Furthermore, the degree o:

freedom of the heat treatment

temperature is high, and the silicon material of the present

invention can be composited with another material by controlling

p—

the magnitude of the specific surface area thereof. Thus, the

silicon material of the present invention can be utilized as

a semiconductor material such as for CMOS and semiliconductor

memory, a solar battery material, and a photocatalyst material,

etcC.
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CLAIMS

1. A negative electrode active material powder containing
a silicon materxrial;

the silicon material having an $Si/0 atom ratio within a range
of greater than 1/0.5 and not greater than 1/0.1 and a band

gap within a range of greater than 1.1 eV and not greater

than 2.1 eV.

2. The negative electrode active material powder according

to claim 1, wherein the silicon material contains nano-sized

silicon crystallites.

3. The negative electrode active material powder according
to c¢laim 2, wherein the silicon crystallites have a

crystallite size of 0.5 nm to 300 nm.

4. The negative electrode active material powder according
to claim 2 or 3, wherein the silicon material is complex
particles further containing at least one of amorphous silicon,

a silicon oxide, or a silicon compound.

5. The negative electrode active material powder according
to claim 4, wherein the silicon crystallites are present on
a surface of and/or within the at least one of the amorphous

silicon, the silicon oxide, or the silicon compound.
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6. The negative electrode active material powder according

to claim 4 or 5, wherein the silicon oxide is SiOx wherein

O<X<?2.

7. The negative electrode active material powder according
to any one of claims 4 to 6, wherein the silicon crystallites
are dispersed in an island state within a matrix mainly formed
from amorphous silicon, or adhere to surfaces of particles

mainly formed from amorphous silicon, in an island state.

8. The negative electrode active material powder according

to any one of claims 1 to 7, wherein the silicon material has

a BET specific surface area of 3 to 100 m?/g.

9. The negative electrode active material powder according
to any one of claims 1 to 8, wherein a contained oxygen (O)

amount in the silicon material is not greater than 20 mass%.

10. A negative electrode containing the negative electrode

active material powder according to any one of claims 1 to 9.

11. A secondary battery comprising the negative electrode

according to claim 10.

12. A negative electrode active material powder containing

a silicon material having a band gap within a range of not

less than 1.2 eV and not greater than 1.7 eV, the silicon

material containing nano-sized silicon crystallites.
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13. The negative electrode active material powder according
to c¢laim 12, wherein the silicon crystallites have a

crystallite size of 0.5 nm to 300 nm.

14. The negative electrode active material powder according
to ¢laim 13, wherein the silicon material is complex particles
further containing at least one of amorphous gilicon, a

silicon oxide, or a silicon compound.

15. The negative electrode active material powder according
to claim 14, wherein the silicon crystallites are present on
a surface of and/or within the at least one of the amorphous

silicon, the silicon oxide, or the silicon compound.

16. The negative electrode active material powder according
to claim 14 or 15, wherein the silicon oxide is Si0x wherein

O<x<2,

17. The negative electrode active material powder according

to any one of claims 14 to 16, wherein the silicon
crystallites are dispersed in an island state within a matrix
mainly formed from amorphous silicon, or adhere to surfaces
of particles mainly formed from amorphous silicon, in an

1sland state.
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18. The negative electrode active material powder according
to any one of claims 12 to 17, wherein the silicon material

has a BET specific surface area of 3 to 100 m?/g.

19. The negative electrode active material powder according
to any one of claims 12 to 18, wherein a contained oxygen (O)

amount in the silicon material is not greater than 20 masss.

20. The negative electrode active material powder according
to any one of claims 12 to 19, wherein an Si/O atom ratio in
a composition of the silicon material is within a range of

greater than 1/0.5 and not greater than 1/0.1.
21. A negative electrode containing the negative electrode
active material powder according to any one of claims 12 to

20.

22, A secondary battery comprising the negative electrode

according to claim 21.

34
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