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(57) ABSTRACT 

An electrode material for a rechargeable lithium battery, char 
acteriZed in that said electrode material comprises a ?ne 
poWder of a silicon-based material Whose principal compo 
nent is silicon element, said ?ne poWder having an average 
particle siZe (R) in a range of 0.1 um§R<05 pm. An elec 
trode structural body for a rechargeable lithium battery, hav 
ing an electrode material layer comprising said silicon-based 
material ?ne poWder. A rechargeable lithium battery Whose 
anode comprising said electrode structural body. 
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ELECTRODE MATERIAL FOR 
RECHARGEABLE LITHIUM BATTERY, 
ELECTRODE STRUCTURAL BODY 
COMPRISING SAID ELECTRODE 

MATERIAL, RECHARGEABLE LITHIUM 
BATTERY HAVING SAID ELECTRODE 

STRUCTURAL BODY, PROCESS FOR THE 
PRODUCTION OF SAID ELECTRODE 

STRUCTURAL BODY, AND PROCESS FOR 
THE PRODUCTION OF SAID 

RECHARGEABLE LITHIUM BATTERY 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 
[0002] The present invention relates to an electrode mate 
rial for a rechargeable lithium battery in Which oxidation 
reduction reaction of lithium is used, said electrode material 
comprising a ?ne poWder of a silicon-based material Whose 
principal component is silicon and Which has an average 
particle siZe in a range ofmore than 0.1 pm to less than 0.5 pm 
Which means that When said average particle siZe is repre 
sented by R, 0.1 um§R<0.5 pm, Where the silicon-based 
material ?ne poWder preferably contains oxygen element in a 
small amount such that at least particles constituting the sili 
con-based material ?ne poWder are covered by a thin oxide 
?lm With respect their surfaces. The present invention also 
relates to an electrode structural body comprising said elec 
trode material and a rechargeable lithium battery Whose 
anode comprising said electrode structural body. The present 
invention includes a process for the production of said elec 
trode structural body and a process for the production of said 
rechargeable lithium battery. 
[0003] 2. PriorArt 
[0004] In recent years, the global Warming of the earth 
because of the so-called greenhouse effect due to an increase 
in the content of CO2 gas in the air has been predicted. For 
instance, in thermal electric poWer plants, thermal energy 
obtained by burning a fossil fuel is being converted into 
electric energy, and along With burning of such fossil fuel, a 
large amount of CO2 gas is being exhausted in the air. Accord 
ingly, in order to suppress this situation, there is a tendency of 
prohibiting to neWly establish a thermal electric poWer plant. 
Under these circumstances, so-called load leveling practice 
has been proposed in order to effectively utiliZe electric poW 
ers generated by poWer generators in thermal electric poWer 
plants or the like, Wherein a surplus poWer unused in the night 
is stored in rechargeable batteries installed at general houses 
and the poWer thus stored is used in the daytime When the 
demand for poWer is increased, Whereby the poWer consump 
tion is leveled. 
[0005] NoW, for electric vehicles Which do not exhaust any 
air polluting substances such as CO2, NOX, hydrocarbons and 
the like, there is an increased demand for developing a high 
performance rechargeable battery With a high energy density 
Which can be effectively used therein. Besides, there is also an 
increased demand for developing a miniature, lightWeight, 
high performance rechargeable battery usable as a poWer 
source for portable instruments such as small personal com 
puters, portable type MD players, video cameras, digital cam 
eras and cellular phones. 
[0006] As such miniature, lightWeight and high perfor 
mance rechargeable battery, there have proposed lithium ion 
batteries of the so-called rocking chair type in that a carbon 
ous material such as graphite capable of intercalating lithium 
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ion at intercalation sites of its six-membered netWork plane 
provided by carbon atoms in the battery reaction upon charg 
ing is used as an anode material and a lithium intercalation 
compound capable of deintercalating said lithium ion from 
the intercalation in the battery reaction upon charging is used 
as a cathode material. Some of these lithium ion batteries have 
been put to practical use. 
[0007] HoWever, for any of these lithium ion batteries 
Whose anode comprising the carbonous material (the graph 
ite), the theoretical amount of lithium Which can be interca 
lated by the anode is only an amount of 1/6 per carbon atom at 
the most. Because of this, in such lithium ion battery, When 
the amount of lithium intercalated by the anode comprising 
the carbonous material (the graphite) is made to be greater 
than the theoretical amount upon charging or When charging 
is performed under condition of high electric current density, 
there Will be an unavoidable problem such that lithium is 
deposited in a dendritic state (that is, in the form of a dendrite) 
on the surface of the anode. This Will result in causing inter 
nal-shorts betWeen the anode and the cathode upon repeating 
the charge-and-discharge cycle. Therefore, it is dif?cult for 
the lithium ion battery Whose anode comprising the carbon 
ous material (the graphite) to achieve a high capacity. 
[0008] NoW, rechargeable lithium batteries in Which a 
metallic lithium is used as the anode have been proposed and 
they have attracted public attention in a vieWpoint that they 
exhibit a high energy density. HoWever, such rechargeable 
battery has not been put to practical use because the charge 
and-discharge cycle life is extremely short. A main reason 
Why the charge-and-discharge cycle life is extremely short 
has been generally considered as Will be described in the 
folloWing. The metallic lithium as the anode reacts With 
impurities such as moisture or an organic solvent contained in 
an electrolyte solution to form an insulating ?lm or/and the 
metallic lithium as the anode has an irregular surface With 
portions to Which electric ?eld is converged, and these factors 
lead to generating a dendrite of lithium upon repeating the 
charge-and-discharge cycle, resulting in internal-shorts 
betWeen the anode and cathode. As a result, the charge-and 
discharge cycle life of the rechargeable battery is extremely 
shortened. 
[0009] In order to eliminate the problems of the recharge 
able battery in Which the metallic lithium is used as the anode, 
speci?cally, in order to suppress the progress of the reaction 
betWeen the metallic lithium of the anode and the moisture or 
the organic solvent contained in the electrolyte solution, there 
has been proposed a method in that a lithium alloy such as a 
lithium-aluminum alloy is used as the anode. HoWever, this 
method is not Widely applicable in practice for the folloWing 
reasons. The lithium alloy is hard and is dif?cult to Wind into 
a spiral form and therefore, it is dif?cult to produce a spiral 
Wound cylindrical rechargeable battery. Accordingly, it is 
dif?cult to attain a rechargeable battery having a suf?ciently 
long charge-and-discharge cycle life. It is also dif?cult to 
attain a rechargeable battery having a su?icient energy den 
sity similar to that of a primary battery in Which a metallic 
lithium is used as the anode. 

[0010] There are various proposals in order to such prob 
lems as described in the above. Particularly, US. Pat. No. 
5,795,679 discloses an anode for a rechargeable lithium bat 
tery, comprising a poWder of an alloy comprising a metal 
element such as Ni or Cu and Sn or the like. 

[0011] US. Pat. No. 6,051,340 discloses an anode for a 
rechargeable lithium battery, comprising a collector compris 
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ing a ?rst metal such as Ni or Cu Which is incapable of being 
alloyed With lithium Which is generated upon charging and an 
electrode layer on said collector, comprising said ?rst metal 
and a second metal such as Si or Sn Which is capable of being 
alloyed With lithium Which is generated upon charging. 
[0012] US. Pat. No. 6,432,585 B1 discloses an anode for a 
rechargeable lithium battery, having an electrode material 
layer containing 35 Wt. % or more of a grained host matrix 
material comprising Si or Sn and Which has an average par 
ticle siZe in a range of from 0.5 to 60 pm. 
[0013] Japanese Laid-open Patent Publication No. Hei. 11 
(1999)-283627 discloses an anode for a rechargeable lithium 
battery, comprising an amorphous phase-bearing metallic 
material of Si or Sn. 
[0014] Japanese Laid-open Patent Publication No. 2000 
31 1681 discloses an anode for a rechargeable lithium battery, 
comprising a particulate of an amorphous Sn-A (transition 
metal element) With a substantially non-stoichiometric com 
position. 
[0015] International Laid-open Publication W0 00/ 17949 
discloses an anode for a rechargeable lithium battery, com 
prising a particulate of an amorphous Si-A (transition metal 
element) With a substantially non-stoichiometric composi 
tion. 
[0016] Japanese Laid-open Patent Publication No. 2000 
215887 discloses an anode material for a rechargeable 
lithium battery, comprising a particulate comprising a num 
ber of separate particles of a metal or a semimetal capable of 
being alloyed With lithium, said particles having a surface 
covered by a carbon layer, speci?cally, silicon particles 
Whose surfaces are covered by a carbon layer, Wherein the 
carbon layer is formed by a method of subjecting a carbon 
supply source such as benZene or the like to a chemical 
evaporation treatment through thermal decomposition. 
[0017] By the Way, as one of the compounds comprising Li 
and Si, there is knoWn a Li4_4Si alloy compound. For this 
compound, When a maximum theoretical electricity storable 
capacity is calculated by presuming that the Li can be entirely 
released in the electrochemical reaction, the maximum theo 
retical electricity storable capacity becomes to be 4200 mAh/ 
g. In vieW of this, it has been expected that if a silicon-based 
material could be put to use as an anode material for a 
rechargeable lithium battery, it Will be possible to attain a 
rechargeable lithium battery having a high capacity. And 
various studies have being conducted in order to achieve an 
anode comprising such silicon-based material Which enables 
to produce a rechargeable lithium battery having a high 
capacity. 
[0018] HoWever, any of the anodes described in the above 
mentioned documents is dif?cult to attain an electrode per 
formance in that lithium can be inserted or leased at a high 
electricity quantity Which is exceeding 1000 mAh/g. Thus, 
there is an increased demand for providing a high capacity 
anode for a rechargeable lithium battery, having an electrode 
performance in that lithium can be inserted or leased at a high 
electricity quantity Which is exceeding 1000 mAh/ g. 

SUMMARY OF THE INVENTION 

[0019] The present invention has been accomplished in 
vieW of the foregoing situation in the prior art for recharge 
able lithium batteries. 
[0020] An object of the present invention is to provide a 
high capacity electrode material for a rechargeable lithium 
battery, said electrode material comprising a ?ne poWder (a 
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?ne particulate) of a silicon-based material Whose principal 
component is silicon (this ?ne poWder Will be hereinafter 
referred to as “silicon-based material ?ne poWder”), said 
silicon-based material ?ne poWder having an average particle 
siZe in a range of more than 0.1 pm to less than 0.5 pm, Which 
means that When said average particle siZe is represented by 
R, 0.1 um§R<0.5 pm. The silicon-based material ?ne poW 
der includes a silicon obtained from a silicon ingot substan 
tially comprising silicon and a silicon alloy containing Si in 
an major amount of more than 50 Wt. % (that is, 250 Wt. %) 
and transition metal element or/ and Sn respectively in a minor 
amount. In a preferred embodiment, said silicon alloy is a 
silicon alloy containing Si in an major amount of more than 
50 Wt. % and Sn and transition metal element in a sum amount 
of the Sn and the transition metal element Which falls in a 
range of from 1 to 50 Wt. %. 

[0021] In a preferred embodiment, the silicon-based mate 
rial ?ne poWder contains oxygen element (0) in an amount in 
a range of from more than 0.5 Wt. % to less than 5 Wt. % (that 
is, 0.5 Wt. %§[O]§5 Wt. %) such that at least particles con 
stituting the silicon-based material poWder are covered by a 
thin oxide ?lm With respect to their surfaces. 

[0022] The electrode material provided according to the 
present invention has a high electricity storable capacity of 
more than 1000 mAh per a unit Weight of the electrode mate 
rial. 

[0023] Another object of the present invention is to provide 
an electrode structural body for a rechargeable lithium bat 
tery, having an electrode material layer on a collector, said 
electrode material layer comprising aforesaid silicon-based 
material ?ne poWder, an electrically conductive auxiliary and 
a binder. 

[0024] A further object of the present invention is to pro 
vide a rechargeable lithium battery comprising at least an 
anode, a cathode and an electrolyte, characterized in that said 
anode comprises aforesaid electrode structural body. The 
electrolyte may contain a compound selected from the group 
consisting of metal halides and amines. 
[0025] The rechargeable lithium battery provided accord 
ing to the present invention has a high energy density and a 
high electricity storable capacity and the charge-and-dis 
charge cycle life thereof is longer than that of a conventional 
rechargeable lithium battery Whose anode comprising a sili 
con series material. 

[0026] A still further object of the present invention is to 
provide a process for producing the above described electrode 
structural body and a process for producing the above 
described rechargeable lithium battery. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0027] FIG. 1 is a schematic ?oW diagram illustrating an 
example of a process for the production of an electrode mate 
rial for a rechargeable lithium battery in the present invention. 
[0028] FIGS. 2(a) to 2(c) are schematic vieWs respectively 
illustrating a cross-sectional structure of an example of a 
primary particle constituting an electrode material for a 
rechargeable lithium battery in the present invention. 
[0029] FIG. 3 is a schematic ?oW diagram illustrating an 
example of a process for the production of an electrode struc 
tural body for a rechargeable lithium battery in the present 
invention. 
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[0030] FIGS. 4(a) and 4(b) are schematic cross-sectional 
vieWs respectively illustrating an example of an electrode 
structural body for a rechargeable lithium battery in the 
present invention. 
[0031] FIG. 5 is a schematic cross-sectional vieW illustrat 
ing a basic constitution of an example of a rechargeable 
lithium battery in the present invention. 
[0032] FIG. 6 is a schematic cross-sectional vieW illustrat 
ing an example of a single-layer structure type ?at recharge 
able lithium battery in the present invention. 
[0033] FIG. 7 is a schematic cross-sectional vieW illustrat 
ing an example of a spiral-Wound cylindrical rechargeable 
lithium battery in the present invention. 
[0034] FIG. 8 shoWs a graph of insertion-and-release e?i 
ciencies of lithium at 10th discharge-and-charge cycle With 
respect to electrode materials comprising a silicon ?ne poW 
der having a given average particle siZe as anode materials for 
a rechargeable lithium battery in relation to the average par 
ticle siZes of said electrode materials, obtained in Example 1 
Which Will be described later. 
[0035] FIG. 9 shoWs a graph of relationships betWeen aver 
age particle siZes and oxygen element contents With respect to 
silicon ?ne poWders. 
[0036] FIG. 10 shoWs a graph of initial insertion-and-re 
lease e?iciencies of lithium With respect to electrode materi 
als comprising a silicon ?ne poWder as anode materials for a 
rechargeable lithium battery in relation to oxygen element 
contents per a unit Weight in said electrode materials, 
obtained in Example 2 Which Will be described later. 
[0037] FIGS. 11(a) and 11(b) shoW discharge-and-charge 
curves of silicon alloy electrodes (comprising a ?ne poWder 
of a silicon alloy principally comprising silicon element and 
containing tin element and copper element as minor compo 
nent) as anodes for a rechargeable lithium battery, obtained in 
Example 5 Which Will be described later. 
[0038] FIG. 12 shoWs a graph of relationships betWeen 
discharge-and-charge ef?ciencies and the number of dis 
charge-and-charge cycle When electrode materials (compris 
ing a ?ne poWder of a silicon alloy principally comprising 
silicon element and containing tin element and copper ele 
ment as minor component) Were used as anode materials for 
a rechargeable lithium battery Wherein an electrolyte solution 
added With aluminum iodide Was used and a graph of rela 
tionships betWeen discharge-and-charge ef?ciencies and the 
number of discharge-and-charge cycle When electrode mate 
rials (comprising a ?ne poWder of a silicon alloy principally 
comprising silicon element and containing tin element and 
copper element as minor component) Were used as anode 
materials for a rechargeable lithium battery Where an electro 
lyte solution With no addition of aluminum iodide Was used, 
obtained in Example 6 Which Will be described later. 
[0039] FIG. 13 shoWs a graph of relationships betWeen 
discharge-and-charge ef?ciencies and the number of dis 
charge-and-charge cycle When electrode materials (compris 
ing a silicon ?ne poWder) added With aluminum iodide Were 
used as cathodes for a rechargeable lithium battery and a 
graph of relationships betWeen charge-and-discharge e?i 
ciencies and the number of charge-and-discharge cycle When 
electrode materials (comprising a silicon ?ne poWder) With 
no addition of aluminum iodide Were used as anode materials 
for a rechargeable lithium battery, obtained in Example 6 
Which Will be described later. 

DESCRIPTION OF THE INVENTION AND 
PREFERRED EMBODIMENTS 

[0040] In order to solve the foregoing problems in the prior 
art for rechargeable lithium batteries having an anode com 
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prising a silicon series material, the present inventors made 
extensive studies While focusing on the silicon series materi 
als constituting their anodes. 
[0041] Particularly, the present inventors conducted exten 
sive studies through various experiments in order to ?nd out a 
means Which enables to electrochemically store a large quan 
tity of lithium in a silicon particulate (poWder). 
[0042] First, said silicon particulate Was subjected to a ?ne 
grinding treatment, Where the silicon particulate Was ?nely 
ground to have an average particle siZe of, for instance, less 
than 0.5 pm (that is, <0.5 pm). As a result, there Was obtained 
a ?nely grained silicon particulate having a large speci?c 
surface area and Whose constituent particles have a surface is 
in a very active state. The ?nely grained silicon particulate 
Was found to be readily reacted With oxygen such that it Will 
be burned to form an oxide. Thus, the ?nely grained silicon 
particulate Was found not to able to function as a high capacity 
anode material for a rechargeable lithium battery. HoWever 
there Was obtained a ?nding that by controlling the oxidation 
reaction of the ?nely grained silicon particulate afforded 
upon the ?ne grinding treatment by Way of controlling the 
oxygen content of the ?nely grained silicon particulate, it is 
possible to obtain a ?nely grained silicon particulate having 
an average particle siZe (R) in a range of more than 0.1 pm to 
less than 0.5 pm (0.1 um§R<0.5 pm) which functions as a 
high capacity anode material for a rechargeable lithium bat 
tery. And there Was obtained a ?nding that When this ?nely 
grained silicon particulate is progressively amorphiZated, it is 
possible to restrain a reduction in the performance due to 
repetition of insertion-and-release of lithium. 
[0043] Separately, there Was obtained a ?nding that by 
using a ?nely grained particulate (poWder) of a silicon alloy 
containing Si in a major amount of more than 50 Wt. % and Sn 
or Cu in a minor amount (obtained by Way of alloying Si With 
Sn or Cu) and Which has an average particle siZe (R) in a range 
ofmore than 0.1 pm to less than 0.5 pm (0.1 um§R<0.5 um), 
it is possible to attain a high capacity anode material for a 
rechargeable lithium battery. 
[0044] Further, for an electrode (an anode) in Which afore 
said ?nely grained silicon particulate (poWder) or aforesaid 
?nely grained silicon alloy particulate (poWder) is used, there 
Was obtained a ?nding that When the electrochemical inser 
tion-and-release of lithium is repeated several times, in the 
case Where the silicon particulate or the silicon alloy particu 
late is progressively amorphiZated, the peaks in the X-ray 
diffraction pattern are substantially disappeared. 
[0045] Separately, there Was obtained a ?nding that by add 
ing a metal halide such as a metal iodide or an amine to an 

electrolyte solution as an ion conductor, it is possible to 
restrain a reduction in the performance of aforesaid electrode 
due to repetition of the insertion-and-release of lithium. It is 
considered such that the addition of said metal halide such as 
said metal iodide contributes to restrain occurrence of a phe 
nomenon in that lithium Which is deposited in the silicon 
based ?ne particulate by the electrochemical reaction is deac 
tivated by Way of reacting With the solvent or the like of the 
electrolyte solution. Similarly, it is considered such that the 
addition of said amine provides an effect of diminishing 
hydrogen ?uoride generated in the electrolyte solution. When 
the mount of the hydrogen ?uoride generated in the electro 
lyte solution is increased, it is predicted that lithium Which is 
deposited in the silicon-based ?ne particulate by the electro 
chemical reaction reacts With the hydrogen ?uoride to gener 
ate lithium ?uoride Which is insulating or the hydrogen ?uo 
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ride elutes part of the silicon-based particulate to cause a 
reduction in the lithium-storing performance of the electrode. 
[0046] The present invention has been accomplished based 
on the above-described ?ndings. 
[0047] A ?rst embodiment of an electrode material (ca 
pable of being electrochemically alloyed With lithium Which 
is generated upon charging) for a rechargeable lithium battery 
in the present invention comprises a silicon-based material 
?ne poWder having an average particle siZe (R) in a range of 
more than 0.1 pm to less than 0.5 pm (0.1 um§R<05 pm). 
[0048] In the case Where the average particle siZe of the 
electrode material is less than 0.1 pm (that is, <0.1 pm), the 
surface area per a unit volume becomes to be undesirably 
large, Where there is a fear that the silicon-based material ?ne 
poWder as the electrode material is rapidly oxidized When it is 
contacted With air. Even if the occurrence of such rapid oxi 
dation reaction could be prevented, there is a fear that the 
oxygen element content in the ?ne poWder is excessively 
increased to reduce the initial ef?ciency With respect to the 
insertion-and-release of lithium. 
[0049] FIG. 9 shoWs a graph of relationships betWeen aver 
age particle siZes and oxygen element contents With respect to 
silicon ?ne poWders obtained by ?nely grinding a silicon 
particulate. As Will be understood from the graph of FIG. 9, 
there Was obtained a ?nding that When the average particle 
siZe becomes to be less than 0.28 um, the oxygen element 
content is suddenly increased. There Was also obtained a 
?nding that the oxygen element content When the average 
particle siZe is less than 0.28 pm becomes to be 2.994 Wt. % 
and the oxygen element content When the average particle 
siZe is less than 0.1 pm becomes to be a large value Which 
exceeds 5 Wt. %. HoWever, the electrode material of the ?rst 
embodiment in the present invention enables to prevent the 
surface area per a unit Weight from being excessively 
increased and to restrain the occurrence of the sudden oxida 
tion reaction When contacted With air and a reduction in the 
initial ef?ciency With respect to the insertion-and-release of 
lithium because the average particle siZe is more than 0.1 pm. 
[0050] Separately, using a plurality of electrodes (a) formed 
using a silicon ?ne poWder and a plurality of lithium metal 
electrodes (b), the performance of the silicon ?ne poWder as 
an electrode material for a rechargeable lithium battery Was 
evaluated in the folloWing manner. That is, a pair of the 
electrode (a) and the electrode (b) are immersed in an elec 
trolyte solution obtained by resolving a lithium salt in an 
organic solvent, Where a cycle of electrochemically inserting 
lithium in the electrode (a) and electrochemically releasing 
said lithium from the electrode (a) is repeated several times to 
evaluate the initial insertion-and-release coulombic e?i 
ciency of lithium With respect to the silicon ?ne poWder as the 
electrode material. 
[0051] FIG. 10 is a graph in Which the evaluated results 
obtained in the above are graphically illustrated. Particularly 
FIG. 10 shoWs a graph illustrating the initial insertion-and 
release ef?ciencies of lithium With respect to the electrode 
materials in relation to oxygen element contents per a unit 
Weight in said electrode materials, obtained in Example 2 
Which Will be described later. From the graph of FIG. 10, it is 
understood that When the oxygen element content is less than 
5 Wt. %, the initial insertion-and-release coulombic e?iciency 
of lithium can be maintained at a high level. 

[0052] FIG. 8 shoWs a graph of insertion-and-release e?i 
ciencies of lithium at 10th discharge-and-charge cycle With 
respect to electrode materials comprising a silicon ?ne poW 
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der having a given average particle siZe as anode materials for 
a rechargeable lithium battery in relation to the average par 
ticle siZes of said electrode materials, obtained in Example 1 
Which Will be described later. From the graph of FIG. 8, it is 
understood that the insertion-and-release coulombic e?i 
ciency of lithium can be maintained at a high level by making 
the average particle siZe of the silicon ?ne poWder to be less 
than 0.5 pm. 
[0053] From FIGS. 8, 9 and 10, it is understood that by 
controlling the average particle siZe (R) of the silicon ?ne 
poWder to fall in a range of more than 0.1 um to less than 0.5 
pm (0.1 um§R<05 um) and controlling the oxygen element 
content per a unit Weight to fall in a rage of more than 0.5 Wt. 
% to less than 5 Wt. % (that is, 0.5 Wt. %§[O]§5 Wt. %), not 
only the initial insertion-and-release coulombic ef?ciency of 
lithium but also the insertion-and-release coulombic e?i 
ciency of lithium at the 10th charge-and-discharge cycle can 
be maintained at a high level. 
[0054] In addition, in the case Where an electrode in Which 
the above silicon ?ne poWder is used as an anode for a 
rechargeable lithium battery, it Was found that an electricity 
quantity of exceeding 1000 mAh/g per a unit Weight of the 
silicon ?ne poWder can be stored and released. 
[0055] Similarly, in the case of a silicon-based alloy ?ne 
poWder having an average particle siZe in a range of more than 
0.1 um to less than 0.5 um and an oxygen element content per 
a unit Weight Which falls in a rage of more than 0.5 Wt. % to 
less than 5 Wt. %, it Was found that an electricity quantity of 
exceeding 1000 mAh/ g per a unit Weight of the silicon-based 
alloy ?ne poWder can be stored and discharged. The silicon 
based ally can include silicon alloys containing Si as a prin 
cipal component and Sn as a minor component and silicon 
alloys containing Si as a principal component, Sn as a minor 
component and a transition metal element selected from the 
group consisting of Cu, Ni, Co, andAg as a minor component. 
[0056] The term “average particle siZe” in the present 
invention means an average primarily particle siZe in a non 
aggregated state. And the term “oxygen element” in the 
present invention include oxygen in an atomic state, oxygen 
in a molecule state, and oxygen ion. 

[0057] As a result of experimental studies by the present 
inventors, there Were obtained ?ndings as Will be described in 
the folloWing. That is, as the average particle siZe of a poW 
dery electrode material Which is electrochemically alloyed 
With lithium upon charging is made to be smaller, a change in 
the volume of the electrode material Which is occurred due to 
the volume expansion upon alloying With lithium upon charg 
ing and also due to the volume shrinkage upon discharging 
becomes smaller Wherein the electrode material becomes 
more dif?cult to suffer from distortion When the electrode 
material is expanded or shrunk in terms of the volume. HoW 
ever, When the average particle siZe of the electrode material 
is made to be smaller as above described, the active face is 
exposed, namely, the speci?c surface area (the reactive area) 
become large so as to readily react With oxygen in the air and 
therefore, When the electrode material is handled in the atmo 
spheric air, it readily reacts With oxygen in the air to form 
oxides. When such electrode material is intended to used as 
the anode material of a rechargeable lithium battery, it is 
dif?cult to make the anode have a desirably large electricity 
storable capacity, and therefore, it is dif?cult to achieve a 
rechargeable battery having a high energy density. As a 
method in order to prevent the formation of such oxide, it is 
considered to adopt a method in that the production of a 
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rechargeable battery is conducted under environment con 
taining neither oxygen nor moisture. However, this method is 
problematic in that precise process control is necessitated and 
therefore, it is dif?cult to alWays produce a rechargeable 
lithium battery having a stable performance at a reasonable 
production cost. 
[0058] The present inventors conducted various studies in 
order to solve such problems as above described. As a result, 
the present invention has been accomplished. 
[0059] A second embodiment of an electrode material for a 
rechargeable lithium battery in the present invention com 
prises a silicon-based material ?ne poWder having an average 
particle siZe (R) in a range of more than 0.1 um to less than 0.5 
pm (0.1 um§R<05 um), Wherein said silicon-based material 
?ne poWder contains oxygen element (0) in an amount in a 
range of more than 0.5 Wt. % to less than 5 Wt. % (0.5 Wt. 
%§[O]§5 Wt. %) per a unit Weight of the poWder. 
[0060] In the case Where the oxygen element content in the 
electrode material is less than 5 Wt. %, the occurrence of rapid 
oxidation reaction in the production process can be desirably 
prevented, and the initial insertion-and-release coulombic 
ef?ciency of lithium can be made to be more than 80%. 
[0061] It is preferred that the oxygen element is locally 
present in a region in the vicinity of the surface of the elec 
trode material to form an oxide coat ?lm. The oxide coat ?lm 
has a function to prevent the electrode material from being 
oxidiZed. The electrode material contains the oxygen element 
in an amount in the above-described range and has an average 
particle siZe (R) in a range of more than 0.1 um to less than 0.5 
pm (0.1 um§R<05 pm). 
[0062] The silicon-based material ?ne poWder having an 
average particle siZe (R) in a range of more than 0.1 um to less 
than 0.5 um (0.1 um§R<05 um) and containing oxygen 
element (0) in an amount in a range of more than 0.5 Wt. % to 
less than 5 Wt. % (0.5 Wt. %§[O]§5 Wt. %) per a unit Weight 
of the poWder as the electrode material has a large speci?c 
surface area and has advantages such that the amount of 
lithium to be electrochemically stored and released is 
increased and this makes it possible that an electricity quan 
tity of exceeding 1000 mAh/ g per a unit Weight of the silicon 
?ne poWder is stored and released. 
[0063] A ?rst embodiment of an electrode structural body 
for a rechargeable lithium battery in the present invention 
comprises an electrode material comprising a silicon-based 
material ?ne poWder having an average particle siZe (R) in a 
range ofmore than 0.1 um to less than 0.5 pm (0.1 um§R<05 
pm). 
[0064] A second embodiment of an electrode structural 
body for a rechargeable lithium battery in the present inven 
tion comprises an electrode material comprising a silicon 
based material ?ne poWder having an average particle siZe (R) 
in a range of more than 0.1 pm to less than 0.5 pm (0.1 
um§R<05 um) and containing oxygen element (0) in an 
amount in a range of more than 0.5 Wt. % to less than 5 Wt. % 
(0.5 Wt. %§[O]§5 Wt. %) per a unit Weight of the poWder. 
The electrode material in this case contains the oxygen ele 
ment in an amount in the above-described range and has an 
average particle siZe (R) in a range of more than 0.1 um to less 
than 0.5 pm (0.1 um§R<05 pm). 
[0065] Particularly, the electrode structural body in the 
present invention has an electrode material layer on a collec 
tor, characterized in that said electrode material layer com 
prises a speci?c electrode material, an electrically conductive 
auxiliary (C) in an amount in a range of more than 10 Wt. % to 
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less than 60 Wt. % (10 Wt. %§[C]§60 Wt. %, and a binder, 
said electrode material comprising (a) a silicon-based mate 
rial ?ne poWder having an average particle siZe (R) in a range 
ofmore than 0.1 pm to less than 0.5 pm (0.1 um§R<05 um) 
or (b) a silicon-based material ?ne poWder having an average 
particle siZe (R) in a range of more than 0.1 pm to less than 0.5 
pm (0.1 um§R<05 um) and containing oxygen element (0) 
in an amount in a range of more than 0.5 Wt. % to less than 5 
Wt. % (0.5 Wt. %§[O]§5 Wt. %) per a unit Weight of the 
poWder. 
[0066] The amount of the silicon-based material ?ne poW 
der (a) or the silicon-based material ?ne poWder (b) to be 
contained in the electrode material layer is preferred to fall in 
a range of from 30 Wt. % to 80 Wt. %. 

[0067] In the case Where the silicon-based material ?ne 
poWder is a silicon ?ne poWder obtained by ?nely grinding a 
silicon particulate With a purity of more than 90%, When the 
amount of the electrically conductive auxiliary is made to be 
more than 30 Wt. %, there is provided an advantage in that it 
is possible to attain an initial insertion-and-release coulombic 
ef?ciency of lithium Which is more than 80%. Similarly, 
When the amount of the electrically conductive auxiliary is 
made to be less than 60 Wt. %, there are provided advantages 
in that a change in the amount of lithium to be released 
betWeen the 5th cycle and the 10th cycle is diminished and the 
cycle life is prolonged. In this case, the amount of the elec 
trically conductive auxiliary is preferably in a range of more 
than 30 Wt. % to less than 50 Wt % or more preferably in a 
range of more than 40 Wt. % to less than 50 Wt. %. HoWever, 
When the amount of the electrically conductive auxiliary is 
increased in order to improve the conductivity as in this case, 
the amount of the silicon-based material ?ne poWder is 
decreased as much as the amount of the electrically conduc 
tive auxiliary is increased. This effects a reduction in the 
electricity storable capacity of the electrode. Therefore, to 
design a rechargeable lithium battery is designed in practice 
should be formed While taking the electricity quantity stor 
able capacity, the charge-and-discharge coulombic e?i 
ciency, and the lifetime into account. 
[0068] Separately, in the case Where the silicon-based 
material ?ne poWder is a silicon-based alloy ?ne poWder, 
When the conductivity is greater than that in the case Where 
aforesaid silicon ?ne poWder is used, the amount of the elec 
trically conductive auxiliary (C) is preferably in a range of 
more than 10 Wt. % to less than 60% (10 Wt. %§[C]§60%) 
or more preferably in a range of more than 20 Wt. % to less 

than 50 Wt. % (20 Wt. %§[C]§50 Wt. %). 
[0069] As preferable speci?c examples of the electrically 
conductive auxiliary, there can be illustrated amorphous car 
bon materials such as acetylene black and ketjen black, car 
bonous materials such as graphite structure carbon, and 
metallic materials such as Ni, Cu, Ag, Ti, Pt, Al, Co, Fe, and 
Cr. Of these, graphite structure carbon is particularly prefer 
able. 
[0070] The electrically conductive auxiliary is preferred to 
be in a spherical form, a ?ake form, a ?lament form, a fabric 
form, a spike form, or a needle form. In a more preferred 
embodiment, by adopting tWo kinds of forms of these forms, 
it is possible to increase the packing density upon forming the 
electrode material layer so that the resulting electrode mate 
rial layer has a small impedance. 
[0071] The present invention also provides a rechargeable 
lithium battery in Which oxidation-reduction reaction of 
lithium is used, comprising at least an anode, a cathode and an 



US 2010/0323098 A1 

electrolyte, characterized in that said anode comprises afore 
said electrode structural body. The electrolyte may contain a 
compound selected from the group consisting of metal 
halides and amines. 

[0072] The rechargeable lithium battery provided accord 
ing to the present invention has a high energy density and a 
high electricity storable capacity and the charge-and-dis 
charge cycle life thereof is longer than that of a conventional 
rechargeable lithium battery Whose anode comprising a sili 
con series material. 

[0073] In the following, description Will be made of a pro 
cess of producing an electrode material for a rechargeable 
lithium battery in the present invention and a process of 
producing an electrode structural body for a rechargeable 
lithium battery in the present invention. 

[Production of an Electrode Material] 

[0074] The production of an electrode material may be 
performed by a method in that an ingot of a silicon-based 
material is pulveriZed to obtain a course-grained silicon 
based material poWder and the course-grained silicon-based 
material poWder is subjected a ?ne grinding treatment several 
times, Whereby a silicon-based material ?ne poWder having 
an average particle siZe (R) in a range of more than 0.1 pm to 
less than 0.5 um (0.1 um§R<05 um) is obtained. Besides, the 
production of an electrode material may be performed by a 
method by Way of a gas atomiZing method or a Water atom 
iZing method. In the gas atomiZing method, a given starting 
silicon-based material is fused to obtain a fusion, the fusion is 
atomiZed by means of inert gas to obtain a silicon-based 
material poWder, and a silicon-based material poWder is sub 
jected to a ?ne grinding treatment, Whereby a silicon-based 
material ?ne poWder having an average particle siZe (R) in a 
range ofmore than 0.1 um to less than 0.5 pm (0.1 um§R<05 
pm) is obtained. 
[0075] It is preferred that the silicon-based material ?ne 
poWder obtained in any case is subjected to an amorphiZation 
treatment preferably by means of a ball mill, Where an amor 
phous phase-bearing silicon-based material ?ne poWder is 
obtained. In the case Where the amorphous phase-bearing 
silicon-based material ?ne poWder is used as the anode mate 
rial of a rechargeable lithium battery, it is possible to prolong 
the charge-and-discharge cycle of the rechargeable lithium 
battery. 
[0076] In the ?ne grinding treatment and the amorphiZation 
treatment, it is necessary to control the oxygen content of the 
atmosphere Where the poWder is situated. That is, When the 
oxygen content is excessively high, an undesirably large 
amount of silicon oxide is formed. An electrode material 
obtained in this case becomes inferior in terms of the capacity 
to store and release lithium. Separately, in the case Where the 
?ne grinding treatment or the amorphiZation treatment is 
performed in an atmosphere containing no oxygen, the sur 
faces of the particles constituting the poWder become active 
so as to readily react With oxygen, Where the poWder is jeop 
ardiZed to burn. The burned poWder is signi?cantly inferior in 
terms of the performance to store lithium and therefore, it is 
not suitable for use as an electrode material of a rechargeable 
lithium battery. 
[0077] In vieW of the above, in the production of an elec 
trode material comprising the foregoing silicon-based mate 
rial ?ne poWder, it is preferred to adopt a method of making 
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the electrode material to contain oxygen element (0) in an 
amount of more than 0.5 Wt. % to less than 5 Wt. % (0.5 Wt. 

%§[O]§5 Wt. %). 
[0078] As preferable speci?c examples of such method, 
there can be illustrated a method in that the ?ne grinding 
treatment is conducted in an inert gas atmosphere added With 
a slight amount of oxygen, a method in that at the last stage in 
the ?ne grinding treatment, the ?ne poWder is exposed to an 
inert gas atmosphere added With a slight amount of oxygen, a 
method in that the ?ne grinding treatment is conducted in 
alcohol or Water, and a method in that the ?ne grinding treat 
ment is conducted While adding a monomer or a polymer 
capable of restraining the progress of the oxidation. 

[Production of an Electrode Structural Body] 

[0079] The production of an electrode structural body may 
be performed, for instance, in the folloWing manner. That is, 
an electrode material (comprising (a) a silicon-based material 
?ne poWder having an average particle siZe (R) in a range of 
more than 0.1 pm to less than 0.5 pm (0.1 um§R<05 um) or 
(b) a silicon-based material ?ne poWder having an average 
particle siZe (R) in a range of more than 0.1 pm to less than 0.5 
pm (0.1 um§R<0.5 um) and containing oxygen element (0) 
in an amount in a range of more than 0.5 Wt. % to less than 5 

Wt. % (0.5 Wt. %§[O] 25 Wt. %) per a unit Weight of the 
poWder), an electrically conductive auxiliary and a binder are 
together mixed to obtain a mixture, the mixture is mixed With 
a solvent for said binder to obtain a paste, the paste is applied 
onto a collector to form an electrode material layer on said 
collector, Whereby an electrode structural body is obtained. 
[0080] It is preferred that the amount of the silicon-based 
material ?ne poWder (a) or the silicon-based material ?ne 
poWder (b) to be contained in the electrode material layer is 
made to fall in a range of from 30 Wt. % to 80 Wt. %. 
[0081] It is preferred that the amount of the electrically 
conductive auxiliary (C) to be contained in the electrode 
material layer is made to fall in a range of more than 10 Wt. % 
to less than 60 Wt. %(10 Wt. %§[C]§60 Wt. %). 
[0082] In the case Where the silicon-based material ?ne 
poWder is a silicon ?ne poWder With a purity of more than 
99%, in order to make the electrode material layer to have a 
desirable charge-and-discharge e?iciency, the amount of the 
electrically conductive auxiliary (C) to be added is preferably 
in a range ofmore than 30 Wt. % to less than 50 Wt. % (30 Wt. 
%; [C] E 50 Wt. %) or more preferably in a range of more than 
40 Wt. % to less than 50 Wt. % (40 Wt. %§[C]§50 Wt. %). 
[0083] In the case Where the amount of the electrically 
conductive auxiliary to be added is excessive, the amount of 
the silicon-based ?ne poWder in the electrode material layer is 
undesirably diminished to result in a reduction in the electric 
ity storable capacity of the electrode material layer. 
[0084] Separately, in the case Where the silicon-based 
material ?ne poWder is a silicon-based alloy ?ne poWder, 
When the conductivity is greater than that in the case Where 
aforesaid silicon ?ne poWder is used, the amount of the elec 
trically conductive auxiliary (C) to be added is preferably in a 
range ofmore than 10 Wt. % to less than 60% (10 Wt. %§[C] 
260 wt. %) or more preferably in a range of more than 20 Wt. 
% to less than 50 Wt. % (20 Wt. %§[C]§50 Wt. %). 
[0085] In the case Where the silicon-based alloy ?ne poW 
der is used as the electrode material of the electrode material 
layer of the electrode structural body, the conductivity of the 
silicon-based alloy ?ne poWder and the conductivity betWeen 
the particles constituting the silicon-based alloy ?ne poWder 








































