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(57) ABSTRACT 

A lithium secondary battery comprising at least a negative 
electrode, a positive electrode and an electrolyte, and uti 
lizing oxidizing and reducing reactions of lithium ions for 
charging and discharging, Wherein an electrode having an 
active material Which has at least an amorphous phase and 
a half value Width not smaller than 0.48 degrees of a peak 
having a highest diffraction intensity at 20 on an X-ray 
diffractometric chart traced at a diffraction intensity at an 
X-ray diffraction angle of 20, and is made of a material 
Which has an amorphous phase and contains at least one 
element selected from among cobalt, nickel, manganese and 
iron is used as the negative electrode and/or the positive 
electrode. 
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LITHIUM SECONDARY BATTERY AND METHOD 
OF MANUFACTURING THE LITHIUM 

SECONDARY BATTERY 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] The present invention relates to a lithium second 
ary battery and a method of manufacturing the lithium 
secondary battery, and more particularly to a lithium sec 
ondary battery Which prevents the increases in electrode 
impedance resulting from expansion and contraction of 
electrode active material due to repeated charging and 
discharging, and to a method of manufacturing this lithium 
secondary battery. The present invention also relates to a 
high energy-density lithium secondary battery having 
increased sites in Which lithium ion can be intercalated and 
de-intercalated, the increased sites increasing the capacity of 
positive electrode and negative electrode. 

[0003] 2. Related Background Art 

[0004] Recently, it has been said that increasing CO2 gas 
contained in air exhibits green house effect to cause global 
Warming. Thermal poWer plants use fossil fuel to convert 
thermal energy into electric energy. Accordingly, a large 
amount of CO2 gas is exhausted, being a barrier in building 
additional thermal poWer plants. Therefore, so-called load 
leveling has been proposed for effective use of electric 
poWer generated in the thermal poWer plants. That is, 
electric poWer generated in the night is stored in storage 
batteries at consumer’s homes and the stored electric poWer 
is used in the daytime during When electric poWer consump 
tion increases, thereby leveling load distribution. 

[0005] For electric vehicles having a feature Where sub 
stances containing COX, NOX, and CH that contaminate air 
are not exhausted, the development of a high energy-density 
secondary battery has been demanded. In addition, the 
development of small siZe, lighter Weight, high performance 
secondary batteries is urgently demanded Which ?nd appli 
cations in portable equipment such as book siZe personal 
computers, Word processors, video cameras, and mobile 
telephones. 
[0006] After JOURNAL OF THE ELECTROCHEMICAL 
SOCIETY 117, 222 (1970) has reported an application of 
graphite intercalation compound for a negative electrode of 
a lighter Weight, smaller siZe secondary battery, a rocking 
chair type secondary battery referred to as a lithium ion 
battery has been developed and some have been put in 
practical use. This type of secondary battery uses a carbon 
material for a negative active material, and an intercalation 
compound containing lithium ion for positive active mate 
rial. With this lithium ion battery, the negative electrode is 
formed of a host material in the form of a carbon material 
that alloWs lithium ions as a guest material to be intercalated. 
The use of such a material suppresses dendrite groWth of 
lithium during the charging of the battery, thereby alloWing 
more number of charging/discharging cycles in the useable 
life of the battery. 

[0007] Since the aforementioned lithium ion battery 
achieves a long-life secondary battery, proposal and research 
are carried out vigorously in an attempt to apply various 
carbon materials to the negative electrode. Japanese Patent 
Application Laid-Open No. 62-122066 proposes a second 
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ary battery using a carbon material Where an atomic ratio 
hydrogen/carbon is less than 0.15, the distance betWeen 
(002) planes is 0.337 nm or longer, and the crystallite siZe 
in c-axis is 15 nm or less. Japanese Patent Application 
Laid-Open No. 63-217295 proposes a secondary battery 
using a carbon material Where the distance betWeen (002) 
planes is 0.370 nm or longer, true density is less than 1.70 
g/ml, and a peak value of heat generated is 700° C. or higher 
When subjected to differential thermal analysis in ?oWing 
air. There are some research reports on the application of 
various carbon materials to negative electrode. Carbon ?bers 
are reported in Electrochemical Society Vol. 57, p.614 
(1989). Natural graphite is reported in the Proceedings of the 
33rd Battery Symposium, Mesofuse microsphere and graph 
ite Whisker are reported in the Proceedings of the 34th 
Battery Symposium, p.77 (1993) and p.77, respectively. 
Burned furfuryl alcohol resin is reported in the Proceedings 
of the 58th Conference of the Electrochemical Society of 
Japan p.158 (1991). 

[0008] HoWever, With a lithium ion battery Which uses a 
carbon material containing lithium as a negative electrode 
active material therein, there has been developed no battery 
Whose discharge capacity exceeds the theoretical value of 
the graphite intercalation compound, the discharge capacity 
being such that a stable electric poWer can be draWn from the 
battery When the battery is used through repeated charging 
and discharging. That is, the theoretical value is such that a 
carbon intercalation compound can store one lithium atom 
for every six carbon atoms. Thus, a lithium ion battery using 
a carbon material as a negative active material has a long 
cycle-life but not as large an energy density as a lithium 
battery that directly uses metal lithium as a negative active 
material. If the negative electrode of a lithium ion battery 
formed of a carbon material is to be intercalated With lithium 
of an amount larger than the theoretical capacity during 
charging cycle, lithium metal groWs in a dendrite pattern on 
the surface of the negative electrode formed of a carbon 
material, ultimately causing an internal shorting out betWeen 
the negative electrode and positive electrode due to repeated 
charging and discharging cycles. A lithium ion battery With 
the theoretical capacity of a graphite negative electrode has 
not a long enough cycle life for practical use. 

[0009] On the other hand, a high capacity lithium second 
ary battery that uses metal lithium for negative electrode has 
been demanded but not put in practical use yet. Because the 
charging/discharging cycle life is very short. This short 
cycle life is considered to be primarily due to the fact that 
metal lithium reacts With impurities such as moisture con 
tained in the electrolyte to form an insulating ?lm on the 
electrodes and therefore repeated charging and discharging 
causes lithium to groW in a dendrite pattern, resulting in an 
internal shorting out betWeen the negative and positive. This 
leads to the end of the battery life. 

[0010] If a dendrite pattern of lithium groWs to short 
circuit negative electrode and positive electrode, the energy 
stored in the battery is consumed in a short time so that heat 
is generated and the solvents of the electrolyte are decom 
posed to generate gas to increase internal pressure, thereby 
damaging the battery. 

[0011] In order to alleviate the problem of metal lithium 
negative electrode that a metal lithium reacts With the 
moisture and organic solvents contained in the electrolyte, 
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use of a lithium alloy containing lithium and aluminum also 
has been proposed. However, use of a lithium alloy is not 
currently in practical use due to the following problems. A 
lithium alloy is too hard to be Wound in a spiral form, and 
therefore a spiral cylindrical battery cannot be made. The 
charging/discharging cycle life is not prolonged as much as 
one expects. A battery using a lithium alloy for negative 
electrode does not provide as much energy density as a 
battery using metal lithium. 

[0012] Japanese Patent Application Laid-Open Nos. 
5-190171, 5-47381, 63-114057, and 63-13264 have pro 
posed the use of various forms of lithium for negative 
electrode. Japanese Patent Application Laid-Open No. 
5-234585 proposes the application of metal poWer on the 
surface of lithium, the metal poWder preventing lithium 
from producing various kinds of intermetallic compounds. 
None of the proposals in the aforementioned publications 
can be a decisive ansWer that prominently prolongs the life 
of the negative electrode. 

[0013] JOURNAL OF APPLIED ELECTROCHEMIS 
TRY 22 (1992) 620 to 627 reports a high energy density 
lithium secondary battery using an aluminum foil for nega 
tive electrode, the lithium secondary battery having an 
energy density loWer than a lithium primary battery. When 
this lithium secondary battery is subjected to as many 
charging/discharging cycles as practical, the aluminum foil 
experiences expansion and contraction repeatedly till the 
aluminum foil is ?nally cracked, leading to reduced current 
collection and dendrite groWth. Thus, a secondary battery 
having a practically long life has not been developed yet. 

[0014] For these reasons, there is a strong demand on the 
development of material for the negative electrode Which 
has a longer life and a higher energy density than the 
negative electrode of carbon currently in practical use. 

[0015] In order to implement a high energy-density 
lithium secondary battery, the development of materials for 
not only negative electrode but for positive electrode are 
necessary. At present, a lithium-transition metal oxide is 
most commonly used as an active material for a positive 
electrode, the lithium-transition metal oxide having lithium 
ion inserted (intercalated) in an intercalation compound. 
HoWever, the lithium-transition metal oxide can achieve a 
discharge capacity of only about 40 to 60% of the theoretical 
capacity. In particular, in order for a battery to be a practical 
battery having a long charging/discharging cycle life, the 
charging/discharging capacity should be as loW as possible. 
This is detrimental to the implement of high capacity battery. 
For example, the 34th Battery Symposium 2A04.(pp.39-40) 
reports that When the cobalt acid lithium is charged so that 
lithium is de-intercalated more than 3A of the theoretical 
capacity, the crystal structure of the cobalt acid lithium 
changes from single crystal to hexagonal system. The c-axis 
extremely shrinks during the intercalation With the result 
that the reversibility of lithium becomes extremely deterio 
rated from the next discharge onWard. Thus, charging/ 
discharging cycle property deteriorates. This is true of, for 
example, nickel acid lithium. 

[0016] In order to suppress changes in crystal structure, for 
example, the 34th Battery Symposium 2A08 (pp.47-48) 
proposes that a portion of lithium contained in cobalt acid 
lithium is substituted by sodium, potassium, copper, and 
silver. Adding cobalt, manganese, aluminum or the like to 
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nickel acid lithium also has been reported. HoWever, these 
proposals are not enough for improving the utiliZing effi 
ciency and charging/discharging cycle characteristic. 

[0017] As mentioned above, With a lithium secondary 
battery, including a lithium ion battery, Which uses lithium 
ion as a guest material for charging/discharging reaction, 
there have been strong demands for the development of 
negative and positive polarities having a practical life, the 
negative and positive polarities having a higher capacity 
than a negative electrode of a carbon material and a positive 
electrode of a transition metal oxide Which have currently 
used. 

SUMMARY OF THE INVENTION 

[0018] The present invention Was made in vieW of the 
aforementioned problems. 

[0019] An object of the invention is to provide a method 
of manufacturing a lithium secondary battery Which uses 
oxidiZation and reduction of lithium ion, the secondary 
battery having a positive electrode formed of a high capacity 
positive electrode active material and a negative electrode 
formed of a high capacity negative electrode active material. 

[0020] Another object of the invention is to provide a 
lithium secondary battery including at least negative elec 
trode, positive electrode and electrolyte, and using the 
oxidiZation and reduction of lithium ion, the negative and/or 
positive polarities being formed of an active material having 
at least an amorphous phase. (a) The composition of the 
active material is a material Which has at least an amorphous 
phase and contains at least one of cobalt, nickel, manganese, 
and iron that have an amorphous phase. The active material 
having a half value Width not less than 0.48 degrees, the half 
value Width being a diffraction angle that half a peak value 
of the highest of diffraction intensity appearing on an X-ray 
diffraction chart. The diffraction intensity is plotted against 
X-ray diffraction angle (20). 

[0021] Another object of the invention is to provide a 
lithium secondary battery including at least negative elec 
trode, positive electrode, and electrolyte, and using the 
oxidiZation and reduction of lithium ion, Wherein (b) the 
negative electrode is made of an active material having at 
least an amorphous phase and a half value Width not less 
than 0.48 degrees, the half value Width being a diffraction 
angle that half a peak value of the highest of diffraction 
intensity occupies. The diffraction intensity appears on an 
X-ray diffraction chart in Which diffraction intensity is 
plotted against X-ray diffraction angle (20). The active 
material is a composite material of an amorphous material 
and a second material, the amorphous material having an 
amorphous portion and the second material containing at 
least one of carbon and metal elements Which have an 
amorphous phase and are electrochemically inert to sub 
stances other than lithium during the charging/discharging 
reaction of the lithium battery. 

[0022] The present invention provides a method of manu 
facturing a lithium secondary battery characteriZed in that an 
amorphous material is prepared by giving physical energy to 
a crystalline material, and the amorphous material is used as 
a positive active material to form a positive electrode and/or 
as a negative active material to form a negative electrode. 
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[0023] In the present invention, the term “active material” 
is used to cover substances that contribute to the electro 
chemical reaction (repeated reaction) of charging and dis 
charging a battery. 

[0024] The present invention provides a lithium secondary 
battery Which includes at least a negative electrode, a 
positive electrode, and an electrolyte, and uses the oXidiZa 
tion and reduction of lithium ion. Electrodes are formed of 
active materials having at least an amorphous phase, 
Wherein the active material is a compound having an amor 
phous phase and containing at least one or more elements 
selected from cobalt, nickel, manganese, and iron. The 
active material has a half value Width not less than 0.48 
degrees, the half value Width being a diffraction angle that 
half a peak value of the highest of diffraction intensity 
occupies. The diffraction intensity appears on an X-ray 
diffraction chart in Which diffraction intensity is plotted 
against X-ray diffraction angle (20). 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0025] FIGS. 1A, 1B and 1C are model representation 
illustrating phases of a starting material Which varies from 
crystalline phase to amorphous phase according to the 
manufacturing method of the invention; 

[0026] FIG. 2 is a graph shoWing an eXample of discharg 
ing characteristic of a lithium secondary battery Which uses 
a positive active material of the invention; 

[0027] FIG. 3 illustrates half value Width; 

[0028] FIG. 4 is a model representation illustrating an 
apparatus that performs a mechanical grinding; 

[0029] FIG. 5 is a model representation illustrating an 
apparatus that performs a mechanical grinding; 

[0030] FIG. 6 is a cross-sectional vieW of a single layer 
?at type battery; 

[0031] FIG. 7 is a cross-sectional vieW of a spiral cylin 
drical battery; 

[0032] FIG. 8 is a chart illustrating an X-ray diffraction 
pro?le of an active material When the conditions of mechani 
cal grinding are changed; 

[0033] FIG. 9 is a chart illustrating an X-ray diffraction 
pro?le of an active material When the conditions of mechani 
cal grinding are changed; 

[0034] FIG. 10 is a chart illustrating an X-ray diffraction 
pro?le of an active material When the conditions of mechani 
cal grinding are changed; 

[0035] FIG. 11 is a chart illustrating an X-ray diffraction 
pro?le of an active material When the conditions of mechani 
cal grinding are changed; 

[0036] FIG. 12 is a graph shoWing the relationship 
betWeen a half value Width of an active material and 
discharge capacity according to the present invention; and 

[0037] FIG. 13 is a graph shoWing the relationship 
betWeen a crystallite siZe and discharge capacity according 
to the present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0038] Embodiments of ?rst and second lithium secondary 
batteries according to the present invention are grouped in 
terms of speci?c combination of electrodes as folloWs: 
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[0039] (1) Alithium secondary battery having an electrode 
(referred to as “Electrode (a)” hereinafter) formed of an 
active material With at least an amorphous phase, Wherein 
the active material is a compound having an amorphous 
phase and contains at least one or more of cobalt, nickel, 
manganese, and iron. The active material having a half value 
Width not less than 0.48 degrees, the half value Width being 
a diffraction angle that half a peak value of the highest of 
diffraction intensity appearing on an X-ray diffraction chart. 
The diffraction intensity is plotted against X-ray diffraction 
angle (20). The lithium secondary battery has a positive 
electrode formed of the aforementioned Electrode (a). 

[0040] (2) A lithium secondary battery using Electrode (a) 
of Group (1) for a negative electrode. 

[0041] (3) Alithium secondary battery using Electrode (a) 
of Group (1) for positive and negative electrodes, the 
positive and negative electrodes having different composi 
tions of active material. 

[0042] (4) Alithium secondary battery having an electrode 
(referred to as “Electrode (b)” hereinafter) made of an active 
material With at least an amorphous phase and a half value 
Width not less than 0.48 degrees, the half value Width being 
a diffraction angle that half a peak value of the highest of 
diffraction intensity occupies. The diffraction intensity 
appears on an X-ray diffraction chart in Which diffraction 
intensity is plotted against X-ray diffraction angle (20). The 
active material is a composite material containing a material 
at least one of carbon and amorphous phase metal elements, 
and a material being electrochemically inert to substances 
other than lithium during the charging/discharging reaction 
of the lithium battery. The lithium secondary battery has a 
negative electrode formed of the aforementioned Electrode 
(b) 
[0043] (5) A lithium secondary battery having a positive 
electrode formed of Electrode (a) described in Group (1) and 
a negative electrode formed of Electrode (b) described in 
Group 

[0044] The electrodes (a) and (b) described in item (1) and 
(4) Will noW be described in detail. 

[0045] The electrode (a) has an active material With the 
aforementioned X-ray diffraction characteristic and an 
amorphous phase. The active material includes one or more 
of cobalt, nickel, manganese, and iron. Electrode (a) is thus 
used to form a positive electrode and/or a negative electrode 
in Groups (1), (2), (3), and An amorphous material that 
constitutes the active material is obtained by forming a 
crystalline starting substance (parent material) into an amor 
phous phase, the material preferably having reversibility 
With respect to the charging/discharging reactions of a 
lithium battery, i.e., causing oXidiZation/reduction reactions, 
and containing at least one or more of cobalt, nickel, 
manganese, and iron. When such an active material is used 
for a positive electrode or a negative electrode, the active 
material functions as a high capacity positive active material 
or a negative active material since the active material 
includes increased sites in Which lithium ion can be inter 
calated and de-intercalated. 

[0046] When forming a crystalline material containing 
one or more of cobalt, nickel, manganese, and iron into an 
amorphous phase, it is preferable to simultaneously add 
materials to form a composite product: the ?rst material is 
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such that an electrode made of the material becomes elec 
trochemically inert during the charging/discharging reac 
tions of the lithium battery, and the second material is such 
that an electrode made of the material becomes electro 
chemically inert to substances other than lithium during the 
charging/discharging reactions of the lithium battery. A 
resultant compound (composite material) is a product Where 
the aforementioned materials that become electrochemically 
inert material reacts on the surface of a crystalline material 
(starting substance), so that crystal portion of the crystalline 
material is converted into a different phase, i.e., an amor 
phous phase, in Which the arrangement of atoms is irregular. 
In some cases, it is presumed that materials that become 
electrochemically inert react With amorphous material to be 
diffused into the amorphous material. 

[0047] The aforementioned method of forming a compos 
ite material has the folloWing advantages. 

[0048] (1) The crystalline material is rapidly formed into 
an amorphous phase. 

[0049] (2) The site increases Where the resultant amor 
phous composite material is intercalated and de-intercalated 
With lithium ion. 

[0050] (3) The use of an electrically conductive material 
as the aforementioned material that becomes electrochemi 
cally inert is advantageous in that the electrochemically inert 
material of a resultant amorphous composite material covers 
around the particles of materials (cobalt, nickel, manganese, 
and iron) Which has reversibility for a lithium secondary 
battery. Thus, the electrical conductivity of the reversible 
material for lithium secondary battery is improved. 

[0051] The crystalline starting materials that are formed 
into a material having an amorphous phase and used to form 
Electrode (a) are those that contain one or more of cobalt, 
nickel, manganese, and iron (also include these metals 
alone). The starting materials are preferably transition metal 
compounds into Which lithium ion can be electrochemically 
inserted or from Which lithium ion can be electrochemically 
removed, and more preferably the oxides, nitrides, sul?des, 
or hydroxides, peroxides of transition metals, or the oxides, 
nitrides, sul?des, or hydroxides, peroxides of transition 
metals containing lithium. Also, oxides or peroxides of the 
above-described transition metal containing allcaline metal 
except for lithium, and the oxides and peroxides of the 
transition metal containing the lithium. The compounds of 
cobalt, nickel, manganese, and iron exhibit high voltages on 
the order of 4 V. Thus, a secondary battery provides a high 
energy density, the battery using electrodes formed of active 
material Which contains these compounds as essential com 
positions. The compounds of cobalt, nickel, manganese, and 
iron are advantageous in that they retain reversibility 
throughout repeated charging/discharging cycles, thus offer 
ing long life electrodes. 

[0052] In addition to cobalt, nickel, manganese, and iron, 
transition metal elements such as those partially having a 
d-shell or an f-shell, i.e., Sc, Y, lanthanoids, actinoid, Ti, Zr, 
Hf, V, Nb, Ta, Cr, Mo, W, Tc, Re, Fe, Ru, Os, Rh, Ir, Pd, Pt, 
Cu, Ag, and Au. The resultant amorphous material is selec 
tively used as an active material for a positive electrode or 
a negative electrode depending on the composition of mate 
rial. Especially materials obtained from materials composed 
only of the above elements of cobalt, nickel, manganese, and 
iron. 
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[0053] A material having an amorphous phase, Which is 
obtained from a crystalline material containing one or more 
of cobalt, nickel, manganese, and iron is formed together 
With a second material into a composite material to be used 
as an active material. The second material is such that an 
electrode formed of the active material becomes electro 
chemically inert to materials other than lithium during the 
charging/discharging of a lithium battery. The material for 
the active material may have an element(s) and composition 
Which are different from the aforementioned material having 
an amorphous phase, Which is obtained from a crystalline 
material containing one or more of cobalt, nickel, manga 
nese, and iron. 

[0054] The material that becomes electrochemically inert 
is such that When a battery (or electrode) is subjected to 
charging/discharging (oxidiZation/reduction), an electrode 
formed of the material, 

[0055] (1) does not react (intercalate/de-intercalate) 
With lithium ion, 

[0056] (2) does not react With electrolyte, 
[0057] (3) does not change into other substance, that 

is, an added metal is not oxidiZed. In other Words, 
added metal does nothing (no reaction other than the 
intercalation and de-intercalation of lithium during 
the charging and discharging cycles). 

[0058] The materials that become electrochemically inert 
during the charging and discharging of a lithium battery are 
those that meet all of the above-described conditions (1) to 
(3). The material that becomes eletrochemically inert to 
substances other than lithium during the charging/discharg 
ing of a lithium battery are those that meet the conditions (2) 
and (3) but the condition The aforementioned tWo types 
of, materials are selectively used taking into account the 
relation betWeen the potential and the materials of an 
electrode and a counterelectrode. Electrode (a) is used for a 
positive electrode, Which Electrode (a) is formed of an active 
material. The active material is a product When a material 
that contains one or more of cobalt, nickel, manganese, and 
iron is formed together With a second material for an active 
material into a composite material, the material for the active 
material becoming electrochemically inert to materials other 
than lithium during charging/discharging of a lithium bat 
tery. 

[0059] Electrode (a) is used for a negative electrode. 
Electrode (a) is formed of an active material Which is a 
product When a material in the form of one or more of cobalt, 
nickel, manganese, iron is formed together With a second 
material into a composite material. The second material for 
the active material becomes electrochemically inert to mate 
rials other than lithium during the charging/discharging of a 
lithium battery. 

[0060] A material having a high electrical conductivity is 
a desirable material for an electrode formed of the active 
material that becomes electrochemically inert during the 
charging and discharging reaction of the aforementioned 
lithium secondary battery, or for an electrode of the active 
material that becomes electrochemically inert to substances 
other than lithium during the charging and discharging 
reaction of the aforementioned lithium secondary battery. In 
addition, the desirable material does not react With the 
electrolyte during the charging and discharging or does not 
dissolve in the electrolyte. 
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[0061] Materials having a less noble standard electrode 
potentials are desirable materials for a positive electrode 
formed of the active material containing a metal material 
that becomes electrochemically inert during the charging 
and discharging reaction of the aforementioned lithium 
secondary battery. Desirable metal materials include mag 
nesium, aluminum, manganese, Zinc, chrome, iron, cad 
mium, cobalt, nickel, and various kinds of alloys and com 
posite metals of tWo or more of these metal elements. These 
materials are selected taking the material (active material) 
for a counterelectrode into account. 

[0062] Amaterial having a noble standard electrode poten 
tial is a desirable material for a negative electrode formed of 
the active material that becomes electrochemically inert to 
substances other than lithium during the charging and dis 
charging reaction of the aforementioned lithium secondary 
battery. Desirable metal materials include cobalt, nickel, tin, 
lead, platinum, silver, copper, gold, and various kinds of 
alloys and composite metals of tWo or more of these 
elements. These metal materials are selected taking the 
material (active material) for a counterelectrode into 
account. 

[0063] A material for a positive electrode, formed of the 
active material that becomes electrochemically inert during 
the charging and discharging reaction of the aforementioned 
lithium secondary battery, is, for example, amorphous car 
bon including ketjen black and acetylene black, natural 
graphite, or arti?cial graphite such as hardly-graphitiZed 
carbon or the like and easily-graphitiZed carbon or the like. 
These materials are selected taking the material (active 
material) for a counterelectrode into account. Carbon blacks 
such as acetylene black has primary particles of small 
diameters on the order of sub-microns, and is therefore 
suitable for covering the surface of the active material. On 
the other hand, When graphite is formed into a composite 
material using at least one of cobalt, nickel, manganese, and 
iron, the material is subjected to mechanical grinding. A 
graphite particle having a large diameter is heavy, and 
therefore provides larger energy than carbon black so that 
mechanical grinding can be smoothly effected. Thus, such a 
carbon is desirable. 

[0064] A carbon material for a negative electrode, formed 
of the active material that becomes electrochemically inert 
to substances other than lithium during the charging and 
discharging reaction of the aforementioned lithium second 
ary battery, includes an amorphous carbon including carbon 
black such as ketjen black and acetylene black, natural 
graphite, or arti?cial graphite such as hardly-graphitiZed 
carbon or the like and easily-graphitiZed carbon or the like. 
These carbon materials may be selected taking the material 
(active material) for a counterelectrode into account. 

[0065] Transition metal compounds are desirable metal 
containing compounds that serve as an active material of 
Which a positive electrode of a lithium secondary battery is 
formed, the active material becoming electrochemically 
inert to substances other than lithium during the charging 
and discharging reaction of the aforementioned lithium 
secondary battery. Speci?cally, nitrates, acetates, halide 
salts, sulfates, organic acid salts, oXides, nitrides, sul?des, 
thiocarbonates, hydroxides, alkoXides, etc. of transition met 
als can be employed. The transition metals include elements 
partially having d-shell or f-shell, that is, Sc, Y, lanthanoids, 

Nov. 13, 2003 

actinoids, Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W, Mn, Tc, Re, Fe, 
Ru, Os, Co, Rh, Ir, Ni, Pd, Pt, Cu, Ag, and Au. Particularly 
preferred elements are primary transistion metals such as Ti, 
V, Cr, Mn, Fe, Co, Ni, and Cu. These transition metal 
compounds are selected taking a material (active material) 
for a counterelectrode into account. 

[0066] Metal-containing compounds that have electro 
chemically less noble potentials are desirable materials for a 
negative electrode of a lithium secondary battery, the mate 
rial becoming electrochemically inert to substances other 
than lithium during the charging and discharging reaction of 
the lithium secondary battery. 

[0067] This is because a material used for negative elec 
trode can be reversibly intercalated and de-intercalated as 
long as the material has an electrochemically less noble 
potential With respect to a positive potential, i.e., the elec 
trode potential is close to that of the positive electrode. The 
compounds include sul?des, oXides, nitrides, etc., of tita 
nium containing or not containing lithium, copper, vana 
dium, molybdenum, and iron. These material are selected 
taking a material (active material) for a counterelectrode into 
account. 

[0068] Electrode (b) has an active material Which is a 
composite material of tWo materials: the ?rst is a material 
that contains at least one or more of carbon and metal 
elements having an amorphous phase and the aforemen 
tioned properties determined by X-ray diffraction method, 
and the second is a material as an active material of Which 
an electrode is formed, the active material becoming inert to 
materials other than lithium during the charging and dis 
charging of a lithium battery. 

[0069] Electrode (b) is applied to the negative electrode of 
a lithium secondary battery in Groups (4) or Preferred 
composite materials as an active material are made by 
simultaneously adding a crystalline material containing at 
least one or more of carbon and metal elements to a second 
material that becomes electrochemically inert to substances 
other than lithium during the charging/discharging. Just as in 
Electrode (a), the ultimately obtained amorphous phase 
composite material is a material such that an electrochemi 
cally inert material reacts on the surface of a crystalline 
material (starting material) so that a part of the crystalline 
material is formed into other state, i.e., amorphous phase 
Where atomic arrangement is irregular. 

[0070] The aforementioned method of forming a compos 
ite material has the folloWing advantages. 

[0071] (1) The crystalline material is rapidly formed into 
an amorphous phase. 

[0072] (2) The site increases Where the resultant amor 
phous material (composite material) is intercalated and 
de-intercalated With lithium ion. 

[0073] (3) Using an electrically conductive material as the 
aforementioned material that becomes electrochemically 
inert is advantageous in that the resultant amorphous com 
pound (composite material) increases electrical conductivity 
of a reversible material used for lithium secondary battery. 

[0074] Electrode (b) is used for a negative electrode 
formed of an active material, Which is a composite material 
containing a material that becomes electrochemically inert 
to substances other than lithium during the charging and 
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discharging reaction of a lithium battery. Thus, unwanted 
oxides and decomposition of the active material during the 
battery reaction are suppressed, ensuring charging and dis 
charging With good performance. 

[0075] Preferred crystalline starting materials for obtain 
ing an amorphous-phase composite material that is used for 
Electrode (b) include carbon materials into Which lithium 
ion can be electrochemically inserted or from Which lithium 
ion can be electrochemically removed, the metals that can 
form an alloy With lithium during electrochemical reaction, 
metals that cannot form an alloy With lithium during elec 
trochemical reaction, and compounds (metal material) into 
Which lithium can be intercalated and from Which lithium 
can be de-intercalated. 

[0076] Speci?c examples of the carbon materials include 
carbons having graphite skeltal structure such as natural 
graphite, hardly-graphitiZed carbon, easily-graphitiZed car 
bon, arti?cial graphite, and graphite skeltal structure. Metals 
that can form an alloy With lithium. Metals that can form 
alloys With lithium during electrochemical reaction include, 
for example, Al, Mg, Pb, K, Na, Ca, Sr, Ba, Si, Ge, Sn, and 
In. Metals that do not form alloys With lithium during 
electrochemical reaction include, for example, Ni, Co, Ti, 
Cu, Ag, Au, W, Mo, Fe, Pt, and Cr. Compounds that can be 
intercalated and de-intercalated include the oxides, nitrides, 
hydroxides, sul?des, and sulfate of the aforementioned 
metals, speci?c example being lithium-titanium oxide, 
lithium-cobalt nitride (Li3-xCoxN), and lithium-cobalt 
vanadium oxide. 

[0077] Electrode (b) is formed of an active material that 
becomes electrochemically inert to substances other than 
lithium during the charging/discharging reactions of a 
lithium battery, the active material being a composite mate 
rial having an amorphous phase. The materials used for 
making the composite material are those that have elements 
and compositions different from the crystalline starting 
material and that become electrochemically inert to sub 
stances other than lithium, the substances being used as an 
active material for Electrode (a). The materials used for the 
composite material are appropriately selected taking the 
potential of the material for a counterelectrode into account. 

[0078] In particular, if Electrode (b) is formed of a mate 
rial that becomes electrochemically inert to substances other 
than lithium and can reversibly intercalate and de-intercalate 
lithium ion, then such a material can perform charging and 
discharging independently of the active material. Thus, a 
composite material in an amorphous phase can be obtained 
While still maintaining charging/discharging capacity. One 
example, is a composite material of crystalline natural 
graphite and tin that is electrochemically inert to substances 
other than lithium. 

[0079] The mechanism of charging and discharging of the 
active materials used for Electrode (a) and Electrode (b) of 
a lithium secondary battery Will noW be described in detail 
With reference to the accompanying draWings. 

[0080] For example, crystalliZed active materials (interca 
lation compound) are of a crystal structure Where atoms 1 
are regularly arranged in the crystal lattice as shoWn in FIG. 
1A. Therefore lithium ion is intercalated (When the battery 
discharges) regularly betWeen layers formed of the atoms of 
the active material Which acts as a host material. 
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[0081] For an active material for Electrode (a) or Elec 
trode (b), obtained by giving physical energy to a crystal 
liZed active material to form the crystalliZed active material 
into an amorphous active material, the atomic arrangement 
2 of the active material, i.e., a host material, changes from 
that of FIG. IE to an irregular arrangement of FIG. 1C. This 
increases site in Which lithium ion is intercalated. 

[0082] As for an active material for positive electrode, if 
the intercalation compound is crystalliZed, the active mate 
rial expands in the direction of C axis When lithium ion is 
intercalated and shrinks in the direction of C axis When the 
lithium ion is de-intercalated. Repeated charging and dis 
charging of a secondary battery causes the stress due to 
expansion and contraction of the intercalation compound to 
accumulate, shortening the life of the battery. Increasing 
intercalation of lithium into and de-intercalation of lithium 
ion from the positive active material causes changes in 
crystal structure. Such structural stress also shortens the life 
of the battery. In order to implement a practical battery, an 
amount of intercalation and de-intercalation of lithium ion to 
and from the positive active material must be restricted, 
being an obstacle to a high capacity battery. 

[0083] In contrast, an active material for the positive 
electrode containing the aforementioned amorphous phase 
has irregular arrangement of atoms, so that intercalation of 
lithium ion does not signi?cantly change the structure of the 
active material for positive electrode. In other Words, during 
the charging and discharging of a battery, the active material 
does not signi?cantly experience expansion and contraction 
due to the intercalation and de-intercalation of lithium ion. 
This provides a long-life battery. 

[0084] Abattery using a crystalline active material differs 
from a secondary battery having Electrode (a) and/or Elec 
trode (b) formed of an amorphous-phase active material 
according to the present invention, in charging/discharging 
characteristic of the battery. This Will be explained by Way 
of an active material for positive electrode. 

[0085] Nickel hydroxide and lithium hydroxide are 
Weighed such that nickel and lithium are of the same molar 
ratio, and then mixed uniformly. The mixture is then placed 
in an electric furnace and is calcined at 750° C. in ?oWing 
oxygen for 20 hours, thereby preparing crystalline nickel 
acid lithium as a positive active material. Then, acetylene 
black 20 Wt % is added to the thus prepared positive active 
material and then polyvinylidene ?uoride is further added, 
thereby making a positive electrode. As for a counterelec 
trode, mesophase micro balls (arti?cial graphite) heat 
treated at 2800° C. Was used as a negative active material. 
These positive and negative active materials are used to 
manufacture a lithium secondary battery. The negative 
active material is a crystalline material having graphite 
skelton structure and therefore the voltage during the charg 
ing and discharging has a plateau region Where the battery 
voltage is constant With respect to time elapsed. When the 
battery is charged and discharged, the discharge character 
istic is L-shaped so that discharge curve has a plateau region 
at slightly less than 4 V. The positive active material of the 
above experiment has tWo or more crystal phases and 
shoWed that the crystal lattice Was continuously changed 
during discharge With the phases changing betWeen charging 
and discharging. 
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[0086] Next, the aforementioned crystalline nickel acid 
lithium 80 Wt % and acetylene black 20 Wt % Were put in a 
planetary ball mill. Using 15-mm diameter stainless balls 
and 4-cm diameter vessel, mechanical grinding Was per 
formed at 4000 rpm and for a 1-hour mixing period. The thus 
obtained composite material of nickel acid lithium and 
acetylene black is subjected to X-ray diffraction method for 
analysis. The analysis revealed that half value Width of the 
respective peak values have increased so that the composite 
material has been changed into amorphous phase. Then, 
polyvinylidene ?uoride is further added to the composite 
material of lithium-nickel having an amorphous phase and 
acetylene black. For a counterelectrode, mesophase micro 
balls (arti?cial graphite) Were used Which is heat-treated at 
2800° C. Using these positive and negative polarities, a 
battery having a composite material of lithium-nickel and 
acetylene black Was manufactured. Then, the battery Was 
subjected to charging and discharging for analysis. When the 
battery is subjected to charging and discharging, the dis 
charge curve sloWly changed describing a curve from at 
about 4 V to 2.5 V as shoWn in FIG. 2, a plateau region not 
being observed. This is because the atomic arrangement of 
the positive active material is irregular and the structure of 
the positive active material (host material) changes only 
slightly even though lithium ion is intercalated. For a ?rst 
lithium secondary battery of the invention, a positive active 
material Which is used for Electrode (a) and contains an 
amorphous phase has a half value Width of an X-ray dif 
fraction peak of preferably not less than 0.48 degrees at a 
peak value corresponding to (003) plane or (104) plane 
(FIG. 3 illustrates half value Width). 

[0087] For a second battery of a lithium secondary battery 
according to the present invention, a negative active material 
used for Electrode (b) has a half value Width of X-ray 
diffraction peak of preferably not less than 0.48 degrees at 
a peak value corresponding to (002) plane or (110) plane. If 
tin is used as an active material, the half value Width is 
preferably not less than 0.48 degrees at peaks corresponding 
to (200) plane, (101) plane, and (211) plane. 
[0088] A material that constitutes an active material that 
contains an amorphous phase preferably has a half value 
Width of X-ray diffraction peak 10% or larger that of the 
material before it is formed into the amorphous phase, and 
more preferably 20% or larger. 

[0089] Also, the crystallite siZe of a material for these 
active material decreases in siZe With increasing amorphous 
state. This is desirable. The crystallite siZe calculated b 
using Scherrer’s equation is preferably not larger than 200 A 
for the active materials used in the present invention, and 
preferably not larger than 400 A for a negative electrode 
composite material containing a material that becomes elec 
trochemically inert to substances other than lithium. The 
crystallite siZe of an active material is preferably not larger 
than 50% of that of a crystalline starting material, and more 
preferably not larger than Z/3. 

[0090] Scherrer’s equation: 
t=0.9 MB cos 6 

[0091] 
[0092] )t: Wavelength of X-ray beam 

[0093] B: half Width value of an X-ray diffraction 
peak 

[0094] 0: diffraction angle 

t: crystallite siZe 
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[0095] In the present invention, and amorphous phase 
material used for forming the aforementioned Electrode (a) 
or Electrode (b) is preferably synthesiZed by giving physical 
energy to a crystalline material. More speci?cally, a cen 
trifugal force is given to a crystalline material (material 
containing one or more of elements selected from a group 

consisting cobalt, nickel, manganese, and iron, or material 
containing one or more elements selected from a group 

consisting of metal elements and carbon) to generate colli 
sion energy. The collision energy is used to form the material 
into non-uniform crystal, thereby causing irregular atomic 
arrangement of a crystalline active material by solid phase 
method. This method eliminates the need for performing a 
long term treatment at high temperature, as opposed to a 
method that uses calcining to prompt the reaction of mate 
rials. When a centrifugal force is applied to the material, heat 
generated primarily by collision prompts the reaction of 
material, alloWing the synthesis reaction of the active mate 
rial to be carried out. The starting material having a loWer 
decomposition temperature is preferred since such a material 
needs less centrifugal force and synthesis reaction can be 
carried out in a short time. 

[0096] For Electrode (a) or Electrode (b), it is desirable to 
miX a starting material (for an active material) and a second 
material and give physical energy to the miXed materials, the 
second material being those Where an electrode formed of 
the active material becomes electrochemically inert during 
the charging and discharging cycles of the aforementioned 
lithium battery, or those Where an electrode formed of the 
active material becomes electrochemically inert substances 
other than lithium during the charging and discharging 
cycles of the aforementioned lithium battery. 

[0097] For some materials, the reaction for synthesiZing 
an active material is dif?cult to be carried out. For eXample, 
nickel-family materials for Electrode (a) suffer from some 
dif?culty. In this case, for accelerated reaction, it is desirable 
to preheat the material salt container to a predetermined 
temperature, or to place the material salt in an atmosphere in 
Which the material can be oXidiZed easily (e.g.;, oxygen 
atmosphere). 

[0098] The use of such a method alloWs synthesis of the 
active material at room temperature Without heating, thereby 
shortening reaction time. Since synthesis reaction can be 
carried out at loW temperature, the active material containing 
an amorphous phase can be synthesiZed ef?ciently. 

[0099] HoWver, in case of synthesiZing at room tempera 
ture Without heating, an impurity remains therein. Such 
impurity decomposes during a charging and discharging 
battery, and reacts With lithium operating as an active 
material, thereby causing an adverse effect such as degrad 
ing an activity of lithium. When the impurity dissolves into 
a solvent, for eXample, Water or organic solvent, a suf?cient 
rinsing may be performed. As another Way, oXidiZing, deoXi 
diZing or heating Withing inactive gas atmosphere to com 
pose and remove may be used. Wherein, during the heating, 
it is unnecessary to increase the temperature into a high 
temperature (e.g., 700° C. or more higher) at Which tem 
perature, in general, the active material is systhesiZed. The 
temperature at Which the impurity can be removed is suf? 
cient. 
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[0100] For example, sodium permanganate, potassium 
permanganate and lithium compound such as lithium iodide 
are used as a start material, and are subjected to a physical 
energy at room temperature, thereby synthesiZing material. 
Therein an impurity sodium iodide or potassium iodide etc. 
is contained. HoWever, since such impurity easily dissolves 
into Water and aochol, it can be removed by rinsing. 

[0101] Further, for eXample, in case that lithium acetate or 
manganese acetate is subjected to the physical energy to 
produce the material, there Would possibly be a case that an 
acetate remains as the impurity. In such case, that material 
can be decomposed and removed by thermal processing at 
200° C. Within an oxygen flow. 

[0102] By means of the above tWo methods, lithium 
manganese oXide of high purity and good electric revers 
ibility can be provided. The material produced in that 
manner is further subjected to the physical energy, thereby 
it can be made into amorphous, and into material of high 
electric activity and good electric reversibility. 

[0103] In the aforementioned method according to the 
present invention, physical energy, e.g., centrifugal force is 
given to one or more materials, thereby causing the material 
particles to collide one another. Reaction takes place due 
primarily to the collision energy. The material is mechani 
cally crushed, or tWo or more materials are mechanically 
miXed into an alloy. For this purpose, a mechanical grinding 
method or a mechanical alloy method (particularly When 
metal materials are synthesiZed into an alloy) can be used. 
Apparatuses used in the mechanical grinding method or 
mechanical alloy method may be used in the present inven 
tion. HoWever, in addition to the usual mechanical grinding 
method or mechanical alloy method, the method according 
to the present invention is further characteriZed by the 
folloWing steps: 

[0104] (1) Acentrifugal force is applied to the materials to 
generate collision energy, thereby causing the material to be 
miXed and react. 

[0105] (2) A composite material is formed by miXing With 
the aforementioned materials that become electrochemically 
inert, as required. 

[0106] (3) A material containing an amorphous phase is 
made from a crystalline material. 

[0107] Amethod of forming a material into an amorphous 
material by using mechanical grinding Will be described 
With reference to FIGS. 4 and 5. Using the method, by Way 
of eXample, a material 206 of Which an electrode is formed 
is added to a crystalline material 205 to make an ultimate 
active material, the ultimate active material becoming elec 
trochemically inert during the charging/discharging reaction 
of the lithium secondary battery. 

[0108] FIG. 4 is a model representation of the apparatus 
With Which the mechanical grinding is performed. FIG. 5 is 
a top vieW of the apparatus of FIG. 4, as seen from above. 

[0109] The crystalline material 205 and the material 206 
that becomes electrochemically inert are placed in a closed 
container 102, 202 With a cooling jacket 103, 203. A main 
shaft 101, 201 are rotated (revolved) so that rings 104, 204 
are rotated on their oWn aXes. A centrifugal force generated 
adds an acceleration to the materials placed in the apparatus, 
so that the material particles collide one another. Repeated 
collision among the particles causes the crystalline material 
205 to have an amorphous phase, and urges the amorphous 
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material 205 and the material 206 to form a composite 
material. Finally, as shoWn in FIG. 5, the collision energy 
forms a composite material 207 With an amorphous phase in 
Which the material 206 uniformly covers the active material 
205. 

[0110] The speeds at Which the material 205 is formed into 
an amorphous material and the composite material 207 is 
formed of the material 205 and electrochemically inert 
material 206 vary depending on the rotational speeds of the 
main shaft, materials of the medium, container, and main 
shaft. Different atmospheres can be created in the container 
by selecting the kind of a gas 106 directed into the apparatus. 
For eXample, an inert gas such as argon gas can be used if 
oxidation should be suppressed. 

[0111] In the aforementioned eXample, the active material 
for Electrode (a) may be formed by placing only one kind of 
crystalline material in the apparatus for mechanical grind 
ing. TWo different kinds of crystalline materials may be 
placed in the apparatus and miXed together. 

[0112] Conditions of mechanical grinding are determined 
in accordance With (a) type of the apparatus, (b) the con 
tainer in the apparatus and material of the medium, (c) 
centrifugal force, (d) time for Which the centrifugal force is 
applied, (e) the temperature of the atmosphere, and materials to be added. 

[0113] (a) Type of Apparatus 
[0114] Apreferred apparatus for mechanical grinding is an 
apparatus as shoWn in FIGS. 4 and 5 Which is capable of 
giving a large collision energy, e.g., centrifugal force, to the 
particles of materials. Speci?cally, the apparatus should be 
able to revolve or rotate the container in Which the materials 
are placed, or revolve or rotate the medium in the container 
so that the material in the container is given rotational 
motion. Such apparatuses include a planetary ball mill, 
rolling ball mill, oscillating ball mill, various crushers, and 
high speed miXer, etc. 

[0115] (b) Materials and Shapes of Medium and Container 

[0116] The material of the container and medium should 
be of both Wear resistant and corrosion resistant. If the 
container and medium are ground by a large centrifugal 
force, the materials for the electrodes are contaminated and 
may adversely affect the battery characteristic. Also, in 
grinding the material, acid, alkali, and organic solvent 
medium are used in some cases. Thus, the container and 
medium are preferably corrosion resistant. Speci?c materi 
als for the container and medium include ceramic, agate, 
stainless, super hard alloy (tungsten carbide). The medium is 
of the shape of, for eXample, ball, ring, and bead. The 
materials for the container and medium are selected taking 
into account the compatibility With the materials to be 
subjected to mechanical grinding. 

[0117] (c) Centrifugal Force 

[0118] Adding a centrifugal force accelerates the mechani 
cal grinding. HoWever, excessive grinding is detrimental to 
some material. For eXample, too large a centrifugal force 
may create eXcess heat causing the material to melt. If 
melting of the material is not desirable, the centrifugal force 
should be adjusted or the container should be cooled to 
decrease the atmospheric temperature so that the material 
does not eXceed their melting points. 






























