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(57) ABSTRACT 

Negative active materials for rechargeable lithium batteries 
are provided. One negative active material includes a metal 
matrix, and an intermetallic compound including a Si active 
metal and an additive metal dispersed in the metal matrix. The 
additive metal may be Ca, Mg, Na, K, Sr., Rb, Ba, Cs, or a 
combination thereof. The metal matrix may comprise Cu and 
Al. The negative active material may comprise a X(aM 
bSi). Y(cCu-dAl) material, where X is from about 30 to 
about 70 wt %, Y is from about 30 to about 70 wt %, X+Y is 
100 wt %, a+b is 100 wt %, a is from about 20 to 80 wt %, b 
is from about 20 to 80 wt %, c--d is 100 wt %, c is from about 
80 to about 95 wt %, d is from about 5 to about 20 wt %, and 
M may be Ca, Mg, Na, K, Sr., Rb, Ba, Cs, or a combination 
thereof. 

14 Claims, 5 Drawing Sheets 
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1. 

NEGATIVE ACTIVE MATERAL FOR 
RECHARGEABLE LITHIUM BATTERY, 
METHOD FOR PREPARING SAME, AND 
RECHARGEABLE LITHIUM BATTERY 

INCLUDING SAME 

CROSS-REFERENCE TO RELATED 
APPLICATION 

This application claims priority to and the benefit of 
Korean Patent Application No. 10-2007-0033742 filed in the 
Korean Intellectual Property Office on Apr. 5, 2007, the entire 
content of which is incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates to negative active materials 

for rechargeable lithium batteries, methods of preparing the 
same, and rechargeable lithium batteries including the same. 

2. Description of the Related Art 
Rechargeable lithium batteries use materials that are 

capable of reversibly intercalating or deintercalating lithium 
ions as the positive and negative electrodes. Organic electro 
lyte solutions or polymer electrolytes may be used between 
the positive and negative electrodes. Rechargeable lithium 
batteries generate electrical energy by oxidation/reduction 
reactions occurring during intercalation/deintercalation of 
lithium ions at the positive and negative electrodes. 
As positive active materials, chalcogenide compounds 

have been widely used. Composite metal oxides such as 
LiCoO, LiMnO, LiNiO, LiNiCo, O (0sXs1), 
LiMnO, and so on, have also been used. 

Conventionally, lithium metals have been used as negative 
active materials for rechargeable lithium batteries. However, 
when using lithium metal, dendrites can form which can 
cause short circuits, which, in turn, can cause explosions. 
Therefore, carbonaceous materials, such as amorphous car 
bon and crystalline carbon, have recently been used as nega 
tive active materials in place of lithium metals. However, such 
carbonaceous materials impart irreversible capacities of from 
5 to 30% during the first several cycles, which wastes lithium 
ions and prevents at least one active material from being fully 
charged and discharged. Therefore, carbonaceous negative 
active materials have poor energy densities. 

In addition, recent research has shown that metal negative 
active materials such as Si, Sn, and so on, which Supposedly 
have high capacities, impart irreversible capacity character 
istics. Further, tin oxide is an alternative to carbonaceous 
negative active materials. However, as the metal negative 
active material is included at 30% or less, initial Coulomb 
efficiency is decreased. Further, as lithium is continuously 
intercalated and deintercalated to generate a lithium-metal 
alloy, the capacity is remarkably decreased and the capacity 
retention rate is remarkably deteriorated after 150 charge and 
discharge cycles, making it not commercially viable. 

SUMMARY OF THE INVENTION 

One embodiment of the present invention provides a nega 
tive active material for a rechargeable lithium battery that has 
high capacity, excellent cycle-life characteristics, and battery 
efficiency. 

Another embodiment of the present invention provides a 
method of preparing the negative active material for a 
rechargeable lithium battery. 
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2 
Yet another embodiment of the present invention provides 

a rechargeable lithium battery including the negative active 
material. 

According to one embodiment of the present invention, a 
negative active material for a rechargeable lithium battery 
includes a metal matrix, and an intermetallic compound 
including a Si active metal and an additive metal, the inter 
metallic compound being dispersed in the metal matrix. The 
intermetallic compound does not react with the metal matrix, 
and instead remains a distinct species dispersed within the 
metal matrix. The intermetallic compound and the metal 
matrix are present in an alloy form. The intermetallic com 
pound may be present in a nano-crystalline or amorphous 
State. 

According to one embodiment, the intermetallic com 
pound has an average size of about 100 nm or less. According 
to another embodiment, the intermetallic compound has an 
average size ranging from about 1 to about 100 nm. 

In one embodiment, the additive metal is capable of chang 
ing the eutectic point of the intermetallic compound and the 
metal matrix. Nonlimiting examples of suitable additive met 
als include at least one selected from the group consisting of 
Ca,Mg,Na, K, Sr., Rb, Ba, Cs, and combinations thereof. In 
one embodiment, the metal matrix may include Cu and Al. 
The negative active material may be represented by For 

mula 1. 

X(aM-bSi)—Y(cCu-dAI) Formula 1 

In Formula 1, X ranges from about 30 to about 70 wt %, Y 
ranges from about 30 to about 70 wt %, X-Y is 100 wt %, a+b 
is 100 wt %, a ranges from about 20 to about 80 wt %, branges 
from about 20 to about 80 wt %, c--d is 100 wt %, c ranges 
from about 80 to about 95 wt %, d ranges from about 5 to 
about 20 wt %, and M is an additive metal capable of forming 
an intermetallic compound with the Si active metal and is 
selected from the group consisting of Ca,Mg,Na, K, Sr., Rb, 
Ba, Cs, and combinations thereof. 

According to another embodiment of the present invention, 
a method of preparing a negative active material for a 
rechargeable lithium battery includes preparing a molten 
product including a Si active metal, Cu, Al, and an additive 
metal, and quenching the molten product at its eutectic point. 

According to yet another embodiment of the present inven 
tion, a rechargeable lithium battery includes a negative elec 
trode including the negative active material, a positive elec 
trode including a positive active material capable of 
reversibly intercalating and deintercalating lithium ions, and 
an electrolyte. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a graph showing a change in the eutectic point of 
a Si Cu–Al alloy; 

FIG. 2 is a flow chart showing preparation of a negative 
active material for a rechargeable lithium battery according to 
one embodiment of the present invention; 

FIG. 3 is a perspective cross-sectional view of a recharge 
able lithium battery according to an embodiment of the 
present invention; and 

FIGS. 4A and 4B are SEM photographs of the negative 
active material prepared according to Example 1. 

DETAILED DESCRIPTION OF THE INVENTION 

According to one embodiment of the present invention, a 
negative active material for a rechargeable lithium battery 
uses Si (which is being researched as a high-capacity negative 
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active material). Since Si provides high battery capacity, it is 
being highlighted as a negative active material for recharge 
able lithium batteries that require higher capacity. However, 
since negative active materials using Si have drastically 
expanded Volumes, cracks can form during battery charging 
and discharging, thereby deteriorating the cycle life of the 
battery. This obstacle keeps Sifrom being commercially used 
as the negative active material in a battery. 

Research has been conducted into pulverizing Si particles 
to address the volume expansion problem. However, Si par 
ticles are pulverized into fine particles by quenching, which 
requires complicated processes, such as quenching speed 
control, to obtain pulverized Si particles. Also, in Si Al 
alloys including pulverized Si, Al reacts with lithium to 
thereby form a chemical compound. Thus, it is difficult to 
apply to a rechargeable lithium battery. 

According to embodiments of the present invention, the Si 
active metal is nano-sized, even at low quenching speeds, and 
provides a negative active material for a rechargeable lithium 
battery that is highly flexible and physically strong. 
A negative active material for a rechargeable lithium bat 

tery according to one embodiment includes a metal matrix, 
and an intermetallic compound including a Si active metal 
and an additive metal, the intermetallic compound being dis 
persed in the metal matrix. The intermetallic compound does 
not react with the metal matrix, but instead remains a distinct 
species dispersed within the metal matrix. The intermetallic 
compound and the metal matrix are present in alloy form. 
The Si active metal and the additive metal react with each 

other to form an intermetallic compound, and the intermetal 
lic compound is dispersed inside the metal matrix. The inter 
metallic compound may be present in a nano crystalline or 
amorphous state. 

According to one embodiment, the intermetallic com 
pound has an average size of about 100 nm or less. According 
to another embodiment, the intermetallic compound has an 
average size ranging from about 1 to about 100 nm. Accord 
ing to yet another embodiment, the intermetallic compound 
has an average size ranging from about 1 to about 50 nm. 
When the average size of the intermetallic compound is more 
than about 100 nm, cracks may occur in the negative active 
material due to Volume expansion and shrinkage during 
charge and discharge. 
The intermetallic compound reacts with lithium, and has 

excellent flexibility at room temperature. Thus, it prevents the 
negative active material from possible mechanical deteriora 
tion. Also, since the intermetallic compound exists in a nano 
sized crystalline or amorphous form, it may prevent cracks 
from occurring in the negative active material during charge 
and discharge. 
The additive metal is capable of changing the eutectic point 

of the intermetallic compound and the metal matrix. Nonlim 
iting examples of suitable additive metals include at least one 
selected from the group consisting of Ca,Mg,Na, K, Sr., Rb, 
Ba, Cs, and combinations thereof. According to one embodi 
ment, the additive metal is Ca. 
The additive metal reacts with Siparticles to thereby form 

an intermetallic compound. However, since the intermetallic 
compound has excellent flexibility at room temperature, it 
may stably maintain the alloy structure even when lithium 
ions are intercalated or deintercalated. 
The eutectic point is the temperature at which the elements 

of a molten composition simultaneously crystallize at a pre 
determined ratio, when the molten composition is cooled. In 
embodiments of the present invention, the eutectic point of an 
alloy including Si, Cu, and Al is changed by adding an addi 
tive metal to the alloy. As used herein, the change in the 
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4 
eutectic point signifies that the eutectic point moves in the 
direction in which the content of the intermetallic compound 
increases while the temperature at which the elements crys 
tallize is maintained. 

FIG. 1 is a graph showing a change in the eutectic point of 
Si-Cu Al alloy. In the graph of FIG. 1, the X axis is the 
composition (wt %) of the Si Cu–Al alloy, whereas they 
axis is temperature (C.). 

Referring to FIG. 1, a liquid-phase alloy including Cu, Al. 
and Si active metal is cooled to a temperature I to thereby 
form a liquid-phase Cu-Al and crystalline Si active metal. 
When additional cooling is carried out, a crystalline 
Si-Cu Alalloy, in which Siparticles are surrounded by the 
Cu—Al intermetallic compound may be formed. However, 
the Si particles that already exist in crystalline form grow 
during additional quenching and become too coarse to be 
pulverized. 

However, since Si and Cu. Al simultaneously crystallize 
at a temperature II, which is the eutectic point, it is possible to 
prepare a Si Cu–Al alloy in which Siactive metal particles 
are Surrounded by a Cu—Al metal matrix by cooling the 
liquid-phase A2 composition including the Siactive particles 
and Cu—Al down to temperature II. 

Although the A2 composition may be a crystalline 
Si-Cu Al alloy having finer Si active metal particles than 
those of the A1 composition, the A2 composition has low 
capacity because it includes a lesser amount of Siactive metal 
particles than the Al composition. 
An A3 composition has its eutectic point changed in the 

direction of the arrow by adding an additive metal to the alloy 
including Cu, Al and Si active metal. In short, attemperature 
III of the A3 composition, the content of Si active metal 
(X-axis) is increased compared to that of temperature II and 
the crystal education temperature (y-axis) is the same. There 
fore, a crystalline Si-Cu-Aladditive metal alloy having a 
high Si active metal content and fine Siactive metal particles 
may be obtained in the A3 composition. The negative active 
material according to one embodiment of the present inven 
tion is based on the change in eutectic point and has large 
capacity, and the fine Siactive metal particles are Surrounded 
by a highly flexible metal matrix. This effectively suppresses 
Volume expansion caused by charge and discharge, and pre 
vents cycle-life from deteriorating even when volume is 
expanded. 
The metal matrix includes a metal alloy that does not react 

with the intermetallic compound to form a chemical com 
pound. In one embodiment, for example, the metal matrix 
includes Cu-Al, and in another embodiment, the metal 
matrix includes B-Cu-Al. When the metal matrix includes 
B-Cu-Al, there may be a peak at 40°s20s.50° or 
60°s20s 90° in an X-ray diffraction intensity measurement 
using CuKO. rays. In one embodiment, for example, there may 
be a peak at 42s20s.45°. Herein, a half-width may be 
0.05°s0s0.5°, and in one embodiment is 0.1°s 0<0.3°. 

In one embodiment, the metal matrix includes Cu and Al, 
which have high electric conductivity and tension, and 
improve electrical conductivity and mechanical safety of the 
metal matrix. 

According to one embodiment, the negative active material 
may be an alloy represented by Formula 1: 

X(aM-bSi)—Y(cCu-dAI) Formula 1 

In Formula 1, X ranges from about 30 to about 70 wt %, Y 
ranges from about 30 to about 70 wt %, X-Y is 100 wt %, a+b 
is 100 wt %, a ranges from about 20 to about 80 wt %, branges 
from about 20 to about 80 wt %, c--d is 100 wt %, c ranges 
from about 80 to about 95 wt %, d ranges from about 5 to 
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about 20 wt %, and M is an additive metal capable of forming 
an intermetallic compound with the Siactive metal. Nonlim 
iting examples of Suitable additive metals include Ca, Mg, 
Na, K, Sr., Rb, Ba, Cs, and combinations thereof. According to 
one embodiment, the additive metal is Ca. 

In Formula 1, the X value signifies the wt % of the inter 
metallic compound (C-Si) included in the negative active 
material, whereas the Y value signifies the wt % of the metal 
matrix (Cu-Al) in the alloy. Also, the a value signifies the wt 
% of the additive metal included in the intermetallic com 
pound, and the b value signifies the wt % of the Siactive metal 
that reacts with the additive metal to form the intermetallic 
compound. The c value signifies the wt % of Cu included in 
the metal matrix, and the d value signifies the wt % of Al 
included in the metal matrix. 

According to one embodiment of the present invention, the 
negative active material may include the intermetallic com 
pound in an amount ranging from about 30 to about 70 wt %, 
and in another embodiment, from about 40 to about 60 wt %. 
The negative active material may include the metal matrix in 
an amount ranging from about 30 to about 70 wt %, and in 
another embodiment, from about 40 to about 60 wt %. The 
negative active material may include the intermetallic com 
pound in an amount of about 35, about 40, about 45, about 50, 
about 55, about 60, or about 65 wt %, and may include the 
metal matrix in an amount of about 35, about 40, about 45, 
about 50, about 55, about 60, or about 65 wt %. Within the 
above ranges, it is possible to prevent the negative active 
material from mechanically deteriorating during charge/dis 
charge. When outside of the range, cracks may occur in the 
negative active material due to Volume expansion caused by 
charge/discharge, or the particles that form the negative active 
material may be destroyed. 

In one embodiment, the intermetallic compound may 
include the additive metal in an amount ranging from about 
20 to about 80 wt %, and in another embodiment, from about 
40 to about 60 wt %. The intermetallic compound may 
include the Si active metal that reacts with the additive metal 
to form the intermetallic compound in an amount ranging 
from about 20 to about 80 wt %, and in another embodiment, 
from about 40 to about 60 wt %. The intermetallic compound 
may include the additive metal in an amount of about 25, 
about 30, about 35, about 40, about 45, about 50, about 55, 
about 60, about 65, about 70, or about 75 wt %, and may 
include the Si active metal in an of about 25, about 30, about 
35, about 40, about 45, about 50, about 55, about 60, about 65, 
about 70, or about 75 wt %. Within the ranges, it is possible to 
prevent the negative active material from mechanically dete 
riorating during charge and discharge. When outside of the 
ranges, cracks may occur in the negative active material due 
to Volume expansion caused by charge/discharge, or the par 
ticles that form the negative active material may be destroyed. 

In one embodiment, the metal matrix may include a Cu 
content ranging from about 80 to about 95 wt %, and in 
another embodiment, from about 85 to about 92 wt %. The 
metal matrix may include an Al content ranging from about 5 
to about 20 wt %, and in another embodiment, from about 8 to 
about 15 wt %. Within the above ranges, it is possible to 
prevent the negative active material from mechanically dete 
riorating during charge/discharge. When outside of the 
ranges, cracks may occur in the negative active material due 
to Volume expansion caused by charge/discharge, or the par 
ticles that form the negative active material may be destroyed. 

According to another embodiment of the present invention, 
the negative active material for a rechargeable lithium battery 
having the above structure may be prepared according to the 
method shown in FIG. 2. The method includes preparing a 
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6 
negative active material for a rechargeable lithium battery by 
preparing a molten product including a Si active metal, Cu, 
Al, and an additive metal (S1), and quenching the molten 
product at its eutectic point (S2). 

Referring to FIG. 2, a Si active metal, Cu, Al, and an 
additive metal are first mixed, and then the resulting mixture 
is heat-treated to obtain a molten product (S1). Herein, the 
molten product may be prepared by heating a mixture of Si 
active metal, Cu, Al and an additive metal at a temperature 
greater than about 1000° C., and in one embodiment, at a 
temperature ranging from about 1200 to about 1500° C. 
Within the above temperature range, the liquidity of the mol 
ten product is fine and thus it is possible to acquire a high 
quality rapid solidification ribbon. 

Nonlimiting examples of suitable additive metals include 
Ca, Mg, Na, K, Sr., Rb, Ba, Cs, and combinations thereof. 
According to one embodiment, the additive metal is Ca. 
The Siactive metal and the additive metal may be mixed in 

a weight ratio ranging from about 80:20 to about 20:80, and in 
one embodiment, in a weight ratio ranging from about 40:60 
to about 60:40. Within the above ratio ranges, the prepared 
intermetallic compound may have high flexibility so that 
mechanical deterioration of the negative active material may 
be minimized during charge and discharge. When outside of 
the ranges, cracks may occur in the negative active material 
during charge/discharge (or even when charge/discharge is 
not carried out), or the particles that form the negative active 
material may be destroyed. 

Also, the Cu and Al may be included in a weight ratio 
ranging from about 80:20 to about 95:5, and in one embodi 
ment, in a weight ratio ranging from about 85:15 to about 
92:8. Within the ranges, the negative active material may be 
prevented from mechanically deteriorating during charge? 
discharge. When outside of the ranges, the particles that form 
the negative active material may be destroyed due to Volume 
expansion caused by the charge/discharge, which is undesir 
able. 
The Si active metal, additive metal, Cu and Al are melted 

through the melting process, and they form a liquid-phase 
Cu—Al alloy and a liquid-phase intermetallic compound that 
does not react with the liquid-phase Cu—Al alloy. Subse 
quently, the molten product is quenched to its eutectic point in 
step S2. 
The eutectic point may range from about 800 to about 

1600° C., in one embodiment from about 1100 to about 1500° 
C., and in another embodiment from about 1200 to about 
1300° C. Within the above ranges, the nano crystalline or 
amorphous intermetallic compound may be formed well. 
The quenching speed of the quenching process may be 

faster than about 10K/sec, and in one embodiment may 
range from about 10° to about 107 Ksec. When the quenching 
speed is lower than about 10K/sec, the nano-crystalline 
structure grows and may mechanically deteriorate the nega 
tive active material during charge and discharge. The faster 
the quenching speed, the finer the nano-crystalline structure. 
Thus, there is no upper limit for the quenching speed. 
The negative active material prepared as above has the 

intermetallic compound in an amorphous or nano-crystalline 
state, and the intermetallic compound is surrounded by a 
metal matrix. In short, the intermetallic compound is dis 
persed within the metal matrix. 

According to another embodiment, a rechargeable lithium 
battery including the above negative active material may 
include a negative electrode, a positive electrode, and an 
electrolyte. 
The negative electrode includes a current collector and a 

negative active material layer disposed on the current collec 
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tor. The negative active material layer includes a negative 
active material. The negative active material is as described 
above. 
The negative electrode may be fabricated by mixing the 

negative active material, a binder, and optionally a conductive 
agent to provide a composition, and coating the composition 
on a negative current collector (such as copper) to complete 
the negative electrode. Negative electrode manufacturing 
methods are well known. 
The binder binds negative active material particles to each 

other and also binds negative active material particles to the 
current collector. Nonlimiting examples of suitable binders 
include polyvinylalcohol, carboxymethylcellulose, hydrox 
ypropylenecellulose, diacetylenecellulose, polyvinylchlo 
ride, polyvinylpyrrolidone, polytetrafluoroethylene, polyvi 
nylidene fluoride, polyethylene, polypropylene, and so on. 
Any electrically conductive material may be used as the 

conductive agent so long as it does not cause chemical 
change. Nonlimiting examples of Suitable conductive agents 
include natural graphite, artificial graphite, carbon black, 
acetylene black, ketjen black, carbon fiber, metal powders or 
metal fibers including copper, nickel, aluminum, silver, and 
so on, polyphenylene derivatives, and combinations thereof. 
The solvent may be N-methylpyrrolidone, but it is not 

limited thereto. 
Nonlimiting examples of Suitable negative current collec 

tors include copper foils, nickel foils, stainless steel foils, 
titanium foils, nickel foams, copper foams, polymer Sub 
strates coated with conductive metals, and combinations 
thereof. 

The positive electrode includes a current collector and a 
positive active material layer disposed on the current collec 
tor. The positive active material includes a lithiated interca 
lation compound that is capable of reversibly intercalating 
and deintercalating lithium. The positive active material 
includes a composite oxide including lithium and a metal, 
nonlimiting examples of which include cobalt, manganese, 
nickel, and combinations thereof. Nonlimiting examples of 
suitable positive active materials include those represented by 
Formulae 2 through 25. 

LiA.B.D2 Formula 2 

In Formula 1, 0.95sas 1.1 and 0.sbs.O.5. 
LiE-B.O2.F. Formula 3 

In Formula 3, 0.95sas 1.1, Osbs0.5, and 0<cs0.05. 
LiE2 BOA.F. Formula 4 

In Formula 4, Osbs0.5 and 0<cs0.05. 
LiNi 1-2, Co.B.D., Formula 5 

In Formula 5, 0.95sas 1.1, Osbs0.5, Oscs0.05, and 0<Cs2. 
LiNiCo.B.O2F Formula 6 

In Formula 6,0.95sas 1.1, Osbs0.5, Oscs0.05, and 0<C.<2. 
LiNi1, COBO2-F2 

In Formula 7, 0.95sas 1.1, Osbs0.5, Oscs0.05, and 0<C.<2. 
LiNi1 ,Mn.B.D., 

In Formula 8, 0.95sas 1.1, Osbs0.5, Oscs0.05, and 0<Cs2. 
LiNi 1-2, Mnz.B.O2F, 

In Formula 9, 0.95sas 1.1, Osbs0.5, Oscs0.05, and 0<C.<2. 
LiNi1 ,Mn.B.O2-F2 

In Formula 10, 0.95sas 1.1, Osbs0.5, Oscs0.05, and 0<Cs2. 
LiNitEGAO2 

Formula 7 

Formula 8 

Formula 9 

Formula 10 

Formula 11 
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8 
In Formula 1 1, 0.90sas 1.1, Osbs0.9, Oscs0.5, and 
0.001sds0.1. 

LiNiCoMn/GeO2 Formula 12 

In Formula 12, 0.90sas 1.1, Osbs0.9, Oscs0.5,0sds0.5, and 
0.001 ses0.1. 

LiNiGO- Formula 13 

In Formula 13, 0.90sas 1.1 and 0.001.sbs.O. 1. 
LiCoGO- Formula 14 

In Formula 14, 0.90sas 1.1 and 0.001.sbs.O. 1. 
LiMnGeO2 Formula 15 

In Formula 15, 0.90sas 1.1 and 0.001.sbs.O.1. 
LiMn2O.O.A. Formula 16 

In Formula 16, 0.90sas 1.1 and 0.001.sbs.O. 1. 
QO2 Formula 17 

QS Formula 18 

LiOS Formula 19 

VOs Formula 20 

LiVOs Formula 21 

LilO. Formula 22 

LiNiVO Formula 23 

Lis. J2(PO4)3(0sfs3) Formula 24 

Lis Fe2(PO4)3(0sfs2) Formula 25 

In the above Formulae 2 to 25, A is selected from Ni, Co, 
Mn, and combinations thereof. B is selected from Al, Ni, Co, 
Mn, Cr, Fe, Mg, Sr. V. rare earth elements, and combinations 
thereof. D is selected from O. F. S. P. and combinations 
thereof. E is selected from Co, Mn, and combinations thereof. 
F is selected from F. S. P. and combinations thereof. G is 
selected from Al, Cr, Mn, Fe, Mg, La, Ce, Sr. V. and combi 
nations thereof. Q is selected from Ti, Mo, Mn, and combi 
nations thereof. I is selected from Cr, V. Fe, Sc., Y, and com 
binations thereof.J is selected from V, Cr, Mn, Co, Ni, Cu, and 
combinations thereof. 
The compound may have a coating layer on its surface, or 

the compound may be used after being mixed with another 
compound having a coating layer thereon. The coating layer 
may include a coating element compound selected from 
oxides and hydroxides of a coating element, oxyhydroxides 
of a coating element, oxycarbonates of a coating element, 
hydroxycarbonates of a coating element, and combinations 
thereof. The compound that forms the coating layer may be 
amorphous or crystalline. The coating element included in the 
coating layer may be at least one selected from the group 
consisting of Mg, Al, Co, K, Na, Ca, Si, Ti, V. Sn, Ge. Ga, B. 
AS, Zr, and combinations thereof. The coating layer may 
include the aforementioned compounds and elements and 
may be formed by any method as long as it does not deterio 
rate the physical properties of the positive active material. For 
example the coating layer may be formed by spray coating or 
impregnation. Such methods are known to those skilled in the 
art. 

The positive electrode may be fabricated by mixing the 
positive active material, a binder, and optionally a conductive 
agent in a solvent to form a positive active material compo 
sition. The positive active material composition is then 
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applied on a positive current collector (such as aluminum) to 
complete the positive electrode. 
One nonlimiting example of a suitable positive current 

collector is aluminum. One nonlimiting example of a suitable 
solvent is N-methylpyrrolidone. 
The positive electrode manufacturing method is well 

known. 
Any electrically conductive material may be used as a 

conductive agent so long as it does not cause chemical 
change. Nonlimiting examples of Suitable conductive agents 
include natural graphite, artificial graphite, carbon black, 
acetylene black, ketjen black, carbon fiber, metal powders or 
metal fibers including copper, nickel, aluminum, silver, and 
so on, polyphenylene derivatives, and combinations thereof. 

Nonlimiting examples of suitable binders include car 
boxymethylcellulose, hydroxypropylenecellulose, diacetyle 
necellulose, polyvinylchloride, polyvinylpyrrolidone, poly 
tetrafluoroethylene, polyvinylidene fluoride, polyethylene, 
and polypropylene. 
The solvent may be N-methylpyrrolidone, but it is not 

limited thereto. 
The electrolyte includes a non-aqueous organic solvent 

and a lithium salt. The non-aqueous organic solvent acts as a 
medium for transmitting ions taking part in the electrochemi 
cal reaction of the battery. 
The non-aqueous organic solvent may include a carbonate 

based, ester-based, ether-based, ketone-based, alcohol 
based, or aprotic solvent. Nonlimiting examples of Suitable 
carbonate-based solvents include dimethyl carbonate 
(DMC), diethyl carbonate (DEC), dipropylcarbonate (DPC), 
methylpropyl carbonate (MPC), ethylpropyl carbonate 
(EPC), methylethylcarbonate (MEC), ethylmethylcarbonate 
(EMC), ethylene carbonate (EC), propylene carbonate (PC), 
butylene carbonate (BC), and so on. Nonlimiting examples of 
Suitable ester-based solvents may include n-methyl acetate, 
n-ethyl acetate, n-propyl acetate, dimethylacetate, methyl 
propionate, ethylpropionate, Y-butyrolactone, decanolide, 
Valerolactone, mevalonolactone, caprolactone, and so on. 
Nonlimiting examples of suitable ether-based solvents 
include dibutyl ether, tetraglyme, diglyme, dimethoxyethane, 
2-methyltetrahydrofuran, tetrahydrofuran, and so on. Non 
limiting examples of Suitable ketone-based solvents include 
cyclohexanone, and so on. Nonlimiting examples of Suitable 
alcohol-based solvents include ethyl alcohol, isopropyl alco 
hol, and so on. Nonlimiting examples of Suitable aprotic 
solvents include nitriles (such as X CN, where X is a C2 to 
C20 linear, branched, or cyclic hydrocarbon, a double bond, 
an aromatic ring, or an ether bond), amides (such as dimeth 
ylformamide), dioxolanes (such as 1,3-dioxolane), Sul 
folanes, and so on. 
A single non-aqueous organic solvent may be used or a 

mixture of solvents may be used. When the organic solvent is 
a mixture, the mixture ratio may be controlled in accordance 
with the desired battery performance. 

The carbonate-based solvent may include a mixture of 
cyclic carbonates and linear carbonates. The cyclic carbon 
ates and the linear carbonates are mixed together in a Volume 
ratio ranging from about 1:1 to about 1:9, and when the 
mixture is used as an electrolyte, electrolyte performance 
may be enhanced. 

In addition, the electrolyte may further include mixtures of 
carbonate-based solvents and aromatic hydrocarbon-based 
Solvents. The carbonate-based solvents and aromatic hydro 
carbon-based solvents may be mixed together in a Volume 
ratio ranging from about 1:1 to about 30:1. 
The aromatic hydrocarbon-based organic solvent may be 

represented by Formula 26: 
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Formula 26 

In Formula 26, each of R to R is independently selected 
from hydrogen, halogens, C1 to C10 alkyls, C1 to C10 
haloalkyls, and combinations thereof. 

Nonlimiting examples of Suitable aromatic hydrocarbon 
based organic solvents include benzene, fluorobenzene, 1.2- 
difluorobenzene, 1,3-difluorobenzene, 1,4-difluorobenzene, 
1,2,3-trifluorobenzene, 1,2,4-trifluorobenzene, chloroben 
Zene, 1,2-dichlorobenzene, 1,3-dichlorobenzene, 1,4-dichlo 
robenzene, 1,2,3-trichlorobenzene, 1,2,4-trichlorobenzene, 
iodobenzene, 1,2-diiodobenzene, 1,3-diiodobenzene, 1,4-di 
iodobenzene, 1,2,3-triiodobenzene, 1,2,4-triiodobenzene, 
toluene, fluorotoluene, 1,2-difluorotoluene, 1,3-difluorotolu 
ene, 1,4-difluorotoluene, 1,2,3-trifluorotoluene, 1,2,4-trifluo 
rotoluene, chlorotoluene, 1,2-dichlorotoluene, 1,3-dichloro 
toluene, 1,4-dichlorotoluene, 1,2,3-trichlorotoluene, 1,2,4- 
trichlorotoluene, iodotoluene, 1,2-diiodotoluene, 1,3- 
diiodotoluene, 1,4-diiodotoluene, 1,2,3-triiodotoluene, 1.2, 
4-triiodotoluene, Xylene, and combinations thereof. 
The non-aqueous electrolyte may further include an addi 

tive such as vinylene carbonate or fluoroethylene carbonate 
for improving battery cycle-life. The additive may be used in 
an appropriate amount for improving cycle-life. 
The lithium salt is dissolved in the non-aqueous organic 

solvent to supply lithium ions for the battery. The lithium salt 
is responsible for the basic operation of the rechargeable 
lithium battery, and facilitates transmission of lithium ions 
between positive and negative electrodes. Non-limiting 
examples of suitable lithium salts include LiPF LiBF 
LiSbF LiASF LiCFSO, LiN(SOCFs). Li (CFSO), 
N. LiCFSO, LiCIO, LiAlO, LiAlCl, LiN(CFSO) 
(CFSO) (where x and y are natural numbers), LiCl, LiI. 
and lithium bisoxalateborate. The lithium salt may be used at 
a concentration ranging from about 0.1 to about 2.0M. When 
the lithium salt concentration is less than about 0.1 M, elec 
trolyte performance may be deteriorated due to low electro 
lyte conductivity, whereas when the lithium salt concentra 
tion is greater than about 2.0M, lithium ion mobility may be 
reduced due to an increase of electrolyte viscosity. 

According to one embodiment of the present invention, the 
rechargeable lithium battery includes a positive electrode, a 
negative electrode, and an electrolyte. The battery may fur 
ther include a separator as needed. The separator may include 
any material used in conventional lithium secondary batter 
ies. Non-limiting examples of Suitable separator materials 
include polyethylene, polypropylene, polyvinylidene fluo 
ride, and multi-layers thereof. Such as polyethylene/polypro 
pylene double-layered separators, polyethylene/polypropy 
lene/polyethylene three-layered separators, and 
polypropylene/polyethylene/polypropylene three-layered 
separators. 

FIG. 3 illustrates a rechargeable lithium battery having a 
separator according to one embodiment of the present inven 
tion. As shown in FIG. 3, the battery includes a cylindrical 
lithium ion cell 1, which includes a negative electrode 2, a 
positive electrode 4, a separator 3 between the negative elec 
trode 2 and the positive electrode 4, an electrolyte impregnat 
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ing the separator 3, a battery case 5, and a sealing member 6 
sealing the battery case 5. The rechargeable lithium battery 
according to the present invention is not limited to the above 
mentioned shape, and may be any suitable shape. Such as a 
prism, a pouch, and so on. 
The following examples are presented for illustrative pur 

poses only and do not limit the scope of the present invention. 

Example 1 

A mother alloy including 34.2 wt % Si, 15.8 wt %Ca, 42.75 
wt % Cu and 7.25 wt % A1 was melted under an argon gas 
atmosphere using an arc melting method. The acquired mol 
ten product was quenched at the eutectic point of about 100° 
C. ataquench speed of 10K/sectothereby preparea negative 
active material for a rechargeable lithium battery. The pre 
pared negative active material was 50(31.6Ca-68.4Si)-50 
(85.5Cu-14.5Al). 

Example 2 

A 50 (31.6Ca-68.4Si)-50(85.5Cu-14.5Al) negative active 
material was prepared as in Example 1, except that the molten 
product was quenched at the eutectic point of about 1000° C. 
at a quench speed of 10K/sec. 

Example 3 

A30 (20Ca-80Si)-70(80Cu-20Al) negative active material 
was prepared as in Example 1, except that the mother alloy 
included 24 wt % Si, 6 wt % Ca, 56 wt % Cu and 14 wt % Al. 

Example 4 

A 30 (80Ca-20Si)-70(95Cu-5Al) negative active material 
was prepared as in Example 1, except that the mother alloy 
included 6 wt % of Si, 24 wt % of Ca, 66.5 wt % of Cu and 3.5 
wt % of A1. 

Example 5 

A70 (20Ca-80Si)-30(80Cu-20Al) negative active material 
was prepared as in Example 1, except that the mother alloy 
included 56 wt % of Si, 14 wt % of Ca, 24 wt % of Cu and 6 
wt % of A1. 

Example 6 

A60 (50Ca-50Si)-40(90Cu-10Al) negative active material 
was prepared as in Example 1, except that the mother alloy 
included 30 wt % of Si, 30 wt % of Ca, 36 wt % of Cu and 4 
wt % of A1. 

Comparative Example 1 

A rapidly solidified ribbon-type 40Si-60Cunegative active 
material was prepared of an alloy including 40 wt % Siand 60 
wt % Cu according to the same method as in Example 1. The 
negative active material contained Si active metal particles 
with an average size of 200 nm. 

Comparative Example 2 

A rapidly solidified ribbon-type negative active material 
was prepared of an alloy including 50 wt % Si, 42.8 wt % Cu 
and 7.2 wt % Al according to the same method as in Example 
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1. The negative active material contained Si active metal 
particles with an average size of 150 nm. 
SEM Photograph 

Scanning electron microscope (SEM) photographs of the 
negative active materials prepared according to Examples 1 to 
6 were taken. SEM photographs of the negative active mate 
rial prepared according to Example 1 were taken with differ 
ent magnifications and are presented in FIG. 4A(x20000) and 
FIG.4B (x40000). In FIGS. 4A and 4B, the bar is 1 um. It can 
be seen from FIGS. 4A and 4B that the negative active mate 
rial prepared according to Example 1 includes an intermetal 
lic compound having an average particle size of 50 nm dis 
persed in a metal matrix. 

In addition, SEM photographs showed that the negative 
active materials prepared according to Examples 2, 3, 4, 5, 
and 6 had intermetallic compounds having average particle 
sizes of 100 nm, 85 nm, 10 nm, 70 nm, and 1 nm, respectively, 
and each intermetallic compound was dispersed in a metal 
matrix. 
Battery Performance 

Each of the negative active materials according to 
Examples 1 and 3, and Comparative Examples 1 and 2 were 
used to prepare a negative active material composition. To 
prepare the composition the negative active material, a 
Super-P conductive material, and a polyimide binder were 
mixed in a N-methylpyrrolidone solvent at a weight ratio of 
8:1:1. Using each negative active material composition, a 
negative electrode was fabricated by the conventional proce 
dure. A 2016 coin-type half cell was fabricated using each 
negative electrode, a lithium metal counter electrode, and an 
electrolyte prepared by dissolving 1.0M of LiPF in an 
organic solvent including a mixture of ethylene carbonate and 
diethyl carbonate at a volume ratio of 1:1. 
The half cell was charged and discharged once at a 0.1 C 

rate within 5 mV to 2V to measure initial capacity and initial 
efficiency. For cycle-life characteristics, the half cell was 
charged and discharged for 100 cycles at a 0.5 C rate. The 
results are shown in Table 1. In Table 1, the “cycle life char 
acteristics” are reported as the capacity at the 100th cycle as 
a percentage of the initial capacity. 

TABLE 1 

Cycle life 
Initial capacity Initial efficiency characteristics 

Example 1 800 mAh/g 80% 80% 
Example 3 750 mAh/g 78% 80% 
Comparative 600 mAh/g 75% 75% 
Example 1 
Comparative 730 mAh/g 75% 60% 
Example 2 

As shown in Table 1, the cells according to Examples 1 and 
2 exhibited good initial capacity, good initial efficiency, and 
significantly better cycle life characteristics. However, the 
cells according to Comparative Examples 1 and 2 exhibited 
good initial capacity and initial efficiency, but poor cycle life 
characteristics. 
The negative active materials for rechargeable lithium bat 

teries according to the present invention impart high capacity, 
and excellent cycle-life and cell efficiency. 

While the present invention has been illustrated and 
described with reference to certain exemplary embodiments, 
it will be understood by those of ordinary skill in the art that 
various changes and modifications may be made to the 
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described embodiments without departing from the spirit and 
scope of the present invention as defined by the following 
claims. 

What is claimed is: 
1. A negative active material for a rechargeable lithium 

battery, comprising: 
a metal matrix; and 
an intermetallic compound consisting of a Si active metal 

and an additive metal, the additive metal being selected 
from the group consisting of Ca,Mg,Na, K, Rb, Cs, and 
combinations thereof, the intermetallic compound hav 
ing an average particle size of less than 100 nm and being 
dispersed in the metal matrix, wherein the intermetallic 
compound does not react with the metal matrix, and the 
intermetallic compound is present in the negative active 
material in an amount of about 30 to about 70 wt %. 

2. The negative active material of claim 1, wherein the 
intermetallic compound and the metal matrix form an alloy. 

3. The negative active material of claim 1, wherein the 
intermetallic compound is nano-crystalline or amorphous. 

4. The negative active material of claim 1, wherein the 
intermetallic compound has an average size ranging from 
about 1 to about 85 nm. 

5. The negative active material of claim 1, wherein the 
additive metal is Ca. 

6. The negative active material of claim 1, wherein the 
metal matrix comprises Cu and Al. 

7. The negative active material of claim 1, wherein the 
negative active material comprises a material represented by 
Formula 1: 

X(aM-bSi)—Y(cCu-dAI) Formula 1 

wherein X ranges from about 30 to about 70 wt %,Y ranges 
from about 30 to about 70 wt %, X-Y is 100 wt %, a+b 
is 100 wt %, a ranges from about 20 to 80 wt %, b ranges 
from about 20 to 80 wt %, c--dis 100 wt %, c ranges from 
about 80 to about 95 wt %, d ranges from about 5 to 
about 20 wt %, and M is selected from the group con 
sisting of Ca, Mg, Na, K, Rb, Cs, and combinations 
thereof. 
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8. A rechargeable lithium battery comprising: 
a negative electrode comprising: 

a negative active material comprising: 
a metal matrix; and 
an intermetallic compound consisting of a Si active 

metal and an additive metal, the additive metal 
being selected from the group consisting of Ca, 
Mg,Na, K, Rb, Cs, and combinations thereof, the 
intermetallic compound having an average particle 
size of less than 100 nm or less and being dispersed 
in the metal matrix, wherein the intermetallic com 
pound does not react with the metal matrix, and the 
intermetallic compound is present in the negative 
active material in an amount of about 30 to about 70 
wt %: 

a positive electrode including a positive active material 
capable of reversibly intercalating/deintercalating 
lithium ions; and 

an electrolyte. 
9. The rechargeable lithium battery of claim 8, wherein the 

intermetallic compound and the metal matrix form an alloy. 
10. The rechargeable lithium battery of claim 8, wherein 

the intermetallic compound is nano-crystalline or amor 
phous. 

11. The rechargeable lithium battery of claim 8, wherein 
the intermetallic compound has an average size ranging from 
about 1 to about 85 nm. 

12. The rechargeable lithium battery of claim 8, wherein 
the additive metal is Ca. 

13. The rechargeable lithium battery of claim 8, wherein 
the metal matrix comprises Cu and Al. 

14. The rechargeable lithium battery of claim 8, wherein 
the negative active material is represented by Formula 1: 

X(aM-bSi)—Y(cCu-dAI) Formula 1 

wherein, X ranges from about 30 to about 70 wt %, Y ranges 
from about 30 to about 70 wt %, X+Y is 100 wt %, a+b is 100 
wt %, a ranges from about 20 to about 80 wt %, b ranges from 
about 20 to about 80 wt %, c--d is 100 wt %, c ranges from 
about 80 to 95 wt %, dranges from about 5 to about 20 wt %, 
and M is selected from the group consisting of Ca,Mg,Na, K, 
Rb, Cs, and combinations thereof. 

k k k k k 


